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Morphine is a highly potent analgesic with high addictive potential in
specific contexts. Although dopamine neurons of the ventral teg-
mental area (VTA) are widely believed to play an essential role in the
development of drug addiction, neuronal circuits underlying mor-
phine action on dopamine neurons have not been fully elucidated.
Here we combined in vivo electrophysiology, tract-tracing experi-
ments, and targeted neuronal inactivation to dissect a neural circuit
for acute morphine action on dopamine neurons in rats. We found
that in vivo, morphine targets the GABAergic tail of the VTA, also
called the rostromedial tegmental nucleus, to increase the firing of
dopamine neurons through the activation of VTA p opioid receptors
expressed on tail of the VTA/rostromedial tegmental nucleus effer-
ents. Our data also reveal that in the absence of VTA glutamatergic
tone, there is no morphine-induced activation of dopamine neurons.
These results define the anatomical organization and functional role
of a neural circuit for acute morphine action on dopamine neurons.
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opamine (DA) neurons within the ventral tegmental area

(VTA) play a central role in motivated behaviors (1, 2), nat-
ural reward processing (3, 4), and development of drug addiction
(5, 6). Addictive properties of opiates (e.g., morphine, heroin) rely
on p opioid receptor (LOR) activation (7) and are probably as-
sociated with their ability to activate VTA-DA neurons (8).
y-Aminobutyric acid (GABA) transmission in the VTA is critical
for morphine-induced activation of DA neurons (9). Indeed, a
broadly accepted circuit model for morphine action on DA neu-
rons suggests that morphine excites VTA-DA neurons by a dis-
inhibitory mechanism involving neighboring GABA neurons (10).

A newly defined structure with dense pOR immunoreactivity
(11), the tail of the VTA (tVTA), also called the rostromedial
tegmental nucleus (RMTg), has recently been proposed to be a
potential inhibitory control center for dopaminergic activity (12—
14). However, it remains unclear whether pOR activation on
tVTA/RMTg GABA neurons can account for morphine-induced
activation of VTA-DA neurons.

In addition to potent tonic GABAergic modulation (15), VTA-
DA neurons receive glutamatergic inputs from diverse brain nuclei
(16) and from VTA glutamatergic neurons (17). One role of this
glutamatergic influence is to mediate a switch from pacemaker to
high-frequency bursts of activity, leading to a large increase in DA
release in target areas (18, 19). Glutamate transmission is a key
component of the regulation of dopamine cells and is known to
play an important role in the actions of many drugs of abuse (1, 5).
In the VTA, the persistent potentiation of DA neuron excitatory
synapses contributes to pathological drug-seeking behavior (5).
Furthermore, several lines of evidence also indicate a critical role
for VTA glutamate receptors in morphine rewarding properties
(20-23), but the crucial role of VTA glutamatergic transmission
for in vivo effects of morphine on DA neurons has not been
demonstrated.
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In the present study, we used tract-tracing approaches and
in vivo electrophysiological recordings to demonstrate that
morphine-induced excitation of VTA-DA neurons results from
an inhibition of the tVTA/RMTg GABAergic tone and is de-
pendent on NMDA/AMPA receptor activation within the VTA.

Results

Morphine-Induced Activation of VTA-DA Neurons Is Mediated by p
Opioid Receptors Expressed on tVTA/RMTg Efferents. The majority
of the afferents to DA neurons are GABAergic and inhibitory
(24), and it has been demonstrated in ex vivo preparations that
GABAergic inputs control the firing pattern of DA neurons (25).
We recorded extracellular activity from single VTA-DA neurons
identified according to their electrophysiological properties (S
Materials and Methods) and their neurochemical identity through
single-cell labeling and immunohistochemistry (Fig. S1 and Fig. 1
D-F). Here we show that picrotoxin (GABA, receptor antago-
nist) microinfusion within the VTA produced an increase in
firing rate (+59.3%) and bursting activity (+123.4%) of VTA-
DA neurons (Fig. S2 A-C). These results confirmed in vivo that
the firing pattern of VTA-DA neurons is tonically controlled by
GABAergic inputs (25, 26). Previous work demonstrated that
the tVTA/RMTg, a GABAergic structure, projects mainly onto
VTA-DA neurons (12, 13). A recent in vivo electrophysiological
study showed that tVTA/RMTg stimulation was able to phasi-
cally silence VTA-DA neurons (14). To examine the impact of
tVTA/RMTg activity on tonic VTA-DA neurons in vivo, we
selectively inhibited tVTA/RMTg neurons using microinjection
of a labeled GABA, receptor agonist (muscimol-bodipy). Like
picrotoxin infusion within VTA, tVTA/RMTg inactivation pro-
duced a marked increase in firing rate (+34%) and bursting rate
(+67%), but also in the number of spikes per burst (+16%) of
VTA-DA neurons (Fig. S2 D-F). In addition to a phasic in-
fluence of the tVTA/RMTg onto VTA-DA neurons (14), our
results show that VTA-DA neurons are under tonic inhibitory
control originating in the tVTA/RMTg.

