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1

Neurotensin (NT) increases neurotransmission within the mesolimbic dopamine system by enhancing the firing rate of dopaminergic
(DAergic) neurons and by acting at the nerve terminal level. The signal transduction pathways involved in these effects have not been
characterized, but NT receptors are coupled to the phospholipase C pathway and Ca 2⫹ mobilization. However, an enhancement of
intracellular Ca 2⫹ concentration ([Ca 2⫹]i ) evoked by NT in DAergic neurons has yet to be demonstrated. Furthermore, the hypothesis
that the excitatory effects of NT in DAergic neurons are Ca 2⫹ dependant is currently untested. In whole-cell recording experiments,
DAergic neurons in culture were identified by their selective ability to express a cell-specific green fluorescent protein reporter construct.
These experiments confirmed that NT increases firing rate in cultured DAergic neurons. This effect was Ca 2⫹ dependent because it was
blocked by intracellular dialysis with BAPTA. Using Ca 2⫹ imaging, we showed that NT caused a rapid increase in [Ca 2⫹]i in DAergic
neurons. Most of the Ca 2⫹ originated from the extracellular medium. NT-induced excitation and Ca 2⫹ influx were blocked by SR48692,
an antagonist of the type 1 NT receptor. Blocking IP3 receptors using heparin prevented the excitatory effect of NT. Moreover, Zn 2⫹ and
SKF96365 both blocked the excitatory effect of NT, suggesting that nonselective cationic conductances are involved. Finally, although NT
can also induce a rise in [Ca 2⫹]i in astrocytes, we find that NT-evoked excitation of DAergic neurons can occur independently of astrocyte
activation.
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Introduction
Neurotensin (NT) and its receptors are present in high density in
the ventral mesencephalon (Palacios and Kuhar, 1981; Szigethy
and Beaudet, 1989; Dana et al., 1991). They are also present on
astrocytes (Nouel et al., 1999; Trudeau, 2000). Although the
physiological role of this peptide is unclear, it may play a role in
regulating dopaminergic (DAergic) neuronal pathways involved
in reward (Rompre et al., 1992) and may be perturbed in schizophrenia (Govoni et al., 1980; Kinkead et al., 2000).
NT generally enhances dopamine release (Kalivas et al., 1983;
Cador et al., 1989; Stowe and Nemeroff, 1991). It acts both at the
nerve terminal (Hetier et al., 1988; Faggin et al., 1990; Heaulme et
al., 1997; Legault et al., 2002) and at the somatodendritic level in
which it enhances firing rate (Pinnock, 1985; Seutin et al., 1989;
Jiang et al., 1994; Nalivaiko et al., 1998; Werkman et al., 2000).
The effects of NT on DAergic neurons are thought to be primarily
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mediated by NTS1, a G-protein-coupled receptor that is highly
expressed in DAergic neurons (Mazella et al., 1996). In the mesencephalic brain slice preparation, the enhancement in firing rate
caused by NT is blocked by SR142948A, a wide-spectrum NT
receptor antagonist that blocks both NTS1 and NTS2, the latter
being the second major brain NT receptor (Nalivaiko et al.,
1998).
The depolarizing effect of NT on DAergic neurons has been
suggested to require activation of nonspecific cationic conductances, perhaps accompanied by a reduction in a K ⫹ conductance (Mercuri et al., 1993; Jiang et al., 1994; Farkas et al., 1996).
The inward current induced by NT in DAergic neurons is blocked
by the selective NTS1 antagonist SR48692 (Wu et al., 1995; Farkas
et al., 1996). How NTS1 modulates such ionic currents is unknown. However, the best characterized signal transduction
pathway for this receptor implicates phospholipase C (PLC)
(Tanaka et al., 1990; Hermans et al., 1992; Chabry et al., 1994;
Wang and Wu, 1996; Martin et al., 1999; Grisshammer and Hermans, 2001). A link between PLC-generated second messengers
and the depolarizing effect of NT remains to be established. A
preliminary report has proposed that Ca 2⫹ mobilization and IP3
receptor activation are necessary for the enhancement by NT of a
nonselective cationic current (Wu et al., 1995); however, NT reportedly still excites DAergic neurons in low external Ca 2⫹
(Seutin et al., 1989). Finally, it has been reported previously
that NT causes a rise in intracellular Ca 2⫹ in cultured cortical
cells (Sato et al., 1991), in cultured mesencephalic astrocytes
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(Trudeau, 2000), and in neurons acutely dissociated from the
raphe and periaqueductal gray nuclei (Li et al., 2001a,b). However, an NT-evoked increase in intracellular Ca 2⫹ in DAergic
neurons has not yet been described.
In the present experiments, we tested the hypothesis of a relationship between NT-evoked enhancement in firing and NTevoked increases in intracellular Ca 2⫹. Our results suggest that an
increase in intracellular Ca 2⫹ is necessary for NT-induced firing
rate increase and that the IP3 pathway and nonselective cationic
channels are involved.

