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Abstract

Background

Glutamate relays a reward signal from the dorsal raphe (DR) to the ventral tegmental area

(VTA). However, the role of the different subtypes of N-methyl-D-aspartate (NMDA) recep-

tors is complex and not clearly understood. Therefore, we measured NMDA receptors sub-

units expression in limbic brain areas. In addition, we studied the effects of VTA down-

regulation of GluN2C NMDA receptor on the reward signal that arises from DR electrical

stimulation.

Methods

Using qPCR, we identified the relative composition of the different Grin2a-d subunits of the

NMDA receptors in several brain areas. Then, we used fluorescent in situ hybridization

(FISH) to evaluate the colocalization of Grin2c and tyrosine hydroxylase (TH) mRNA in VTA

neurons. To assess the role of GluN2C in brain stimulation reward, we downregulated this

receptor using small interfering RNA (siRNA) in rats self-stimulating for electrical pulses

delivered to the DR. To delineate further the specific role of GluN2C in relaying the reward

signal, we pharmacologically altered the function of VTA NMDA receptors by bilaterally

microinjecting the NMDA receptor antagonist PPPA.

Results

We identified GluN2C as the most abundant subunit of the NMDA receptor expressed in the

VTA. FISH revealed that about 50% of TH-positive neurons colocalize with Grin2c tran-

script. siRNA manipulation produced a selective down-regulation of the GluN2C protein sub-

unit and a significant reduction in brain stimulation reward. Interestingly, PPPA enhanced

brain stimulation reward, but only in rats that received the nonactive RNA sequence.
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Conclusion

The present results suggest that VTA glutamate neurotransmission relays a reward signal

initiated by DR stimulation by acting on GluN2C NMDA receptors.

Introduction

The dorsal raphe nucleus (DR) plays a key role in the transmission of a reward signal [1–5]. It

contains a heterogeneous group of neurons that send one of the highest projection density to

the ventral tegmental area (VTA) [6], the origin of dopamine (DA) pathways implicated in

reward and motivation [7–12]. Studies combining psychophysical methods with brain stimu-

lation reward (BSR) revealed that activation of DR neurons triggers a strong reward signal [13,

14] that travels along axons linking the DR to the VTA [3]; the combination of BSR with in

vivo electrophysiology also showed that the DR reward signal activates a subpopulation of

VTA DA-like neurons and that the magnitude of this activation is proportional to the magni-

tude of the reward signal [3, 15]. The DR contains a large number of serotoninergic neurons

[16], but it also contains glutamatergic, nitric oxide synthase, GABAergic and dopaminergic

neurons [17]. The use of paired-pulse stimulation strongly suggests that serotonergic DR neu-

rons do not carry the reward signal because the refractory periods of the reward-relevant neu-

rons that linked DR to VTA are incompatible with those of serotoninergic neurons [3, 18, 19].

Indeed, more recent optogenetic studies revealed that the selective activation of DR glutama-

tergic and their VTA terminals triggers a reward signal [1, 2, 20]. Glutamate-containing termi-

nals established asymmetrical synapses with DA neurons [2, 21], and VTA glutamate release

stimulates DA activity leading to the enhancement of extracellular DA in the nucleus accum-

bens, a limbic region that plays a key role in reward and motivation [2, 22].

According to data from Qi et al. [2], glutamate ionotropic AMPA receptors participate in

the transmission of the DR reward signal to VTA mesoaccumbens DA neurons; however, sev-

eral well-known characteristics of the interaction between glutamate and DA in the VTA sug-

gest an important contribution of glutamate NMDA receptor subtypes (NMDAR). Activation

of VTA NMDARs makes DA neurons to switch from a tonic, single-spike irregular firing pat-

tern to a phasic burst firing pattern [23–29], a firing mode associated with an increased DA

release and transmission of a reward signal [30, 31]. But, besides this firing transition role rele-

vant to reward, VTA glutamate also plays a role in maintaining a DA inhibitory drive [32]. For

example, pharmacological blockade of VTA NMDARs was shown to stimulate DA impulse

flow and release, induce reward, and facilitate reward search [5];. The enhancement of DA

neurotransmission and reward may occur via the attenuation of the tonic inhibitory afferent

inputs to DA, increasing the probability that DA neurons fire in a burst mode. The opposite

modulation of DA by glutamate may be explained by its action in different VTA neuronal pop-

ulations expressing different subtypes of NMDAR. This hypothesis predicts that activation of a

given subtype(s) potentiates DA burst firing and DA release, while activation of different sub-

type(s) increases the inhibitory drive to DA neurons.

NMDARs are formed by tetrameric complexes composed of two obligatory GluN1 subunits

that cluster with GluN2 and/or GluN3 subunits [33, 34]. In a previous study of our group, we

reported that down-regulation of GluN1 subunit protein in VTA neurons, which produces a

non-selective reduction in NMDAR expression, results in a specific attenuation of reward

induced by DR electrical stimulation [4]. However, we could not identify the GluN1 subunit

partner because a similar downregulation of the GluN2A or GluN2D subunit failed to alter
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brain stimulation reward [4]; Moreover, selective pharmacological blockade of VTA GluN2B

subunits did not affect the reward signal arising from the DR [5].

Here, we first report that Grin2c mRNA is expressed in the VTA in higher concentration

than other Grin2 transcripts (a, b, or d) and colocalizes within tyrosine hydroxylase positive

(TH+) and negative (TH-) neurons, and second that selective downregulation of VTA

NMDAR containing GluN2C subunits leads to a specific attenuation of the reward signal initi-

ated by DR electrical stimulation.

