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Evidence for the presence of N-methyl-o-aspartate receptors in the ventral
tegmental area of the rat: an electrophysiological in vitro study
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Extracellular recordings were obtained from spontaneously active, presumed dopaminergic neurons of the ventral tegmental area (VTA)
of the rat in a slice preparation. Bath-applied N-methyl-p-aspartate (NMDA) (1-20 M) activated all neurons tested (n = 36). This effect was
clearly concentration-dependent (n = 14), quickly reversible and reproducible. No bursting type of discharge was observed during NMDA
infusion. The NMDA receptor blocker pi-2-amino-5-phosphonovaleric acid (50 uM) reversibly antagonized the increase in cell firing produced
with 10 uM NMDA by 83.5 + 3% (mean + S.E.M.) (n = 8, P < 0.05). Lowering the Mg”* concentration of the perfusion fluid to one-third
of its normal value significantly enhanced the excitatory effect of S uM NMDA (n = 7, P < 0.05), but not of 500 nM carbachol (n = 6). Finally,
NMDA did not modify the sensitivity of dopaminergic autoreceptors of VTA neurons (n = 8), when compared to controls (n = 10). These

observations strongly support the presence of specific NMDA receptors in the VTA.

Amino acids are known to be involved in excitatory
mechanisms in the central nervous system®. Specific
receptors for these excitatory amino acids (EAA) have
been recognized in several nervous structures’. They are
classified in 3 main subtypes. Among them, the N-
methyl-p-aspartate (NMDA) receptors have generated
much interest because they seem to be involved in
neuroplasticity’. This class of receptors is specifically
blocked by pr-2-amino-5-phosphonovaleric acid (APV)%.
Moreover, Mg?* nroduces a voltage-dependent blockade
of their associated ion channel®. Appreciable amounts of
EAA have been found in the ventral tegmental area
(VTA)" and an aspartatergic projection from prefrontal
cortex to the VTA has been described in the rat*. In this
paper, we demonstrate the presence in the VTA of
functional and specific NMDA receptors, the stimulation
of which potently excites presumed dopaminergic (DA)
neurons. We also show that, unlike neurotensin'’,
NMDA is not able to modulate the sensitivity of DA
autoreceptors.

Male Wistar rats (180-280 g) were anesthetized with
chloral hydrate (400 mg/kg i.p.) and given 100% oxygen
to breathe for 5 min. After decapitation, the brain was
quicky removed and cooled in ice-cold artificial cerebro-
spinal fluid (ACSF) which had the following composition
(in mmol): NaCl 130, KCI 5, NaH,PO, 1.25, NaHCO,

24, p-Glucose 10, CaCl, 2, MgSO, 1.25. A piece of
mesencephalon was prepared and cut in transverse
sections by means of a vibratome. The thickness of the
slices was about 0.4 mm. The slice containing the VTA
was drawn into a pipette and transferred to a perfusion
chamber modified from the design of Haas et al.'2.

The slice was positioned at the interface of a contin-
uous flow of oxygenated ACSF (1 ml/min) and a
humidified mixture of 95% 0,/5% CO,. A thorough
perfusion of the upper side of the slice was ensured by
threads of surgical gauze placed over the surface of the
slice. The temperature was set at 34.5 + 0.5 °C. In these
experimental conditions, the slice could survive for more
than 6 h. The VTA was identified visually, using a zoom
stereomicroscope (Wild M7A). Extracellular single-cell
recordings were performed with glass microelectrodes
filled with ACSF and having an impedance of a few MQ.
Action potentials were amplified and displayed on a
Tektronix digital oscilloscope (Model 2430). They were
selected with a window discriminator and counted with a
home-made cumulative digital counter every 10 s.

All recordings were begun at least 1 h after removal of
the brain. Stable recordings could be maintained up to
150 min. After a control period of 5 min, drugs were
added to the ACSF and applied by means of 3-way taps
so that the superfusion rate remained constant. Effects of
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high concentrations could already be observed after 1
min. All infusions lasted until a plateau was reached
(usually 5-10 min).

NMDA and APV were obtained from Sigma. Carba-
chol was purchased from Janssen Chimica. The DA
agonist 6-allyl-2-amino-5,6,7,8-tetrahydro-4H-thiazolo-4,
5-d-azepin-dihydro-chloride (BHT 920)"'° was a gift
from Boeghringer Ingelheim. All final solutions were
prepared just before the recordings.

The effect of NMDA was expressed as the maximum
activation (in spikes/10 s) observed during its infusion.

To study the sensitivity of DA autoreceptors, the
percent inhibition obtained with several concentrations of
BHT 920 was measured and the ICs, (concentration
which decreases the cell’s firing by 50%) was determined
graphically for every neuron. Statistical analysis was
performed using a Student’s r-test (effect of APV and
comparison of the ICs,’s of BHT 920) or a Wilcoxon test
(effect of low Mg?* medium). Differences were con-
sidered significant at P < 0.05. Numerical values are
given as means += S.E.M.

Recordings were obtained from 52 neurones from
different slices. They were located in the lateral and
intermediate parts of the VTA, which are known to
project to the cingulate and piriform cortex, respec-
tively’, as well as to the ventral striatum'®. No neurons
of the ‘medial’ part of the VTA were recorded. These
neurons had a spontaneous firing between 5 and 40
spikes/10 s and long (>2.5 ms), bi- or triphasic action
potentials which are typical of DA neurons'’. The
activity of these cells was inhibited by nanomolar con-
centrations of D,-receptor agonists such as apomorphine
(unpublished observations) and BHT 920. Therefore, we
will refer to them as ‘presumed’ DA neurons. Their firing
pattern was very regular and differed from in vivo
patterns, where a bursting discharge of spikes of decreas-
ing amplitude is most commonly observed'.