Materials and Methods
Cell culture. Primary cultures of ventral mesencephalon were prepared
from rats aged from 1 to 3 d according to previously described protocols
(Bourque and Trudeau, 2000; Michel and Trudeau, 2000; Congar et al.,
2002) derived from Cardozo (1993) and Sulzer et al. (1998). Briefly,
animals were cryoanesthetized, brains were rapidly removed, and a coronal section (⬃1 mm thick) was prepared at the level of the midbrain
flexure. Bilateral tissue blocks containing substantia nigra and a medial
block containing the ventral tegmental area (VTA) were then dissected.
The blocks were incubated in papain for 30 min and dissociated. After
trituration in a solution containing 10% fetal bovine serum, cells were
centrifuged. The supernatant was removed, and the cells were resuspended and plated on 15 mm coverslips that had been seeded previously
with mesencephalic astrocytes.
Two astrocyte culture protocols were used. In most experiments, mesencephalic astrocytes were grown in flasks for 48 hr and then washed with
cold medium to eliminate neurons and many astrocytes, conserving only
highly adherent astrocytes. Such purified astrocytes were then transferred to coverslips before plating neurons. A subset of experiments was
also performed on primary astrocytes, which were directly plated on
coverslips, without selection and growth in flasks. We reported previously that a proportion of primary mesencephalic astrocytes respond to
NT by a rise in [Ca 2⫹]i (Trudeau, 2000). In preliminary experiments, we
discovered that purified astrocytes grown in flasks fail to respond to NT.
As indicated, experiments were performed to determine whether the
effect of NT on DAergic neurons was the same under conditions in which
astrocytes respond or not to NT.
Cultures were maintained in Neurobasal A/BMEM (2:1) supplemented with penicillin–streptomycin, glutaMAX-1, B27 serum extender
(Invitrogen, Burlington, Ontario, Canada), and 10% fetal calf serum
(HyClone, Logan, UT). Cultures matured for at least 9 d before
experimentation.
Immunolabeling and transfection. After each experiment, a small injection of fluorescent microspheres (FluoSpheres; Molecular Probes, Eugene, OR) was made into the glial layer near the tested cells to locate the
neurons after immunolabeling. Identification of DAergic neurons was
made using an antibody directed against tyrosine hydroxylase (TH).
Briefly, cells were fixed in 4% paraformaldehyde and then incubated with
a mouse monoclonal TH antibody (Sigma, St. Louis, MO). Fluorescent
secondary antibodies (Alexa-488 or Alexa-546; Molecular Probes) were
used to visualize the primary antibody on an epifluorescence miscroscope (Eclipse TE-200; Nikon, Montreal, Quebec, Canada).
A selective transfection strategy was developed to identify DAergic
neurons for patch-clamp recordings. This was required because DAergic
neurons represent only 15–25% of the cells in postnatal mesencephalic
cultures. Cells were transfected using the Ca 2⫹ phosphate coprecipitation technique with a plasmid containing the coding sequence of enhanced green fluorescent protein (EGFP) under the control the dopamine transporter promoter (hDAT-6250EGFP plasmid kindly provided
by Dr. Michael Bannon, Faculty of Medicine, Wayne State University,
Detroit, MI). Although this permitted preferential transfection of DAergic neurons, TH immunolabeling was nonetheless always performed to
confirm the DAergic phenotype of the recorded neurons. Approximately
85% of neurons showing strong GFP expression after transfection were
confirmed to be DAergic (see Fig. 1 A). This technique thus allowed us to
greatly improve the success of patch-clamp recording experiments.
Electrophysiology. Electrophysiological experiments were performed
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in a recording perfusion chamber mounted on an inverted fluorescence
microscope. Neurons were perfused using a gravity flow system (2.5
ml/min) with standard saline at room temperature. The standard saline
contained the following (in mM): 140 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10
HEPES, 6 sucrose, and 10 glucose, pH 7.35 (300 mOsm). Action potential firing was measured using the ruptured or perforated (amphotericin
B, 150 –200 mg/ml) patch-clamp technique. No differences were noted
between recordings obtained with the two techniques. All results were
thus pooled. Patch pipettes were made from borosilicate capillary tubes
(resistance 3– 6 M⍀) filled with a potassium methylsulfate solution containing the following (in mM): 120 potassium methylsulfate, 20 KCl, 5
NaCl, 0.1 EGTA, 2 MgATP, 0.5 GTP (Tris salt), 10 HEPES, and 10 phosphocreatine, pH 7.35 (300 mOsm). To evaluate the effect of NT(8-13) in
the presence of BAPTA, the pipette solution contained the following (in
mM): 100 potassium methylsulfate, 20 KCl, 5 NaCl, 0.1 EGTA, 2 MgATP,
0.5 GTP (Tris salt), 10 HEPES, 10 phosphocreatine, and 10 BAPTA-4K ⫹,
pH 7.35 (300 mOsm). The electrophysiological signal was amplified and
filtered at 1 kHz using a PC-505 patch-clamp amplifier (Warner Instruments, Hamden, CT). This signal was digitized at 5 kHz using a Digidata
1200 analog-to-digital converter and Clampex 8.0 software (Axon Instruments, Foster City, CA). Neurons were recorded under currentclamp mode. Basal firing rate varied significantly between cells and between cultures, which explains the differences of this parameter between
experiments (for details, see figure legends). This variability could be
attributable to a number of factors, such as the density of plated neurons
and the extent of connectivity between neurons, both of which change
during maturation of the cultures. Action potential firing rate was analyzed using Mini Analysis 5.2 software (Synaptosoft, Leona, NJ). Firing
rates were analyzed as the number of action potentials per 15 sec bin.
Data are expressed in delta, which is the difference between numbers of
action potentials per bin compared with the average number of action
potentials during the control bins. Data in the text and figures are expressed as mean ⫾ SEM.
Fluorescence calcium imaging. Fluorescence imaging experiments were
performed using an inverted Olympus Optical (Tokyo, Japan) IX50 microscope and a Hamamatsu (Bridgewater, NJ) ORCA-100 digital camera. The camera was attached to a multi-purpose optical workbench from
Prairie Technologies (Middleton, WI). Images were captured using Stack
Function software by Prairie Technologies. Images were captured at a
rate of 0.5 Hz. Except otherwise indicated, for Ca 2⫹ imaging experiments, neurons were loaded with Calcium Green-1 AM (5 M) (Molecular Probes) at room temperature, for at least 30 min. In a series of
experiments, the contribution of Ca 2⫹ influx was determined by testing
some cells in Ca 2⫹-free saline containing the following (in mM): 140
NaCl, 5 KCl, 4 MgCl2, 6 sucrose, 10 glucose, 10 HEPES, and 1 EGTA. This
solution was perfused for 3 min before the application of NT(8-13). At
the end of each experiment, saline containing 40 mM potassium was
perfused for 30 sec to determine whether the cell was healthy and had the
ability to show a rise in [Ca 2⫹]i.
For data analysis, baseline was taken as the mean fluorescence intensity
of a cell over the 10 sec (five images) immediately preceding NT(8-13)
application. Neurotensin-evoked Ca 2⫹ fluorescence change for each individual cell was expressed as the change in fluorescence intensity relative
to the baseline signal of each individual cell. Neurons were determined to
have responded to NT(8-13) with changes in [Ca 2⫹]i if they met the
following criteria: a cell had to have a change in its fluorescent ratio of at
least 5%; that change had to be sustained for at least 20 sec, and, finally,
the neurons had to respond to high potassium saline.
Statistical analysis. NT(8-13)-evoked changes in cell firing involved
simple two-group comparisons and were thus analyzed by Student’s
paired t tests. To quantify maximal effects, the mean value of control and
wash periods was compared with the mean of the two bins showing the
highest change in firing frequency in the 2 min after the beginning of
NT(8-13) application. Analyses were performed in this way because the
effect of NT(8-13) on firing rate occurred after variable delays.
Neurotensin-evoked changes in Calcium Green-1 fluorescence were
assessed by two-way ANOVAs and Tukey’s post hoc tests. Statistical analyses were performed on data from baseline to the first 90 sec after the
initiation of NT perfusion. Analyses were limited to this time range be-
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cause the effects of NT(8-13) and other treatments were clearly evident
within this period.
Drugs. Tetrodotoxin (TTX) was purchased from Alomone Labs
(Jerusalem, Israel). Unless otherwise mentioned, all other drugs and
products were purchased from Sigma. In all experiments, the 8-13 active
fragment of NT [NT(8-13); thereafter NT] was used as an NT receptor
agonist. Neurotensin receptor antagonists were generously provided by
Dr. Danièle Gully (Sanofi-Synthélabo, Paris, France).