Materials and methods

Subjects and surgery

Twenty-three(23) male Long-Evans rats (Charles River, St-Constant, QC) weighing between

350–400 g at the time of surgery were used. Rats were individually housed in a temperature-

and humidity-controlled room with a 12-h light-dark cycle (lights on at 06:00 h) and ad libi-
tum access to food and water. After a minimum 7-day period of acclimatization to the housing,

environment rats were anesthetized with isoflurane (2.5–3.5% O2, 0.6 L/min) and stereotaxi-

cally implanted according to the coordinates of Paxinos and Watson (2007) with 26-gauge

guided cannulae (HRS Scientific, Montreal, Canada) aimed bilaterally at the VTA (-5.5 AP, 3.2

ML at an angle of 18˚, 6.5 DV from the skull surface) and a monopolar stainless steel monopo-

lar electrode aimed at the DR (-7.6 AP, 0 ML, 6.6 DV from the skull surface). Detailed surgical

procedures can be found in Bergeron and Rompré [5].

Ethics statement

All procedures were approved by the Animal Care and Use Committee of the Université de

Montréal in accordance with the guidelines of the Canadian Council on Animal Care.

siRNAs and drugs

Downregulation of selective NMDAR subunit expression was achieved using a pre-validated

small interfering RNA (siRNA) sequence against the rat glutamate ionotropic receptor NMDA

type subunit 2C (Grin2c) mRNA, which encodes the GluN2C protein subunit (SilencerTM

select pre-designed siRNA # 4390771, siRNA ID s127815, ThermoFisher Scientific) and a non-

active RNA sequence (SilencerTM select negative control #4390844, ThermoFisher Scientific).

The deprotected, duplexed, desalted siRNA was mixed with a cationic lipid transfection carrier

N-[1-(2,3-Dioleoyloxy)propyl]-N, N, N-trimethyl-ammonium methylsulfate (DOTAP)

(Roche Applied Sciences, Indianapolis, IN), which showed high efficacy for in vivo transfection

[35]. The final solution contained 10 μg of active or inactive siRNA and 1 μg of DOTAP per μl.

PPPA ((2R, 4S) -4- (3-phosphatophores) -2-piperidinecarboxylic acid), a competitive

GluN2A-favored NMDAR antagonist (Tocris, Ellisville, MI, USA), was dissolved in 0.9% ster-

ile saline and stored frozen in 40–50 μl aliquots. Drug solutions were thawed just before testing

and used only once. PPPA was injected into VTA at a dose of 0.825 nmol/0.5μl/side, as previ-

ously described [4, 5, 36].

Self-stimulation training

Each rat was trained to nose-poke for a 0.4-sec train of cathodal, rectangular, constant-current

pulses, 0.1 msec in duration, delivered at a frequency of 98 Hz. For a detailed shaping proce-

dure, see [5]. Once the rat nose-poked consistently for currents between 125 and 400 μA, a

rate vs. pulse-frequency curve was obtained by varying the stimulation frequency across trials

over a range that drove the number of rewards earned from maximal to minimal levels. The
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stimulation frequency was decreased from trial to trial by approximately 0.05 log10. Each trial

for obtaining the rate-frequency sweep lasted for 55 s, followed by a 15 s inter-trial interval

during which stimulation was not available. The beginning of each trial was signaled by five

trains of non-contingent priming stimulation delivered at a rate of 1 per second. Four sweeps

were run daily, and the first sweep was considered a warm-up and discarded from the analysis.

The data relating to the rate-frequency was fitted to a sigmoid described by the following equa-

tion y = Min+((Max-Min))/(1+[10]^((x50-x)*p)) where Min is the lower asymptote, Max is

the upper asymptote, x50 is the position parameter denoting the frequency at which the slope

of the curve is maximal, and p determines the steepness of the sigmoid curve. The resulting fit

was used to derive an index of reward defined as the pulse-frequency sustaining a half-maxi-

mal rate of responding (M50). Self-stimulation behavior was considered stable when the M50

values varied less than 0.1 log unit for three consecutive days.

Prior to the siRNA injections or drug administration, sterile 0.9% saline was microinjected

into the VTA to habituate the animals to the injection procedure. Bilateral injections were per-

formed by inserting an injection cannula (Model C315I HRS Scientific, Montreal, Canada)

that extended 2 mm beyond the tip of the guide cannula. The injection cannula was connected

to a 5 μl Hamilton microsyringe via polyethylene tubing. A total volume of 0.5 μl was injected

into each hemisphere simultaneously over a 60-s period. The rate of delivery was controlled by

an infusion pump (Harvard Instruments, Holliston, MA). The injection cannulae were left in

place for an additional 60 s to allow diffusion into the tissue. After microinjection, the subjects

were put into the operant boxes and allowed to self-stimulate. The results of this test were not

included in the analysis. Baseline data were collected one week after this first saline microinjec-

tion. Once a stable baseline was obtained, pre-validated siRNA (5 μg per side) against GluN2C

or nonactive RNA sequence was injected bilaterally into VTA for two consecutive days.

Reward thresholds were measured 24-h after each injection. After 24 h, the last threshold

determination rats received a bilateral VTA microinjection of the NMDA antagonist, PPPA,

and reward thresholds were measured again immediately after injection for 120 min (see S1

Fig for experiment timeline).