Opiates have powerful reinforcing actions within the VTA (27)
and activate VTA-DA neurons through disinhibition processes
(10). We examined in vivo the role of the VTA pOR in morphine-
induced activation of VTA-DA neurons. We confirmed that sys-
temic morphine increased the impulse activity, bursting rate, and
number of spikes per burst of VTA-DA neurons (Fig. 1G) (28),

Author contributions: M.B. and F.G. designed research; M.J., R.B., J.C,, P.V,, and F.G.
performed research; M.J., R.B., J.C,, and F.G. analyzed data; and M.J., R.B., O.J.M., M.B.,
and F.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

"M.J. and R.B. contributed equally to this work.

2M.B. and F.G. contributed equally to this work.

3To whom correspondence should be addressed. E-mail: francois.georges@inserm.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1105418108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1105418108


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental/pnas.201105418SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental/pnas.201105418SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental/pnas.201105418SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental/pnas.201105418SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental/pnas.201105418SI.pdf?targetid=nameddest=SF2
mailto:francois.georges@inserm.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105418108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1105418108

MOR REC.

% of firing rate variation

50 e
@ o)
0 2 4 6 8
VTA Basal firing rate (Hz)
D MOR E - - .

8
= z
= 6 ]g‘-
@ ¥ .5
E 4 + MOR 0 5sec
a3 . oo .o .s o
= |
£ T
w
o] >
0 60 120 180 240 300sec &
ClSseco
Gs %
w -
17 *k 5
8 1 Fokk § A 1;5'(5)
. L= 1
o 12 et % = 200 2 S 125
o
=1 . = B 150 n ® 100
@ 7 E’n - 75
- = e 100 2%
s ® © Fe %
g: 2 S e~ 25
£ 0 # @ o0 @ 0
iL Control MOR MOR =~ SAL NAL NAL/ Control MOR MOR SAL NAL NAL/ = Control MOR MOR ~ SAL NAL NAL /
iv VTA iv MOR i.v iv VTA iv MOR i.v iv VTA iv MOR iv
H NAL_  Rec
= : Before After MOR i.v Before After NAL/MOR i.v
- ~
3 .
m L N _,. M
o o e
o A > ?
@ +MOR i.v |~ Jr
Tsec® sec®

VTA

Fig. 1. Morphine-induced excitatory effects on VTA-DA neurons involve intra-VTA uORs. (A) Experimental protocol. (B) Microphotograph of a coronal section
through the VTA showing the recording site (blue spot at arrow). IP, interpeduncular nucleus; SNr, substantia nigra pars reticulata. (Scale bar, 250 pm.) (C)
Firing rate in response to intra-VTA morphine as a function of the basal activity of VTA-DA neurons. There is a correlation between the variation of VTA-DA
neuron-firing activity by morphine and the basal firing rate of VTA-DA neurons. Pearson’s correlation calculation; Pearson’s r = —0.65, P < 0.01. Solid line,
regression curve; area between dotted lines, 95% confidence intervals; n = 18. (D-F) Example of VTA-DA neuron activity following an intra-VTA infusion of
morphine (1 mg/mL, 60 nL). This neuron, juxtacellularly injected with neurobiotin (NB), was immunohistochemically identified as dopaminergic (TH; tyrosine
hydroxylase). Individual channels for TH and NB are shown in Fig. S1. (Scale bar, 40 um.) (E) Representative traces before and after intra-VTA morphine
infusion. Dots indicate burst occurrences. (G) Analysis of firing rate, bursting activity, and mean spikes per burst (i) after control conditions (saline i.v. con-
dition pooled with intra-VTA artificial cerebrospinal fluid (aCSF) condition because of the lack of significant difference), after i.v. injection of morphine, and
after intra-VTA morphine ejection, and (ii) after i.v. injection of saline, after intra-VTA naltrexone injection, and after i.v. morphine injection following
naltrexone injection within the VTA. One-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.005. Statistical analysis is shown in S/ Materials and Methods. (H)
Experimental protocol. (/) Representative traces of two VTA-DA neurons before and after i.v. morphine injection (cell 1) or after i.v. morphine injection
following an intra-VTA injection of naltrexone (cell 2). Circles above traces represent burst occurrence.