Results

NT-evoked enhancement in firing in DAergic neurons
In patch-clamp recording experiments, DAergic neurons were
recognized by their selective ability to express GFP after transfection with a plasmid allowing expression of GFP under the control
of the dopamine transporter (DAT) promoter (Fig. 1 A). Although only a minority of neurons were transfected (1–5% transfection efficiency), the majority of transfected neurons showing
strong expression of GFP were confirmed to be DAergic by postrecording immunolabeling for TH (Fig. 1 A) (see Materials and
Methods). NT is recognized to increase the excitability of DAergic neurons. As expected, current-clamp recordings from identified DAergic neurons showed that NT (100 nM) induced an increase in firing rate (Fig. 1 B, C). The basal firing rate of dopamine
neurons was, on average, 1.05 ⫾ 0.05 Hz (n ⫽ 10). Because basal
firing rate was low in some cells, results were expressed as a relative change from baseline firing rate. Typically, the excitatory
effect of NT was delayed; in most cells, the increase in firing rate
occurred after a delay of 30 – 45 sec. Although the average effect of
NT was excitatory, some response variability was observed: of 10
DAergic neurons recorded, 7 showed an increase in firing rate in
response to NT, 2 showed no change, and 1 neuron showed a
decrease in firing rate. In the seven neurons that showed an increase in firing rate, NT-evoked excitation was accompanied by a
small depolarization of the resting membrane potential (2.7 ⫾
0.2 mV) (data not shown), compatible with previous reports of
NT-evoked inward currents and depolarization in DAergic neurons (Mercuri et al., 1993).
The role of Ca 2⫹ in NT-evoked increase in firing was evaluated using BAPTA, a Ca 2⫹ chelator. NT failed to enhance firing
rate when BAPTA (10 mM) was included in the patch pipette (n ⫽
10) (Fig. 1C). These results show that the mechanism by which
NT increases firing rate in DAergic neurons depends on intracellular Ca 2⫹.
Effects of NT on intracellular calcium
The Ca 2⫹ dependency of NT-induced increase in firing rate suggests that NT increases intracellular Ca 2⫹ concentration
([Ca 2⫹]i) in DAergic neurons. It has been shown previously that
NT can increase [Ca 2⫹]i in other cell types, such as in astrocytes
(Trudeau, 2000), cortical cells (Sato et al., 1991), and amacrine
cells of the retina (Borges et al., 1996). However, such an effect
has never been demonstrated in DAergic neurons. To investigate
the hypothesis of NT-evoked elevation in Ca 2⫹ in DAergic neurons, variations in [Ca 2⫹]i were monitored by fluorescence imaging using Calcium Green-1 AM. We found that NT rapidly and
robustly increased [Ca 2⫹]i in cultured DAergic neurons (Fig.
2 A). The magnitude of the increase in [Ca 2⫹]i produced by NT
was dose dependent, with a plateau being reached after 1 nM (Fig.
2 B) (one-way ANOVA; F(4,43) ⫽ 3.68; p ⬍ 0.05). Although average increases in [Ca 2⫹]i were slightly smaller at 10 and 100 nM,
there was no statistically significant difference between the response obtained at 1 nM and the responses obtained at 10 or 100
nM ( p ⬎ 0.05). The rise in [Ca 2⫹]i was detectable within 6 sec
after the beginning of drug application at 10 and 100 nM, whereas