Western blot

Rats were decapitated immediately after the last behavioral test. Brains were removed and

directly placed on an ice-cold brain matrix and sectioned coronally. The VTA was dissected

on an ice-cooled plate from a 0.75-1mm slice using a 15-gauge tissue punch. The tissue was

placed in a 1 ml Eppendorf container and then immediately frozen at -80˚C until biochemical

experiments were performed. VTA samples were mechanically homogenized in lysis buffer

[10 mM Tris–HCl (pH 6.8), 2% SDS and a cocktail protease inhibitor (Roche)]. The protein

concentrations of the tissue samples were measured using the BCA™ protein assay kit (Pierce,

USA). Equal amounts of protein (10 μg) were dissolved into 25 μl lysis buffer (which contained

4.5 μl 5X loading buffer and 0.5 μl β-mercaptoethanol), boiled at 95˚C for 5 min, and then sub-

jected to SDS polyacrylamide gel electrophoresis (PAGE) with 8% polyacrylamide and trans-

ferred to polyvinylidene difluoride (PVDF) membrane (BioRad Laboratories). The

membranes were blocked for 1 h in Tris buffered saline with Tween 20 (TBST) buffer with 5%

bovine serum albumin (BSA) and incubated with primary rabbit anti-β-actin antibody (Milli-

pore Sigma, cat. #SAB5600204) at 1:20000, with either primary mouse anti-GluN2C antibody

(Novus Biological, cat. no. #NBP2-29809) or mouse anti-GluN2A antibody (Millipore, cat.

#SAB5200978) at 1:200 or 1:500 overnight at 4˚C. After rinsing 4 times with TBST for 5 min,

the membranes were incubated with Horse Raddish Peroxidase (HRP)-conjugated goat anti-

mouse IgG secondary antibody (Cell Signaling, cat. #7076) at 1:20000 (to detect GluN2C or
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GluN2A) or HRP-conjugated goat anti-rabbit IgG secondary antibody (Cell Signaling, cat.

#7074) at 1:40000 (to detect β-actin) for 1 h. Membrane protein bands were detected with ECL

(BioRad) and visualized on the Chemidoc Biorad system (BioRad). Band densities were mea-

sured and analyzed with Image Lab software (BioRad), and protein levels were normalized

over β-actin. The different subunits of the NMDAR were expressed as percentage of control.

Double-fluorescent in situ hybridization (FISH)

Three naive Long-Evans male rats were anesthetized using an overdose of intraperitoneal keta-

mine 50 mg/kg, xylazine 5 mg/kg, and acepromazine 1 mg/kg perfused intracardially with ice-

cold PBS. After removal, the brains were rapidly frozen in dry ice-cooled 2-methyl butane

(Fisher Scientific, Hampton, NH, USA). Coronal sections of the VTA at 10 μm were obtained

using a cryostat and mounted onto superfrost slides (Fisher Scientific Ltd, Nepean, ON, Can-

ada). Coronal cryosections were prepared, air dried, fixed in 4% paraformaldehyde, and acety-

lated in 0.25% acetic anhydride/100 mM triethanolamine (pH 8), followed by incubation for

30 minutes at room temperature in hybe solution. Then, slices were incubated overnight at

60˚C in 100 μl of hybe-solution buffer containing 20 ng digoxigenin (Dig)-labeled probes (see

below) for colorimetric detection (Roche, cat. #11277073910) or 20 μg of fluorescein-labeled

probes (see below) for fluorescent detection (Roche, cat. #11685619910). After hybridization,

sections were washed at 60˚C with SSC buffers of decreasing strength (5X-0.2X), then washed

at room temperature with 0.2X SSC and maleic acid buffer containing tween 20 (MABT).

After washing, sections were blocked for 30 minutes with 20% FBS and 1% blocking solution.

For colorimetric detection, Dig epitopes were detected with alkaline phosphatase-coupled

anti-Dig fab fragments antibody at 1:2500 (Millipore Sigma, cat. #11093274910), and the signal

revealed with Nitro Blue Tetrazolium chloride/5-Bromo-4-Chloro-3-Indolyl Phosphate, tolui-

dine salt (NBT/BCIP) alkaline phosphatase chromogen substrate solution (SigmaAldrich).

For fluorescent detection, sections were incubated with HRP-conjugated anti-fluorescein

antibody at 1:500 concentration. Signals were revealed with the Tyramide Signal Amplification

(TSA plus biotin) kit (PerkinElmer, cat. #NEL749A001KT) at 1:100 concentration, followed by

incubation with neutravidin Oregon Green conjugated at 1:500 (Invitrogen, cat. #A-6374).

HRP activity was stopped by the incubation of sections in 0.1 M glycine and 3% H2O2. Dig epi-

topes were detected with HRP-conjugated anti-Dig antibody at 1:1000 (Roche cat.

#11207733910) and revealed with the TSA kit (PerkinElmer, cat. #NEL704A001KT) using Cy3

tyramide at 1:100. All sections were counterstained with DAPI and mounted using Fluoro-

mount (ThermoFisher Scientific, cat. #00-4958-02).

Double FISH was performed with RNA probes labeled with digoxigenin (Dig) for tyrosine

hydroxylase and RNA probes labeled with Fluorescein for Grin2C, consisting of a 678 bp frag-

ment, (Fw primer: 5’-ctactgctcccgtgaagagg-3’, Rv primer: 5’-
agagcttggtgtagggggtt-3’). The tyrosine hydroxylase probe consisting of a fragment

of 1142 bp was a kind gift from Prof. Marten Smidt (University of Amsterdam). Cells were

automatically counted using ImageJ FIJI software (NIH, USA). Briefly, each channel was con-

verted to binary and combined. This creates an image of only the cells that expressed both TH

and NR2C. Then we automatically counted the numbers of cells in the TH binary and the

number of cells in the TH+NR2C binary. The percentage was calculated by dividing the total

number of TH+ cells expressing NR2C by the total number of TH+ cells and multiplying the

number by 100.
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qRT-PCR analysis

Because no study has been carried out to determine the extent of the different NMDAR sub-

units in the limbic brain regions involved in reward and motivation, we carried out the follow-

ing quantitative real-time RT-PCR study of the Grin2a-d transcript subtype. Brain punches

from the prefrontal cortex (PFC), nucleus accumbens (Nac), lateral hypothalamus (LH), habe-

nula (Hab), amygdala (Amyg), bed nucleus of the stria terminalis (BNst), ventral pallidum