and we observed similar effects with morphine delivery directly
into the VTA (+47% for firing rate, +111% for bursting activity,
and +54% for the number of spikes per burst) (Fig. 1). In line with
the disinhibition model (10), we show that the magnitude of the
morphine-induced activation of VTA-DA neurons was inversely
correlated to their basal firing activity (Fig. 1C). A typical example
of an individually recorded DA neuron labeled with neurobiotin
and showing an increase in firing rate and busting activity after
intra-VTA morphine is reported in Fig. 1 D-F. Furthermore,
systemic morphine-induced activation of VTA-DA neurons was
blocked by naltrexone infusion, an OR antagonist, within the VTA
(Fig. 1 H and I). Altogether, these experiments indicate that tar-
geting VTA pORs is necessary for an in vivo excitatory effect of
morphine on VTA-DA neurons.

Jalabert et al.

Previous studies showed that tVTA/RMTg heavily projects to
the VTA (11) and that it is a highly immunoreactive structure for
pORs (11). Thus, we investigated whether tVTA/RMTg GABA
neurons projecting to the VTA contain pORs. pOR immunore-
activity was detected in the majority of GABAergic neurons of the
tVTA/RMTg (Fig. 24 and Fig. S3). We traced tVTA/RMTg-VTA
projection by injecting the anterograde tracer biotinylated dextran
amine into the tVTA/RMTyg (Fig. 2B) or the retrograde tracer
cholera toxin B subunit into the VTA (Fig. 2C). pOR immuno-
reactivity was detected within tVTA/RMTyg anterogradely labeled
axons in the VTA (Fig. 2B) and within 76% of retrogradely labeled
cell bodies in the tVTA/RMTg (712/930 cells analyzed, n = 5 rats)
(Fig. 2C). Supporting these anatomical data and consistent with a
previous study (14), local infusion of morphine into the tVTA/
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Fig. 2. tVTA/RMTg efferents in the VTA express pORs. (A) Microphotographs illustrating the GAD67 and pOR double labeling in the tVTA/RMTg at a cellular
level. GAD67, glutamic acid decarboxylase 67 kDa. (B) Following BDA injection into tVTA/RMTg (Left), pORs were detected within anterogradely labeled axons in
the VTA (Right). (C) Following CTb injection into VTA (Left), pORs were observed in retrogradely labeled cell bodies in the tVTA/RMTg (Right). fr, fasciculus
retroflexus; IF, interfascicular nucleus; ml, medial lemniscus; RLi, rostral linear nucleus of the raphe; tth, trigeminothalamic tract; xscp, superior cerebellar

peduncle decussation.

RMTg decreased the impulse activity of tVTA/RMTg neurons
(—61%; Fig. S4 D and E). Morphine was applied onto 6 of the 32
tVTA/RMTg recorded neurons. As previously shown (14), excit-
atory response at a short latency (<8 ms) evoked by lateral
habenula (LHb) stimulation was used to identify tVTA/RMTg
neurons (Fig. S4 A-C). VTA-DA and tVTA/RMTg neurons thus
display an opposite response to morphine (Fig. S4F), consistent
with the hypothesis that an inhibition of tVTA/RMTg neurons by
morphine may contribute to VTA-DA neuron excitation. During
the recording of tVTA/RMTg neurons (Fig. S5), we established
their electrophysiological signatures. The mean firing rate of
recorded tVTA/RMTg neurons was 182 + 3 Hz, the mean of
interspike intervals was 73 + 26 ms, and the mean duration of their
action potential measured from peak to trough was 1 + 0.03 ms,
which is consistent with previous studies (12, 14). The basal firing
rate of tVTA/RMTyg neurons ranged from 1 to 60 Hz. Further-
more, histological controls confirmed the tVTA/RMTg location of
all recorded neurons (Fig. S5 C and D). Finally, to directly address
the contribution of tVTA/RMTg neurons in morphine-induced
activation of VTA-DA neurons, we locally infused morphine onto
VTA-DA neurons after selective inactivation of the tVTA/RMTg
(Fig. 34 and B). In this case, morphine failed to increase VTA-DA
neuron activity (Fig. 3 C and D). Thus, morphine excitation of
VTA-DA neurons in vivo requires the activity of GABAergic
tVTA/RMTg neurons.