Infusion of NMDA produced a concentration-depen-
dent increase of the firing of each neuron tested (n = 14)
(Fig. 1A). The threshold was 3 uM and the effect
increased steeply at 5 and 10 M. At 20 uM, the firing
increase could be measured in 6 cells and was 68.2 + 10.3
spikes/10 s. In the other cells, a marked depolarization
was observed and prevented an adequate counting of the
firing rate. For the same reason, the effect of higher
concentrations was not studied. The effect of NMDA was
quickly reversible and reproducible. No obvious desen-
sitization was observed when successive infusions were
performed. Responses were relatively homogenous
amongst different neurons. Bursting activity was never
observed during NMDA infusion, even at the highest
concentrations.

To test the specificity of the effect of NMDA, we

compared the excitation produced by 10 4M in control
conditions and in the presence of the specific NMDA
antagonist APV (50 uM). Whereas APV had no effect on
the neuronal basal activity, it reversibly reduced the
NMDA-induced firing increase by 83.5 + 3% (n = 8, P
< 0.05) (Fig. 1B). We next examined whether Mg**
could modulate the excitatory effect of NMDA in the
VTA. Lowering the concentration of Mg>* to one-third
of its control value produced a slight (5-30%) increase in
the basal firing rate of the cells. The excitation produced
by NMDA (5 uM) was strongly and reversibly potenti-
ated in this condition for all neurons (n = 7, P < 0.05).
This effect was specific, since the excitation produced by
carbachol (500 nM) was affected at random (n = 6, not
significant) (Fig. 2).
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Fig. 1. A: concentration-response curve for NMDA on presumed
dopaminergic neurons of the VTA. The effect of NMDA is
expressed as the maximum activation in spikes/10 s. The means and
S.E.M., as well as the number of experiments (in brackets) are
indicated. For each concentration, all measurements were made on
different neurons. B: effect of APV (50 uM) on the NMDA (10 uM)
induced excitation, which is expressed as the maximum firing
increase in spikes/10 s. The means and S.E.M. are shown. After the
first NMDA infusion, APV was applied alone during 10 min and
then together with NMDA. NMDA infusions were performed every
15 min. The number of experiments are indicated in brackets (*P
< 0.05, Student’s r-test). Note that the antagonism by APV is fully
reversible.
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Fig. 2. Effect of low-Mg?* medium on the excitatory effect of 5 uM
NMDA and 500 nM carbachol. The concentration of Mg?* was
lowered to one-third of its normal value during 10 min before the
second infusion of each agent. The firing increase is expressed as %
of the control firing rate, which is the mean firing during the 5 min
preceding each infusion of NMDA or carbachol. The excitatory
effect of NMDA, but not of carbachol, is significantly and reversibly
enhanced by the low Mg®* medium (P < 0.05, Wilcoxon test).

Finally, the sensitivity of DA autoreceptors was
studied during the infusion of 10 uM NMDA. For this
purpose, BHT 920 was used because it produced more
homogenous results than apomorphine (unpublished
observations). The ICs, of BHT 920 in the presence of
NMDA was 23 = 5 nM (n = 8), which was not
significantly different from its ICy, in control neurons (21
+ 3 nM) (n = 10).

Our results show that NMDA excites presumed DA
neurons in the VTA. This effect is mediated by specific
NMDA receptors, since it is blocked by APV and
modulated by Mg?*. It should be noted that APV did not
produce a complete blockade of the effect of NMDA.
This could be due to the fact that higher concentrations
of the antagonist are needed to completely block NMDA
receptors in the VTA. Another possibility is that NMDA
may also act with a lower affinity on other receptors. One
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striking feature of our experiments is that NMDA
responses were observed with physiological concentra-
tions of Mg?*. This has also been reported in the locus
coeruleus', but not in other brain areas (e.g. the
hippocampus), unless a marked membrane depolariza-
tion is produced®. This discrepancy may be due to
different resting potentials (which are likely to be more
depolarized in spontaneously active neurons) or to
differences between the properties of NMDA receptors
in different brain areas. A subdivision of NMDA recep-
tors has indeed been suggested by some authors!®,

NMDA receptors of the VTA are probably located on
DA neurons, although this could not be assessed directly,
because solutions that block synaptic communication
(low Ca®*, high Mg?>* medium) also strongly reduce
NMDA responses. An indirect effect of NMDA via
excitation of interneurons which are not spontaneously
active in the slice preparation cannot be ruled out.
Furthermore, a presynaptic modulation of the release of
another transmitter by NMDA is also possible.

NMDA increased the firing of VTA neurons without
producing any bursting activity. This finding has also
been reported for locus coeruleus neurons'*, on which
the effect of NMDA was also probably direct. However,
in several other brain areas, NMDA induces a significant
bursting”™!3.

Finally, our study shows that NMDA does not mod-
ulate the sensitivity of DA autoreceptors, contrary to
neurotensin'’.

The functional significance of NMDA receptors in the
VTA remains to be determined. Indeed, behavioural
experiments using injections of NMDA agonists and
antagonists in the VTA have produced conflicting results,
since both types of agents enhanced locomotor activity®
!>, Until now, an aspartatergic projection from the
medial prefrontal cortex to the VTA has been described?,
suggesting that aspartate released from those axons might
act on NMDA receptors in this structure. However, a
lesion of the medial prefrontal cortex did not abolish
aspartate uptake in the VTA, which leaves open the
possibility that aspartatergic inputs from other brain
areas also exist in this area.
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