(VP), hippocampus (Hipp), pedunculopontine tegmental nucleus (PPtg), ventral tegmental

area (VTA), rostromedial tegmental nucleus (RMtg) and raphe nucleus of four (n = 4) naive

Long-Evans male rats were taken. Total RNA was extracted using trizol and purified on mini

spin columns (RNeasy Kit protocol, Qiagen, Toronto, ON, Canada). All RNA samples were

determined to have values 260/280 and 260/230 values>1.8, using the Nanodrop 1000 system

(Thermo Scientific, Toronto, ON, Canada). We assessed the integrity of RNA by the presence

of well-defined 28S and 18S ribosomal bands and RNA integrity number� 8 using the 2100

bioanalyzer (Agilent). Reverse transcription (RT) for Grin2a, Grin2b, Grin2c, Grin2d, glycer-

aldehyde-3-phosphatedehydrogenase (GAPDH), and hypoxanthine phosphoribosyltransferase

(HPRT) was performed (see primer sequences in S1 Table). Real-time PCR, using a TaqMan

assay, was performed with an Applied Biosystems 7900HT RT PCR system on the Institute for

Research on Immunology and Cancer (IRIC) genomic platform (https://genomique.iric.ca/).

Data were analyzed using the relative quantification method (ΔΔ ct), and the levels of tran-

scripts were normalized with both the expression of the reference (housekeeping) genes,

GAPDH and HPRT. We used two housekeeping genes to make a robust determination of the

levels of Grin2c across the brain areas studied. The use of multiple housekeeping genes signifi-

cantly decreases the estimation error in qPCRs. When using multiple housekeeping genes for

accurate normalization of the relative gene expression, the geometric mean is used in the cal-

culations [37].

Data analysis

The fit of the rate frequency data and M50 value were obtained using MATLAB (Natick, MA).

Differences in M50 values and protein levels were assessed using the t-test. Data analysis was

performed using Prism V9.5.1 (for Windows, GraphPad Software, San Diego, CA). Where

necessary, Bonferroni-corrected p values were used. All relevant data (raw data and images)

are publicly available and can be found at https://doi.gin.g-node.org/10.12751/g-node.nejh41/.

Results

Expression of NMDAR subunit mRNAs (Grin2a-d) in the VTA and other

limbic areas

Considering the role that glutamate and NMDAR play in modulating the limbic circuitry

implicated in motivation and, particularly, in relaying a reward signal in the VTA, we first

investigated the distribution of different NMDAR subunits throughout several limbic regions.

We performed qRT-PCR on mRNA taken from all relevant regions (Fig 1: the prefrontal cor-

tex (PFC), nucleus accumbens (Nac), lateral hypothalamus (LH), habenula (Hab), amygdala

(Amyg), bed nucleus of the stria terminalis (BNST), ventral pallidum (VP), hippocampus

(Hipp), pedunculopontine tegmental nucleus (PPtg), ventral tegmental area (VTA), rostrome-

dial tegmental nucleus (RMtg) and dorsal raphe nucleus (DR). As expected, mRNA concentra-

tions vary notably across brain areas, although in all areas examined, we observed that the

expression of the Grin2d subunit remained relatively low compared to other subunits. In

Hipp, the mRNA for the Grin2a and Grin2b subunits are the most abundant, followed by
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Grin2c. Grin2b mRNA is the most abundant in the PFC, followed by Grin2a and Grin2c.

Grin2b and Grin2c were the most abundant in the nucleus accumbens, the ventral pallidum

and the BNst. In Amyg Grin2b mRNA was also the most abundant, but Grin2a was more ele-

vated than Grin2c. A nearly similar content of Grin2b and 2c was observed in LH and Hab.

Grin2c was the most abundant in regions posterior to the VTA, namely the PPTg, RMTg, and

Raphe nuclei. We found that Grin2c mRNA is expressed within the VTA, being as abundant

as 2b. We also confirmed that the Grin2c transcript is translated into a protein subunit

(GluN2C) in the VTA (See S2 Fig) by Western blotting.

To confirm and elaborate on the observation that VTA neurons express significant levels of

Grin2c, we performed an independent set of experiments to investigate the spatial expression

of Grin2c in the mesencephalon. The Allen Brain Atlas displays Grin2c expression in the mes-

encephalon, with expression in the red nucleus (arrowhead, Fig 2A) and SN and VTA region

(arrow, Fig 2A) [38, 39]. Using the same probe, we confirmed the ample expression of Grin2c

in the midbrain (Fig 2A). To verify if Grin2c is expressed in DA neurons, we performed dou-

ble-labeling fluorescent in situ hybridization and observed co-expression of Th transcript and

Grin2c in the VTA (Fig 2B). Quantitative analysis shows that the level of colocalization of

Grin2c and TH in DA neurons is around 46% (SEM = 7.83) (Fig 2C and S3 Fig). Together,

these data suggest that Grin2c could be a relevant component in transmitting glutamatergic

signals by DA VTA neurons.

Validation of siRNA effects on NMDA receptor subunit protein levels

Knowing that the Grin2c is significantly expressed in VTA DA neurons, we set out to determine

its involvement in relaying the glutamate reward signal. To do so, we designed a strategy to spe-

cifically down-regulate the NMDA receptor GluN2C protein subunit in vivo by injecting adult

rats bilaterally with siRNA against Grin2c transcript, or scrambled siRNA as a control, in the

Fig 1. Relative expression of NMDAR containing Grin2a-d subunits mRNA across different brain areas. Brain

punches from the prefrontal cortex (PFC), nucleus accumbens (Nac), lateral hypothalamus (LH), habenula (Hab),

amygdala (Amyg), bed nucleus of the stria terminalis (BNST), ventral pallidum (VP), hippocampus (Hipp),

pedunculopontine tegmental nucleus (PPtg), ventral tegmental area (VTA), rostromedial tegmental nucleus (RMtg)

and raphe nucleus (Raphe were analyzed) (n = 4). Relative mRNA levels were quantified using ΔΔ ct method.