Figure 1. Neurotensin induces a Ca 2⫹-dependent increase in firing rate in DAergic neurons.
A, DAergic neurons were identified before patch-clamp recording using a selective transfection
strategy allowing the expression of GFP under the control of the dopamine transporter promoter (green neuron; left image). The phenotype of recorded neurons was always confirmed
after patch-clamp recording or Ca 2⫹ imaging by detecting TH immunoreactivity (red signal;
right image). Note that the field contained three DAergic neurons, but that only one was transfected with GFP. Scale bar, 15 m. B, Whole-cell current-clamp recording of spontaneous
action potentials in a DAergic neuron. Perfusion of 100 nM NT for 1 min (black bar) caused a
delayed increase in firing rate. Basal firing rate was, on average, 1.05 ⫾ 0.05 Hz in control
condition and 1.6 ⫾ 0.2 Hz in the presence of neurotensin. C, Summary data showing the
change in action potential firing rate caused by bath-applied NT in DAergic neurons under
control conditions (black circles) or when the patch pipette contained BAPTA (black squares).
The change in firing rate over time is expressed as a difference score (delta) representing the
variation in average firing rate within 15 sec bins compared with the average firing rate within
the eight initial bins acquired before peptide application. Basal firing rate was, on average,
1.5 ⫾ 0.1 Hz in the presence of BAPTA. For statistical comparisons, the average number of
action potentials during the control period was compared with the average number of action
potentials during the minute after the application of NT (in which the maximal effect was
detected in experiments without BAPTA). There was a significant increase in firing in control
experiments (t test; t ⫽ 4.21; p ⬍ 0.05) but not in experiments in which neurons were loaded
with BAPTA (t test; t ⫽ 0.20; p ⬎ 0.05).

at 0.1 and 1 nM, 10 –12 sec were required (data not shown). At
concentrations from 0.1 to 100 nM, a significant NT-evoked increase in [Ca 2⫹]i was detectable in 90% of neurons tested (45 of
50), whereas only 23% of neurons responded to 0.01 nM NT (3 of
13). To minimize response delays, all additional experiments
were performed with 100 nM NT.
To determine whether NT-evoked intracellular Ca 2⫹ elevation was dependent on NT-evoked enhanced in firing, imaging
experiments were performed in the presence of TTX (0.5 M), a
blocker of voltage-gated sodium channels that abolishes the
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M) that leads to the depletion of intracellular Ca 2⫹ stores, did
not cause a significant decrease in the magnitude of NT-evoked
increases in [Ca 2⫹]i in DAergic neurons (n ⫽ 17) (t test; t ⫽ 0.72;
p ⬎ 0.05) (Fig. 2 D). The same result was obtained by using heparin, an IP3 receptor antagonist. Heparin (1 mg/ml) was introduced in individual neurons through whole-cell dialysis during
patch-clamp recording. In these experiments, Calcium Green-1
was simultaneously introduced in the recorded neuron as a
membrane-impermeant dextran conjugate. The ability of NT to
cause an elevation of [Ca 2⫹]i was unimpaired in heparin-loaded
neurons (n ⫽ 5) (t test; t ⫽ 0.69; p ⬎ 0.05) (Fig. 2 D). However,
both heparin and thapsigargin caused a significant delay of the
onset of NT-evoked Ca 2⫹ elevation (Fig. 2 E): the time required
to reach maximal response amplitude (Tmax) increased from
28 ⫾ 5 sec in control conditions to 43 ⫾ 5 sec in the presence of
thapsigargin (t test; t ⫽ 2.20; p ⬍ 0.05) and to 44 ⫾ 3 sec in the
presence of heparin (t test; t ⫽ 2.07; p ⬍ 0.05). These results
confirm the predominant, although not exclusive, role of extracellular Ca 2⫹ influx in mediating NT-evoked [Ca 2⫹]i elevation
in DAergic neurons.