Mesencephalic Glutamatergic Transmission Is Required for the in Vivo
Excitatory Effect of Morphine. tVTA/RMTg tonic activity appears
important for morphine-induced responses of VTA-DA neurons.
Does this result preclude a role for VTA glutamatergic trans-
mission in the morphine effect? To address the implication of
glutamatergic transmission in morphine-induced activation of
VTA-DA neurons, we explored whether blocking ionotropic glu-
tamate receptors in the VTA (Fig. 44) modulates the DA excit-
atory properties of morphine. In the VTA, NMDA and AMPA
receptor activation was found to be necessary for morphine-con-
ditioned place preference (21). In our study, blocking VTA
NMDA and AMPA receptors produced a small but nonsignificant
decrease in bursting activity (bursting rate, —21%; number of
spikes per burst, —7%; n = 12). Whereas a systemic injection of
morphine increased the firing and bursting activity of VTA-DA
neurons (Fig. 4 B and D), an intra-VTA infusion of both AMPA
and NMDA receptor antagonists prevented morphine-induced
excitation of VTA-DA neurons (Fig. 4 C and D). These results
suggest that VTA glutamatergic transmission is crucial for the
in vivo excitatory effect of morphine.

Discussion

In line with the disinhibition model (10), our work reveals a neural
circuitry for morphine action on VTA-DA neurons. We provide
in vivo electrophysiological evidence showing that acute morphine
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Fig. 3.

tVTA/RMTg inactivation prevents morphine-induced excitatory effect on VTA-DA neurons. (A) Experimental protocol. (B) Dark-field images showing a

muscimol-bodipy injection within tVTA/RMTg (white spot). (C) Examples of VTA-DA neuron activities following an intra-VTA infusion of morphine, after PBS
(cell 1) or muscimol-bodipy infusion (cells 2 and 3) into the tVTA/RMTg. (Inset) A spike of a representative VTA-DA neuron. (D) After tVTA/RMTg inactivation,
morphine failed to increase VTA-DA neuron activity. Graphs represent mean + SEM. *P < 0.05, **P < 0.01. (Inset) The firing rate of VTA-DA neurons before (black
dots) and after morphine injection (red dots) following the inactivation of the tVTA/RMTg. Statistical analysis is shown in S/ Materials and Methods.
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Fig. 4. Morphine activation of VTA-DA neurons depends on VTA glutamatergic tone. (A) Experimental protocol. (B and C) Example of systemic morphine
effect on VTA-DA neurons following intra-VTA infusion of CNQX (6-cyano-7-nitroquinoxaline-2,3-dione)+AP5 [(2R)-amino-5-phosphonovaleric acid] or aCSF.
(B) (Inset) A spike of a representative VTA-DA neuron. (D) Blockade of intra-VTA ionotropic glutamate receptors prevented systemic morphine-induced
activation of VTA-DA neurons. Graphs represent mean + SEM. *P < 0.05, **P < 0.01. Statistical analysis is shown in S/ Materials and Methods.

targets the GABAergic tVTA/RMTyg, disrupting the balance be-
tween inhibition and excitation on VTA-DA neurons. We show
that the inhibition of tVTA/RMTg GABAergic transmission
cannot be responsible alone for morphine excitatory effects on
VTA-DA neurons, and that another component, VTA gluta-
matergic transmission, is required.

In this study, we confirmed anatomical data showing that VTA is
under an important GABAergic input coming from the tVTA/
RMTg (12, 13). We propose that the role of tVTA/RMTg may not
be simply to suppress the spiking of single VTA-DA neurons (14)
but also to change the pattern of activity of a large assembly of VTA-
DA neurons leading to a new steady-state level of tonic activity
(Fig. S2 D-F). Thus, inhibition of the tVTA/RMTg GABAergic
tone by morphine could play a fundamental role in the synchrony of
dopamine neurons to efficiently reset their tonic properties and thus
facilitate the processing of learning signals (27). Our work shows
that (7) intra-VTA infusion of morphine activates VTA-DA neu-
rons, (if) systemic morphine-induced activation of VTA-DA neu-
rons is prevented by intra-VTA naltrexone, and (iif) inhibiting the
tVTA/RMTg blocks the excitation of VTA-DA neurons by mor-
phine. On this basis, we propose that morphine increases firing of
VTA-DA neurons through the activation of VTA pORs expressed
on afferents from the tVTA/RMTg. Another interpretation of the
failure of morphine to excite VTA-DA neurons following tVTA/
RMTyg inactivation could be that VTA-DA neurons have reached
their limits of discharge. However, this occlusion of response seems
unlikely because (i) high-firing VTA-DA neurons (7-8 Hz) still
show an increase in their activity after intra-VTA morphine (Fig. 1
C and D and Fig. S4F) and (i) morphine also fails to increase the
activity of slow-firing VTA-DA neurons after tVTA/RMTyg in-
activation (cell 2 in Fig. 3C).