Histogram bars represent relative mRNA levels normalized over both GAPDH and HPRT mRNA levels.

https://doi.org/10.1371/journal.pone.0293564.g001
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VTA (-5.5 AP, 3.2 ML at an angle of 18˚, 6.5 DV from the skull surface). To confirm the efficacy

and the specificity of the Grin2c siRNA, we performed Western blots for GluN2C and GluN2A

in total homogenates of VTA (immediately after the last behavioral test). Microinjections of

siRNA against Grin2c produced a significant 41% (SEM = 3.22) decrease in the expression of

the NMDAR receptor GluN2C subunit compared to the scrambled control [t (9) = 2.43;

p = 0.035] (Fig 3A). Moreover, the active Grin2c siRNA was selective for GluN2C subunit since

we observed no change in GluN2A subunit protein expression [t (10) = 0.28; p = 0.783] (Fig 3B).

Down-regulation of the GluN2C subunit in VTA strongly reduces the

dorsal raphe reward signal

The selective downregulation of the NMDAR GluN2C subunit produced a decrease in

reward-seeking behavior. Fig 4 shows the behavioral data collected 24 h after the last siRNA

microinjection for representative subjects. Intra-VTA microinjections of the inactive RNA

sequence did not affect the transmission of the reward signal as they did not produce a signifi-

cant displacement of the R/F curve (Fig 4A). In contrast, active siRNA against Grin2c pro-

duced a rightward displacement of the curve that relates the nose-poke rate to the pulse

frequency (R/F curve; Fig 4B), reflecting a reduction in transmission of the reward signal

within the VTA.

To further characterize the specific role of the GluN2C subunit in relaying the reward signal

in VTA neurons, we used a pharmacological approach to the target NMDARs in animals that

had received either a scrambled or Grin2c siRNA injection. First, in animals microinjected

Fig 2. Double FISH immunodetection shows a high colocalization of Grin2c in TH positive cells of the VTA. A. Representative images of the ventral

midbrain area containing the SN and VTA taken from the Allen Brain Atlas, displaying Grin2c transcript in the red nucleus (arrowhead) and SN and VTA area

(arrow). B-B”. Fluorescent in situ hybridization reveals that Grin2c expression (Fluorescein; green) overlaps with tyrosine hydroxylase (TH) (Cy3; red) in the

mesencephalon, scale represents 50 μm. C. Bar graphs showing the count of TH and Grin2c positive cells in the VTA.

https://doi.org/10.1371/journal.pone.0293564.g002
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with the inactive siRNA, the NMDA antagonist, PPPA, enhanced the reward signal in the

VTA; it produced a leftward displacement of the R/F curve (Fig 4C) so that lower frequencies

delivery to the DR were required to generate a reward. Interestingly, PPPA failed to alter the

reward signal (no displacement of the R/F curve) in the animals microinjected with the active

Grin2c siRNA (Fig 4D).

Fig 5 shows the average changes in the M50 reward index and the maximum response.

Intra-VTA injection of saline does not produce a significant change in the stimulation thresh-

old (M50) [t (19) = 1.696; p = 0.30] or the maximum response rate [t (21) = 1.009; p = 0.9738]

(Fig 5A and 5B). On the other hand, intra-VTA injection of siRNA against Grin2c produced a

38.17% increase (SEM = 7.12) in M50 when compared against their baseline, while the M50 of

the rats that received the nonactive siRNA only changed by 1.5% (SEM = 2.95). The increase

in M50 observed in the subjects that received the siRNA against Grin2c is significantly differ-

ent from that of the ones that received the scramble sequence (Fig 5C) [t (20) = 4.754

p = 0.0003] and reflects a significant reduction in transmission of DR reward signal to VTA

Fig 3. Grin2c intra-VTA siRNA injections significantly reduce GluN2C subunit protein levels in the VTA. A) siRNA microinjections

against Grin2c subunit transcript produce a significant reduction in this subunit immunoreactivity. The histogram bars represent means

+/- SEM of normalized NMDAR GluN2C subunit protein levels in animals injected with the Grin2c siRNA or the negative control siRNA

(N = 12 per condition) (*p<0.05; Student’s t-test) in VTA homogenates. The inset shows representative examples of signals from GluN2C

and β-actin after Western blotting procedure. B) The histogram bars represent means +/- SEM of normalized NMDAR GluN2A subunit

protein levels in animals injected with the Grin2c siRNA or the negative control siRNA (N = 12 per condition) in VTA homogenates. The

inset shows representative examples of signals from GluN2A and β-actin after Western blotting procedure.

https://doi.org/10.1371/journal.pone.0293564.g003
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neurons. Active siRNA also produced a small 17.3% decrease in the maximum response rate

(Fig 5D) [t (21) = 2.095; p = 0.14].