Figure 2. Neurotensin induces calcium influx in DAergic neurons. A, Typical time course of
the rise in [Ca 2⫹]i in a DAergic neuron during a 1 min exposure to NT (100 nM). Intracellular
Ca 2⫹ concentration was estimated using Calcium Green-1 AM. Data are represented as the
mean fluorescence ratio as a function of time (⌬F/Fo ). Images were acquired at a rate of 0.5 Hz.
B, Dose–response effect of NT on [Ca 2⫹]i for NT concentrations ranging from 0.01 to 100 nM
(0.01 nM, n ⫽ 3; 0.1 nM, n ⫽ 12; 1 nM, n ⫽ 11; 10 nM, n ⫽ 9; 100 nM, n ⫽ 13). Each bar
represents the mean ⫾ SEM value. C, The effect of NT on [Ca 2⫹]i persists in the presence of TTX.
D, NT-evoked intracellular Ca 2⫹ elevation in DAergic neurons is mostly blocked in the absence
of extracellular Ca 2⫹ (0 Ca2⫹) but is maintained after treatment with thapsigargin (Thap) to
deplete intracellular Ca 2⫹ stores or after blockade of IP3 receptors with heparin (Hep). E, Thapsigargin and heparin cause a delay in the time-to-peak (Tmax ) of NT-evoked intracellular Ca 2⫹
elevation. Ctrl, Control.

propagation of action potentials in most neurons, including
DAergic neurons (data not shown) (Grace and Onn, 1989;
Hausser et al., 1995). NT-evoked elevation in [Ca 2⫹]i was still
detectable and not significantly decreased after 3 min in the presence of TTX (n ⫽ 13 for control; n ⫽ 11 for TTX) (t test; t ⫽ 0.36;
p ⬎ 0.05) (Fig. 2C). The Ca 2⫹ elevation evoked by NT was therefore not activity dependent.
Ca 2⫹-free saline was used to evaluate the relative contribution
of intracellular and extracellular Ca 2⫹ sources to the elevation of
[Ca 2⫹]i induced by NT. We observed that, although NT still
caused a small increase in [Ca 2⫹]i when applied after 3 min perfusion with Ca 2⫹-free saline, the major part of the response was
blocked (n ⫽ 13 for control; n ⫽ 15 for Ca 2⫹-free) (t test; t ⫽
4.37; p ⬍ 0.05) (Fig. 2 D). This finding shows that, although both
extracellular and intracellular Ca 2⫹ pools can contribute, most of
the Ca 2⫹ elevation caused by NT resulted from influx from the
extracellular medium. Compatible with a minor involvement of
intracellular Ca 2⫹ stores, thapsigargin, a Ca 2⫹ ATPase blocker (1

The effect of NT is mediated by NTS1
We next wanted to determine which subtype of NT receptor
mediates the excitatory effect of NT on DAergic neurons. Because
NTS1 is expressed at high level in DAergic neurons, we hypothesized that most of the effects of NT observed in our experiments
should be mediated by this receptor. Compatible with this hypothesis, SR48692 (1 M), an antagonist that preferentially
blocks NTS1, abrogated the enhancement in firing rate caused by
100 nM NT in DAergic neurons (n ⫽ 8; t test; t ⫽ 3.25; p ⬎ 0.05)
(Fig. 3A). This antagonist also blocked the increase in [Ca 2⫹]i
induced by NT in most neurons, indicating that most of the
[Ca 2⫹]i elevation is mediated by NTS1 (Fig. 3B). Although all of
the 15 neurons tested showed an increase [Ca 2⫹]i in response to
NT under control conditions, only 4 of 13 showed an increase
above criterion level (see Materials and Methods) in the presence
of SR48692 (Fig. 3B). SR142948A (100 nM), a nonselective NTS1
and NTS2 antagonist, also abolished the effect of NT on [Ca 2⫹]i
increase (2 responsive neurons out of 17 tested) (Fig. 3B). The
average increase in [Ca 2⫹]i across all neurons tested in the presence of SR48692 or SR142948A was also significantly smaller
than in control neurons (0.02 ⫾ 0.03 and 0.010 ⫾ 0.005 ⌬F/Fo,
respectively, compared with 0.24 ⫾ 0.04 for the control group;
one-way ANOVA, F(2,42) ⫽ 19.52, p ⬍ 0.05; pairwise comparisons; Tukey’s test, p ⬍ 0.05). There was no significant difference
between the rise in [Ca 2⫹]i induced by NT in the presence of the
two antagonists (Tukey’s test; p ⬍ 0.05).
Neurotensin-evoked excitation of DAergic neurons occurs
independently of astrocyte activation
We reported previously that NT can induce a rise in [Ca 2⫹]i in
astrocytes (Trudeau, 2000). Because [Ca 2⫹]i elevation can induce the release of excitatory messengers from astrocytes (Araque
et al., 1998), we evaluated whether NT-evoked excitation of
DAergic neurons requires astrocyte activation. We discovered in
preliminary experiments that purified astrocytes grown in flasks
only rarely respond to NT by an increase in [Ca 2⫹]i: only 4 ⫾ 2%
of astrocytes show a detectable response (Fig. 4 A). However, in
primary cultures of mesencephalic astrocytes, a response to NT
can be detected in 39 ⫾ 4% of astrocytes (Fig. 4 A). The response
of neurons to NT under conditions in which astrocytes are responsive or not to NT was thus compared. We found that NT
increased the firing rate of DAergic neurons under both condi-
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Figure 3. The effect of NT on firing rate is mediated by the NTS1 receptor. A, SR48692 (1 M),
an NTS1 receptor antagonist, blocked the effect of NT (100 nM) on the firing rate of DAergic
neurons (black circles). The response of the control group (CTRL) (from Fig. 1C) is shown for
comparison (gray circles). Basal firing rate in the presence of SR48692 was, on average, 0.6 ⫾
0.1 Hz. B, The elevation in [Ca 2⫹]i induced by NT was also blocked by SR48692 and by
SR142948A, a broader-spectrum NT receptor antagonist. The number of neurons responding to
NT as a function of the total number of neurons tested is indicated below each column (Responsive neurons).