The unique inhibitory neuronal pathway proposed for acute
morphine’s action on VTA-DA neurons is fully consistent with the
disinhibition model proposed by Johnson and North (10). In fact,
the in vitro recordings of this pioneer study have been performed
in midbrain horizontal slices that most probably contain a signifi-
cant amount of tVTA/RMTg neurons and the majority of the
tVTA/RMTyg terminal field. Moreover, the rostral-most third of
the tVTA/RMTg is in fact embedded within the posterior VTA
(29). So, an alternate interpretation of the Johnson and North

Jalabert et al.

study would be that synaptic mechanisms previously attributed to
VTA GABA-containing neurons may be mediated by efferents
from tVTA/RMTg. VTA non-DA neurons are clearly hyper-
polarized and inhibited by morphine (Fig. S6) (10). However,
despite a moderate density of intrinsic GABAergic synaptic con-
nections onto VTA-DA neurons (30), the physiological influence
of local VTA-GABA neurons onto VTA-DA neurons is not evi-
dent. Three strong anatomical observations suggest a weak in-
fluence of VTA-GABA neurons on VTA-DA neuron activity.
First, VTA-GABA neurons preferentially make synapses onto
dendritic shafts of VTA-DA neurons (30), suggesting a preferen-
tial role in fine-tuning excitability rather than a drastic influence on
spiking. Second, the close contacts of tVTA/RMTg terminals are
on soma and proximal dendrites of VTA-DA neurons, confirming
the strong influence of the tVTA/RMTg on VTA-DA neuron
activity (Fig. S2 D-F) (14). Finally, in comparison with the other
GABAergic sources of the VTA, GABA efferents from the tVTA/
RMTg target VTA-DA neurons with a higher specificity (31).
Moreover, a recent study using highly specific optogenetic stimu-
lation demonstrated that nucleus accumbens GABA neurons,
which are inhibited by a pOR agonist, target VTA GABA-con-
taining neurons but not VTA-DA neurons (32). This evidence
supports our hypothesis that morphine increases the firing of
VTA-DA neurons through the activation of VTA pORs expressed
on tVTA/RMTyg efferents and not on VTA GABA-containing
neurons or nucleus accumbens efferents.

An important and somewhat unexpected finding from the
present study is that blocking glutamatergic signaling in the VTA
suppresses VIA-DA neuron excitation by morphine. This is con-
sistent with studies reporting a critical role for VTA glutamate
receptors in morphine rewarding properties (20-23). For instance,
applying CNQX and AP5 within the VTA blocks the ability of
morphine to establish conditioned place preference (21). In
summary, morphine acts by disrupting the inhibition/excitation
balance onto VTA-DA neurons. Indeed, our findings strongly
indicate that morphine-induced excitation of VTA-DA resulted
from simultaneous cessation of GABA receptor activation and
NMDA/AMPA receptor activation. These inputs may thus work in
series rather than in parallel, both inputs being necessary for
morphine activation of VTA-DA neurons.
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A common feature of all addictive drugs as well as stress is that
they trigger adaptive synaptic plasticity in the VTA (33, 34). A
single cocaine exposure, known to trigger synaptic plasticity in
excitatory afferents onto VTA-DA neurons (34), also enhances
opioid-induced affective responses through a circuit involving the
VTA (35). Thus, in light of the present findings, it is tempting to
propose that the amplitude of morphine’s response on VTA-DA
neurons may depend on the internal excitatory state of VTA-DA
neurons. It will be important in future studies to test this idea by
examining whether the excitatory context of dopamine neurons
tunes the addictive potency of morphine.

Materials and Methods
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tVTA/RMTg. Extracellular single-unit recordings were performed as described
previously (36). See SI Materials and Methods for details.

tVTA/RMTg Inactivation. An injection pipette was filled with GABA, agonist
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the retrograde tracer cholera toxin B subunit (CTb) were iontophoretically
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See S/ Materials and Methods for details.
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