The pharmacological manipulation of VTA glutamate using PPPA produced reliable

changes in M50 and maximum response rate only in the animals that received the inactive

Fig 4. Intra-VTA Grin2c siRNA injection reduced rate-frequency response from dorsal raphe stimulation. The figure shows representative rate-frequency curves for

selected subjects showing the effect of the different siRNA treatment and intra-VTA injection of PPPA (0.825 nmol/0.5μl/side). A) Treatment with the negative control

siRNA (0.5 μg/side) produced no effect on the curve that relates the nose-poke rate with the electrical pulse trains. The baseline curve and the one obtained 24-h after the

first and second siRNA injections overlap. B) Treatment with siRNA (0.5μg /side) against Grin2c produced a decrease of the rewarding effects that arise from dorsal raphe

electrical stimulation. When contrasted against the baseline curves, the rate frequency curve obtained 24-h after the last siRNA injection is displaced to the right. A

decrease in the upper asymptote is also observed. Interestingly, the Grin2c siRNA treatment alters PPPA effect C) In the animals treated with the negative control siRNA

Intra-VTA injection with PPPA produced a leftward and upward shift of rate-frequency curve; in contrast D) siRNA injections against Grin2c obliterate the effects of

PPPA on brain stimulation reward and motor performance. The pretreatment with the Grin2c siRNA renders PPPA ineffective for modifying the reward signal that

arises from dorsal raphe stimulation.

https://doi.org/10.1371/journal.pone.0293564.g004
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Fig 5. Shifts caused by control and Grin2c siRNAs in stimulation threshold and maximum response rate. A-B)

Histogram bars represent means +/- SEM; saline injection in the VTA does not produces a reliable change in M50 nor

MAX C) Treatment with the control siRNA did not produce a significant change in the stimulation threshold (M50),

but the treatment with the siRNA against the Grin2c subunit produces a significant increase. D) The siRNA against

Grin2c produced a small decrease in the maximum response rate (MAX) compared to subjects that received the

scramble siRNA. E) siRNA downregulation of the Grin2c subunit in the VTA abolishes the enhancing effect of PPPA.

PPPA produced a decrease in the self-stimulation threshold only in those animals that were pre-treated with the

scrambled siRNA. The self-stimulation threshold showed no reliable change in those animals pre-treated with the

siRNA against Grin2c. The PPPA enhancement effect on M50 values in the scrambled siRNA group is significantly

different from that of the group that received the siRNA against Grin2c. F) Similarly, PPPA only produced an increase

in the maximum response rate in those animals that were pre-treated with the scrambled siRNA and not with the

siRNA against Grin2C. The gray area denotes the 95% confidence interval of the baseline curves. (*p<0.05, ** p<0.01,

*** p<0.0001; Student’s t-test).

https://doi.org/10.1371/journal.pone.0293564.g005
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siRNA treatment. PPPA enhanced the reward signal (reduction in M50 index, Fig 5E). M50

decreased on average by 18.7% (SEM = 2.38), and the maximum response rate increased on

average by 25% (SEM = 4.15; Fig 5F). For the subjects that received the siRNA against Grin2c,

PPPA increased the M50 by 2% (SEM = 4.17) and the maximum response rate by 3.6%

(SEM = 4.4) (Fig 5E and 5F). The differences between the inactive and active siRNA are signifi-

cant for the changes produced in M50 for PPPA [t (8) = 3.782 p = 0.015] as well as for the

changes produced in the maximum rate PPPA [t (8) = 3.534; p = 0.021]. Together, these data

suggest that the GluN2C subunit is vital to relay the reward signal in VTA neurons.

Discussion

Glutamate-containing terminals establish synaptic contacts with VTA DA neurons [40, 41]

and rewarding electrical stimulation is associated with an increase in VTA glutamate release

[42]. Some of those VTA terminals come from the DR, which sends the highest number and

density of glutamatergic projections [6].

Several studies have shown that NMDA receptors play a key role in activating DA neurons.

Iontophoretic administration of NMDA receptor antagonists [43], as well as genetic deletion

of the NMDA receptor GluN1 subunit from DA neurons, selectively attenuate DA phasic fir-

ing and reduces learning in cue-dependent learning tasks [29]. VTA downregulation of the

GluN1 subunit also decreases brain stimulation reward [4]. Other research groups looking at

depressive symptoms in rodents have shown that inactivation of the GluN1 subunit in VTA

altered VTA dopamine cells, which correlated with behavioral deficits associated with anhedo-

nia [44]. The fact that deletion or down-regulation of the GluN1 subunit produces profound

effects is not surprising, as this subunit is a necessary component in forming functional

NMDA receptor tetrameric complexes [45, 46].

Here, we first measured Grin2 subunit transcript levels among several limbic brain regions

involved in motivated behaviors. The relative magnitude of each Grin2 mRNA level varied

among regions. Grin2a and Grin2b are the most abundant in the forebrain and diencephalic

regions, while Grin2d is the least abundant, findings that are consistent with previous reports

[47, 48]. In more caudal mesencephalic regions such as VTA and DR, we found the Grin2c is

the most abundant, and the levels of Grin2d is much higher than in forebrain regions and the

hippocampus. These findings are also consistent we previous results [47–49]. These results

suggest an important and underappreciated role for the NMDAR containing the GluN2C sub-

unit in the limbic functions of these mesencephalic brain areas.

Another major finding of our study is that the NMDA receptor containing the GluN2C

subunit within the VTA is a necessary component for the transmission of the rewarding signal

arising from DR. Because the cellular machinery required for silencing the targeted RNA is

primarily located in the nucleus of a cell, VTA infusion of siRNA is expected to initially down-

regulate receptors expressed on cell bodies located within the VTA, interfering with the

mRNA and the processes required for protein translation. Within the first 24h after the infu-

sion, it must be less effective at reducing receptors located on afferent terminals. Our selective

GluN2C subunit downregulation via siRNA produced a significant reduction in brain stimula-

tion reward and a small change in the performance capacity; effects were detected 24h after the

first infusion. These reductions are inferred by the rightward and downward (reduction in

asymptote) displacement of the R/F curve [50]. Both effects could be associated with a reduc-

tion in the release of DA from the nucleus accumbens since this decrease can affect both

reward and motor function [51]. It has been shown that electrical and optical stimulation of

DR neurons produces an increase in DA cell firing and DA phasic release [2, 15, 52] via gluta-

matergic DR efferents to the VTA [1, 2, 20]. Substantial reduction in the GluN2C input likely
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decreases glutamatergic excitability in DA neurons, reducing the overall DA release in termi-

nal areas. The reduction of brain stimulation reward is specific to GluN2C since a previous

study showed that downregulation of GluN2A or/and GluN2D did not produce a significant

change in the curve that relates stimulation of the DR with nose-poke behavior [4].