tions (Fig. 4 B). This finding demonstrates that activation of astrocytes is not required for excitation of DAergic neurons by NT.
However, a quantitative comparison of firing rate increases revealed that, when neurons are plated on responding astrocytes,
there is a significantly greater increase in the firing rate in response to NT (two-way ANOVA; F(1,240) ⫽ 5.108; p ⬍ 0.05).
Intracellular pathway mediating the excitatory effect of NT
It is known that NTS1 is a Gq-coupled receptor and that it activates PLC (Yamada et al., 1994). This activation generates IP3 and
DAG, which, respectively, lead to Ca 2⫹ mobilization from intracellular pools and to the formation of PKC. Selective antagonists
were used to evaluate the implication of IP3 and PKC in the
excitatory effects of NT. Preincubation with the PKC inhibitor
bisindolylmaleimide (1 M) did not prevent NT from significantly increasing the firing rate of DAergic neurons (n ⫽ 8; t test;
t ⫽ 2.47; p ⬍ 0.05) (Fig. 5A). However, intra-pipette inclusion of
heparin (1 mg/ml), an IP3 receptor antagonist, completely
blocked the excitatory effect of NT (n ⫽ 6; t test; t ⫽ 1.55; p ⬎
0.05) (Fig. 5B). We conclude that some step implicating the IP3
receptor is required for NTS1 to cause excitation of DAergic
neurons.
Although a number of steps may be involved between IP3
receptor activation and excitability changes, it has been shown
previously that NT can cause the opening of cationic channels in
DAergic neurons. Considering recent findings suggesting direct

Figure 4. Neurotensin-evoked excitation of DAergic neurons occurs independently of astrocyte activation. A, Graph representing the proportion of astrocytes that demonstrate an increase
in [Ca 2⫹]i in response to NT (100 nM). Whereas a response was obtained in a significant proportion of primary mesencephalic astrocytes in culture, this was almost never observed in
purified astrocyte cultures initially grown in flasks. B, Comparison of the NT-evoked enhancement in firing rate in DAergic neurons when grown together with responsive (open circles) (n ⫽
7) or nonresponsive (dark squares) astrocytes (n ⫽ 10). The time course of the change in firing
rate over time is expressed as a difference score (delta) representing the variation in average
firing rate within 15 sec bins compared with the average firing rate within the eight initial bins
acquired before peptide application. Basal firing rate was, on average, 0.40 ⫾ 0.05 Hz in
neurons grown on responsive astrocytes and 1.05 ⫾ 0.05 in neurons grown on nonresponsive
astrocytes. NT was used at 100 nM.

links between the IP3 receptor and cationic channels of the TRP
(transient receptor potential) family (Boulay et al., 1999; Kiselyov
et al., 1999), we evaluated the implication of such channels using
Zn 2⫹, an inorganic cation shown recently to block a subset of
TRP channels in neurons (Kaneko et al., 2002). Compatible with
the implication of cationic channels, ZnCl (10 M) completely
antagonized the increase in cell firing induced by NT, actually
revealing a small decrease in firing (n ⫽ 6; t test; t ⫽ 2.77; p ⬍
0.05) (Fig. 5C). Moreover, SKF96365 (1 M), another broadly
used blocker of cationic channels (Merritt et al., 1990), completely blocked the excitatory effect of NT (n ⫽ 5; t test; t ⫽ 1.09;
p ⬍ 0.05) (Fig. 5D).