Our double fluorescent hybridization data show that a substantial amount of Grin2c

mRNA is colocalized in VTA TH+ cells. This observation is in line with single-cell expression

profiling on DA neurons, which shows that the Grin2c mRNA is expressed in mesocorticolim-

bic DA neurons [53–55]. Using qRT-PCR, we observed that Grin2c mRNA is the most abun-

dantly expressed in DR and VTA compared to other Grin2 subunit transcripts. In fact, Grin2c

mRNA is expressed in all areas of the brain observed in the adult rat brain, but its relative

expression changes accordingly to where it is measured in the anterior-posterior axis. In com-

parison, the Grin2a and Grin2b transcripts are the most abundant mRNAs in the anterior and

medial parts of the brain, the balance shifts towards Grin2c in posterior brain areas. This

observation is significant because, until recently, not many studies have been done regarding

the role of this NMDA receptor subunit, which was believed to be confined to the cerebellum,

thalamus, and olfactory bulb and to be present at very low levels in the hippocampus of the

adult rodent brain [47, 56]. However, present results and recent observations using novel

reporter mice [57] suggest this is not the case.

Moreover, there is accumulating evidence that the NMDA receptor containing the GluN2C

subunit plays an important role in several domains. For example, NMDA receptors containing

GluN2C are required for the acquisition of conditioned fear and working memory because

Grin2c knockout mice show deficits in associating cues with aversive consequences, as well as

navigating an eight-arm radial maze [58]. Also, they spend more time immobile in the forced

swim test [59]. At the cortical level, this receptor controls the balance of excitatory and inhibi-

tory activity in the medial prefrontal cortex since Grin2c knockout mice have reduced excit-

atory postsynaptic currents, increased inhibitory postsynaptic currents, and reduced spine

density [60].

Can a downregulation of Grin2c mRNA in VTA TH- cells contribute to the reduction in

reward observed in this study? It is well known that VTA interneurons provide a strong, tonic,

inhibitory drive onto DA neurons. A reduction in glutamate excitatory input to these inhibi-

tory neurons allows DA cells to go from a silent state into a tonic firing state, increasing the

likelihood that they will fire in phasic mode. Such a change in DA firing mode is expected to

translate into an enhancement of reward rather than the attenuation we observed. Therefore,

it is unlikely that GluN2C-containing NMDA receptors containing GluN2C in these TH- cells

play a role in relaying the reward signal.

To further characterize the effect of down-regulation of the GluN2C receptor in TH+ cells,

we injected PPPA, an NMDA receptor antagonist, into the VTA. Previous studies from our

laboratory [4, 5, 36] have shown that PPPA enhances brain stimulation reward, an effect that

could be explained by a reduction in the excitatory drive to VTA inhibitory interneurons.

Consistent with our previous results, PPPA produced a reliable enhancement in reward and

performance; however, these effects were only observed in the animals that received the inac-

tive siRNA; in those animals where the GluN2C subunit was downregulated, PPPA produced

no change in brain stimulation reward. These results suggest that Glun2C subunit are also

involved in the excitatory drive to VTA inhibitory interneurons; the reduction in the reward

that we observed following local infusion of Grin2c siRNA must result from the net effect of

disinhibition and excitation of VTA DA signaling; therefore, unable to substantially change

brain stimulation reward.

PLOS ONE VTA NMDA GluN2C subunit relays the reward signal

PLOS ONE | https://doi.org/10.1371/journal.pone.0293564 November 6, 2023 13 / 18

https://doi.org/10.1371/journal.pone.0293564


Technical considerations

It has been demonstrated that the detection of specific reward changes in the presence of a

decrease in operant response cannot be achieved by the unique measure of the response rate.

To circumvent this problem, we applied the psychophysical technique (curve shift method), a

technique that allows us to determine a reliable index of brain stimulation reward (M50) when

used with the appropriate parameters (0.1 ms cathodal pulses, fixed train duration, and fixed

current intensity) of electrical stimulation [61]. The M50 index is indeed sensitive to changes

in rates of responding, but as shown by Miliaressis et al [50] and Fouriezos et al [62], the mean

50% increase in M50 that we measured after injection of the active siRNA cannot be due to the

mean 15% decrease in maximum rates of responding that we also observed; it can only be the

consequence of a specific reward attenuation. Although electrical stimulation does not allow

activating a selective population of neurons, it is used here with a psychophysical method that

permits us to detect attenuation of brain stimulation reward that results from a reduction in

VTA GluN2C subunits.

Conclusion

We demonstrated that a localized decrease in GluN2C-containing NMDA receptors in the

VTA significantly alters the rewarding signal originated in the DR. This observation adds to

other studies suggesting that the GluN2C receptor plays an important role in several disorders,

including drug abuse [63] and schizophrenia [58, 60]. Furthermore, our results suggest that

the levels of this receptor in the VTA might be at the root of anhedonia.
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5. Bergeron S, Rompré P-P. Blockade of ventral midbrain NMDA receptors enhances brain stimulation

reward: a preferential role for GluN2A subunits. Eur Neuropsychopharmacol. 2013; 23: 1623–35.

https://doi.org/10.1016/j.euroneuro.2012.12.005 PMID: 23352316

6. Watabe-Uchida M, Zhu L, Ogawa SK, Vamanrao A, Uchida N. Whole-brain mapping of direct inputs to

midbrain dopamine neurons. Neuron. 2012; 74: 858–73. https://doi.org/10.1016/j.neuron.2012.03.017

PMID: 22681690

7. Wise R a. Dopamine, learning and motivation. Nat Rev Neurosci. 2004;5: 483–94. https://doi.org/10.

1038/nrn1406

8. Hernandez G, Breton Y-A, Conover K, Shizgal P. At what stage of neural processing does cocaine act

to boost pursuit of rewards? PLoS One. 2010; 5: e15081. https://doi.org/10.1371/journal.pone.0015081

PMID: 21152097

9. Hernandez G, Trujillo-Pisanty I, Cossette M-P, Conover K, Shizgal P. Role of Dopamine Tone in the

Pursuit of Brain Stimulation Reward. J Neurosci. 2012; 32: 11032–11041. https://doi.org/10.1523/

JNEUROSCI.1051-12.2012 PMID: 22875936

10. Schultz W. A Neural Substrate of Prediction and Reward. Science (80-). 1997; 275: 1593–1599. https://

doi.org/10.1126/science.275.5306.1593 PMID: 9054347

11. Salamone JD. Behavioral pharmacology of dopamine systems: A new synthesis. The mesolimbic dopa-

mine system: From motivation to action. 1991. pp. 599–614.

12. Wise R a, Rompre PP. Brain dopamine and reward. Annu Rev Psychol. 1989; 40: 191–225. https://doi.

org/10.1146/annurev.ps.40.020189.001203 PMID: 2648975

13. Simon H, Le Moal M, Cardo B. Intracranial self-stimulation from the dorsal raphe nucleus of the rat:

effects of the injection of para-chlorophenylalanine and of alpha-methylparatyrosine. Behav Biol. 1976.

https://doi.org/10.1016/s0091-6773(76)91486-3 PMID: 132167

14. Rompre PP, Miliaressis E. Pontine and mesencephalic substrates of self-stimulation. Brain Res. 1985;

359: 246–59. Available: http://www.ncbi.nlm.nih.gov/pubmed/4075148 https://doi.org/10.1016/0006-

8993(85)91435-0 PMID: 4075148

15. Moisan J, Rompre PP. Electrophysiological evidence that a subset of midbrain dopamine neurons inte-

grate the reward signal induced by electrical stimulation of the posterior mesencephalon. Brain Res.

1998; 786: 143–152. https://doi.org/10.1016/s0006-8993(97)01457-1 PMID: 9554987

16. Jacobs BL, Azmitia EC. Structure and function of the brain serotonin system. Physiol Rev. 1992; 72:

165–230. https://doi.org/10.1152/physrev.1992.72.1.165 PMID: 1731370

17. Vasudeva RK, Lin RCS, Simpson KL, Waterhouse BD. Functional organization of the dorsal raphe

efferent system with special consideration of nitrergic cell groups. J Chem Neuroanat. 2011; 41: 281–

293. https://doi.org/10.1016/j.jchemneu.2011.05.008 PMID: 21640185

18. Wang RY, Aghajani GK. Antidromically identified serotonergic neurons in the rat midbrain raphe: evi-

dence for collateral inhibition. Brain Res. 1977. https://doi.org/10.1016/0006-8993(77)90719-3 PMID:

890477

PLOS ONE VTA NMDA GluN2C subunit relays the reward signal

PLOS ONE | https://doi.org/10.1371/journal.pone.0293564 November 6, 2023 15 / 18

https://doi.org/10.1038/ncomms6390
http://www.ncbi.nlm.nih.gov/pubmed/25388237
https://doi.org/10.1523/JNEUROSCI.16-10-03511.1996
https://doi.org/10.1523/JNEUROSCI.16-10-03511.1996
http://www.ncbi.nlm.nih.gov/pubmed/8627384
https://doi.org/10.1038/npp.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/25578795
https://doi.org/10.1016/j.euroneuro.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23352316
https://doi.org/10.1016/j.neuron.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22681690
https://doi.org/10.1038/nrn1406
https://doi.org/10.1038/nrn1406
https://doi.org/10.1371/journal.pone.0015081
http://www.ncbi.nlm.nih.gov/pubmed/21152097
https://doi.org/10.1523/JNEUROSCI.1051-12.2012
https://doi.org/10.1523/JNEUROSCI.1051-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22875936
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1126/science.275.5306.1593
http://www.ncbi.nlm.nih.gov/pubmed/9054347
https://doi.org/10.1146/annurev.ps.40.020189.001203
https://doi.org/10.1146/annurev.ps.40.020189.001203
http://www.ncbi.nlm.nih.gov/pubmed/2648975
https://doi.org/10.1016/s0091-6773(76)91486-3
http://www.ncbi.nlm.nih.gov/pubmed/132167
http://www.ncbi.nlm.nih.gov/pubmed/4075148
https://doi.org/10.1016/0006-8993(85)91435-0
https://doi.org/10.1016/0006-8993(85)91435-0
http://www.ncbi.nlm.nih.gov/pubmed/4075148
https://doi.org/10.1016/s0006-8993(97)01457-1
http://www.ncbi.nlm.nih.gov/pubmed/9554987
https://doi.org/10.1152/physrev.1992.72.1.165
http://www.ncbi.nlm.nih.gov/pubmed/1731370
https://doi.org/10.1016/j.jchemneu.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21640185
https://doi.org/10.1016/0006-8993(77)90719-3
http://www.ncbi.nlm.nih.gov/pubmed/890477
https://doi.org/10.1371/journal.pone.0293564
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