Discussion
Our results provide new insight into the mechanism mediating
the well known excitatory effect of NT on DAergic neurons. We
demonstrate that this effect is Ca 2⫹ dependent and implicates IP3
receptors and SKF96365-sensitive channels. Our selective transfection strategy coupled with immunohistochemical identification of DAergic neurons represents an advantage over previous
studies of NT action in the VTA in which neurons were presumed
to be DAergic solely on the basis of morphology and electrophysiological characteristics (Seutin et al., 1989; Jiang et al., 1994;
Farkas et al., 1996; Werkman et al., 2000).
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This may be considered surprising because of the predicted activation of IP3-dependent intracellular Ca 2⫹ stores by NTS1 (Bozou et al., 1989; Tanaka et al., 1990; Hermans et al., 1992) (for
review, see Vincent et al., 1999). However, NT-evoked intracellular Ca 2⫹ elevation is blocked in Ca 2⫹-free saline, and the Ca 2⫹ATPase blocker thapsigargin and the IP3 receptor antagonist heparin only delayed NT-evoked Ca 2⫹ elevation. It should be noted
that our observation that heparin prevents NT-evoked enhancement in firing rate in DAergic neurons demonstrates that activation of the IP3 pathway by NT is nonetheless critical for this
excitatory effect of NT.
One possible mechanism explaining NT-activated Ca 2⫹ entry
in DAergic neurons is that NT-evoked increase in firing leads to
the opening of voltage-dependent Ca 2⫹ channels. However, this
possibility can be ruled out because TTX did not prevent NTevoked elevation in [Ca 2⫹]i. In addition, there was a clear temporal discordance between NT-evoked enhancement in firing
and intracellular Ca 2⫹ elevation. We can conclude that other
Ca 2⫹ influx pathways, such as nonselective cationic channels, are
likely to be involved. This hypothesis is consistent with the evidence showing that, in VTA DAergic neurons, NT activates cationic channels (Jiang et al., 1994; Wu et al., 1995; Farkas et al.,
1996). Such channels are likely to be Ca 2⫹ permeable and could
mediate NT-evoked Ca 2⫹ influx. In addition, the partial involvement of channels activated by intracellular Ca 2⫹ store depletion
cannot presently be excluded. However, our finding that thapsigargin and heparin do not prevent NT-evoked Ca 2⫹ elevation
shows that most Ca 2⫹ influx is not dependent on Ca 2⫹ store
depletion. This finding contrasts with our previous demonstration in mesencephalic astrocytes in which NT-evoked activation
of thapsigargin-sensitive stores was absolutely required to trigger
secondary Ca 2⫹ influx (Trudeau, 2000).

Figure 5. NT-evoked increase in firing rate requires IP3 receptors and cationic channels. A,
Lack of effect of the PKC inhibitor bisindolylmaleimide on NT-evoked change in firing rate over
time. Basal firing rate was, on average, 1.2 ⫾ 0.1 Hz. B, Intra-pipette dialysis of the IP3 receptor
antagonist heparin blocked the ability of NT (100 nM) to enhance firing rate. Basal firing rate
was, on average, 0.75 ⫾ 0.05 Hz. C, Extracellular Zn 2⫹ (10 M), a blocker of nonselective
cationic channels, prevented NT(8-13)-evoked enhancement in firing rate in DAergic neurons.
Basal firing rate was, on average, 0.7 ⫾ 0.1 Hz. D, Extracellular SKF96365 (1 M), a different
blocker of nonselective cationic channels, also prevented NT(8-13)-evoked enhancement in
firing rate in DAergic neurons. Basal firing rate was, on average, 0.6 ⫾ 0.2 Hz.

Effects of NT on intracellular calcium in DAergic neurons
DAergic neurons express NTS1 protein and mRNA (Nicot et al.,
1995; Boudin et al., 1998). Considering the coupling of this receptor to PLC and IP3 production (Bozou et al., 1989; Tanaka et
al., 1990; Hermans et al., 1992), the hypothesis that its activation
causes intracellular Ca 2⫹ elevation in DAergic neurons is reasonable but was untested. Calcium mobilization by NT has been
demonstrated previously in other cell types (Sato et al., 1991;
Hermans et al., 1995; Schaeffer et al., 1995; Borges et al., 1996;
Trudeau, 2000). The present experiments provide the first detailed characterization of NT-evoked intracellular Ca 2⫹ increase
in DAergic neurons. We conclude that NT-evoked intracellular
Ca 2⫹ elevation mostly results from extracellular Ca 2⫹ influx.

Mechanism mediating the excitatory effect of NT on
DAergic neurons
We showed that NT increases the firing rate of DAergic neurons.
This result confirms previous studies. Indeed, when injected into
the ventral mesencephalon, NT increases the firing rate of DAergic neurons (Werkman et al., 2000) and extracellular dopamine
in terminal regions (Kalivas and Duffy, 1990; Laitinen et al., 1990;
Sotty et al., 1998). In the current experiments, although the average effect of NT was an increase in cell firing, some response
heterogeneity was noted. Of the 10 neurons tested, 2 showed no
change in their firing frequency in response to NT, and 1 showed
a decrease. The significance of such variability is unclear, but it
could result from differential expression of NT receptors. This
would fit with our observation that NT receptor antagonists did
not completely block NT-evoked Ca 2⫹ elevation in a few neurons. Previous work in brain slices also showed that SR48692 only
produces a partial attenuation of NT-induced excitation in
DAergic neurons (Nalivaiko et al., 1998). Our results suggest that,
although NTS1 may play the major role in NT-evoked excitation
of DAergic neurons, some other NT receptor subtype that displays lower sensitivity to SR48692 or SR142948A could also be
partly involved and perhaps cause opposite changes in excitability. It should be noted, however, that no clear demonstration is
yet available for the ability of NTS2 to mediate Ca 2⫹ elevation. In
fact, it has been shown recently that NT does not cause Ca 2⫹
elevation in cultured cerebellar neurons, cells that express high
levels of NTS2 but no NTS1 (Sarret et al., 2002). However, a
paradoxical Ca 2⫹ mobilization by SR48692 has been demonstrated in these neurons, as well as in Chinese hamster ovary cells
transfected with NTS2 (Yamada et al., 1998). Although NTS2 is
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not expressed at high levels in DAergic neurons (Mazella et al.,
1996), evidence for its presence in astrocytes has been provided
(Boudin et al., 1998). This leaves open the possibility that NT
could also act indirectly on DAergic neurons through astrocytes
(Trudeau, 2000). However, our finding that NT-evoked excitation of DAergic neurons can occur under conditions in which
astrocytes are unresponsive to NT excludes an obligatory role of
astrocytes. Our observation that NT-evoked excitation of DAergic neurons is enhanced under conditions in which astrocytes
respond to NT leaves open the possibility that simultaneous activation of NT receptors on neurons and astrocytes is synergistic.
Our results suggest that the excitatory effect of NT on DAergic
neurons is mediated by the PLC–IP3 pathway. Indeed, the blockade of NT-evoked firing by heparin demonstrates that activation
of the IP3 receptor is a required step. This is in agreement with
previous work showing that heparin or BAPTA blocks NTevoked cationic currents in acutely isolated DAergic neurons
(Wu et al., 1995). The Ca 2⫹ dependency of this excitatory effect
and of cationic channel activation could result from the partial
Ca 2⫹ dependency of PLC (Billah et al., 1980; Lund et al., 2000).
Calcium could also be required because of the involvement of
Ca 2⫹-activated nonselective cationic conductances. Previous experiments have revealed that NT increases the firing rate of DAergic neurons by activating nonselective cationic conductances
(Seutin et al., 1989; Mercuri et al., 1993; Farkas et al., 1996). In
addition to NT receptors, it is known that other Gq-coupled receptors can enhance Ca 2⫹-activated nonselective cationic conductances through an IP3- and Ca 2⫹-dependent signaling pathway (Wu and Wang, 1996; Congar et al., 1997; Lee et al., 1999).
Within the context of the possible involvement of Ca 2⫹activated nonselective cationic conductances, it should be noted
that there is partial temporal discordance between the NTevoked increase in firing rate and calcium elevation (compare
Fig. 1C with Fig. 2 A). Together with our finding that BAPTA
blocks NT-evoked firing, this observation demonstrates that
Ca 2⫹ elevation is necessary but not sufficient to promote firing.
This argues against a simple mechanism whereby NT leads directly to activation of Ca 2⫹-activated cationic channels. If this
were the case, one would expect firing rate increases to closely
follow intracellular Ca 2⫹ elevation. Our results suggest that Ca 2⫹
does not act directly to cause an increase in excitability. Rather,
our findings favor a more indirect hypothesis implicating, for
example, the sequential activation of receptor-operated Ca 2⫹
channels, followed by some Ca 2⫹-activated pathway leading to
delayed enhancements in membrane excitability. Considering
that NT can also inhibit potassium channels (Kirkpatrick and
Bourque, 1995; Farkas et al., 1997), delayed inhibition of such
channels appears like a possible mechanism.
The molecular identity of the receptor-operated cationic
channels activated by NT in DAergic neurons remains to be established. A candidate family of channels is TRP nonselective
cationic channels, first identified in Drosophila (Hardie and
Minke, 1992) but recently showed to be widely expressed in
mammalian neurons (Wes et al., 1995; Zhu et al., 1996; Boulay et
al., 1997; Philipp et al., 1998). Such channels are highly permeable
to Ca 2⫹ and are activated through Gq-coupled receptors. Interestingly, it has been reported that TRP channels can be activated
through the IP3 receptor (Boulay et al., 1999; Ma et al., 2000). The
expression of TRP channels in DAergic neurons has not yet been
closely examined, but preliminary immunocytochemical experiments have allowed us to determine that a number of TRP channels are present in cultured DAergic neurons (G. Fortin, F. J.
Michel, F. St. Gelais, and L.-E. Trudeau, unpublished results).

Our finding that Zn 2⫹ and SKF96365 block NT-evoked enhancement in firing in DAergic neurons is compatible with the involvement of TRP-like channels because these agents have been known
previously to block nonselective cationic conductances (Merritt
et al., 1990; Denning et al., 1994; Guse et al., 1997). Zinc has been
shown recently to block channels formed by TRP6 in neurons
(Kaneko et al., 2002).
In summary, our findings provide a better understanding of
the mechanism mediating the well known excitatory effect of NT
on DAergic neurons. Future experiments will have to be directed
toward explaining the delayed nature of NT-evoked firing rate
increase. In addition, an investigation of the possible activation of
TRP-like channels by NT may lead to a more complete understanding of the NT-evoked Ca 2⫹-influx pathway.
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