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SUMMARY  

 

Reward-processing impairment is a common symptomatic dimension of several psychiatric 

disorders. However, whether the underlying pathological mechanisms are common is 

unknown. Herein, we asked if the decrease in the n-3 Polyunsaturated Fatty Acids (PUFAs) 

lipid species, consistently described in these pathologies, could underlie reward-processing 

deficits. We show that reduced n-3 PUFA biostatus in mice leads to selective motivational 

impairments. Electrophysiological recordings revealed increased collateral inhibition of 

dopamine D2 receptor-expressing medium spiny neurons (D2-MSNs) onto dopamine D1 

receptor-expressing MSNs in the nucleus accumbens, a main brain region for the modulation 

of motivation. Strikingly, transgenically preventing n-3 PUFA deficiency selectively in D2-

expressing neurons normalizes MSNs collateral inhibition and enhances motivation. These 

results constitute the first demonstration of a causal link between a behavioral deficit and n-

3 PUFA decrease in a discrete neuronal population and suggest that lower n-3 PUFA 

biostatus in psychopathologies could participate to the etiology of reward-related 

symptoms. 

Keywords: n-3 PUFA, Motivation, Dopamine, Nucleus Accumbens, Medium Spiny Neurons  
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INTRODUCTION  

Symptom-focused transdiagnostic approach is increasingly considered in psychiatric research 

in order to identify common pathological mechanisms for the improvement of treatment algorithms. 

In this context, avolition, defined as the decrease in the motivation to initiate and perform self-

directed purposeful activities (Diagnostic and statistical manual of mental disorders : DSM-5), is a 

common symptom of several psychiatric disorders such as major depressive disorder (MDD), bipolar 

disorders (BP) and schizophrenia (SCZ), that remains largely resistant to current pharmaceutical 

treatments. Numerous evidence support that this behavioral endophenotype originates from 

alterations within the brain reward system (for review, Whitton et al., 2015). However, whether this 

common symptom relies on shared pathological mechanisms remains largely unclear. 

 A growing body of evidence suggests the existence of a relationship for SCZ, BP and MDD. 

Indeed, several common genetic variants and pattern of gene expression (Gandal et al., 2018; Witt et 

al., 2017), as well as environmental factors (Nestler et al., 2016) have been identified as risk factors 

for the etiology of these diseases. Notably, meta-analyses and cross-sectional, case-control studies 

have consistently revealed decreased levels of phospholipid-containing n-3 long-chain 

polyunsaturated fatty acids (n-3 PUFAs) in erythrocytes and/or plasma of patients at high risk or with 

SCZ (Alqarni et al., 2019; Hoen et al., 2013), BP (Clayton et al., 2008; Pottala et al., 2012) or MDD (Lin 

et al., 2010; McNamara et al., 2014 ; for review: Messamore and McNamara, 2016). This suggests 

that low n-3 PUFA biostatus coincides with, and may precede the initial onset of psychopathologies. 

Moreover, even though there are some discrepancies (Igarashi et al., 2010; Lalovic et al., 2007; Yao 

et al., 2000), some postmortem analyses revealed lower brain n-3 PUFA contents in psychiatric 

patients (Conklin et al., 2010; McNamara et al., 2007a, 2007b, 2008; Tatebayashi et al., 2012). 

However, the implication of such decrease in n-3 PUFA levels in the etiology of the diseases remains 

largely controversial, notably due to discrepant outcomes from clinical trials that evaluated the effect 

of dietary n-3 PUFA supplementation on psychiatric symptoms. Indeed, while some meta-analyses 

observed significant advantage of n-3 PUFA supplementation for MDD (Grosso et al., 2014; Sublette 

et al., 2011) or BP (Sarris et al., 2012), some reported modest benefits (Appleton et al., 2015). 

Similarly, in patients at risk for SCZ, a first follow-up study found reduced risk of progression to 

psychotic disorders after n-3 PUFA supplementation (Amminger et al., 2015) which failed to be 

reproduced in a multi-center clinical trial (McGorry et al., 2017). Nonetheless, these findings highlight 

that, if any, the neurostructural and neurochemical perturbations resulting from lower n-3 PUFA 

biostatus could be difficult to reverse with late supplementation. This is likely due to their 
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developmental origin (Amminger et al., 2015), in accordance with the strong developmental etiology 

of these psychiatric disorders (Owen and O’Donovan, 2017). 

PUFAs are fatty acid species that contain two or more unsaturation in their carbon chain. 

They divide in two main species, depending on the position of the first unsaturation, on the 3rd or the 

6th carbon for n-3 and n-6 PUFA families, respectively. PUFAs are main constituents of cell membrane 

phospholipids. They accumulate in the brain during in utero development and constitute roughly 30% 

of total brain lipids in adulthood, where they can modulate membrane properties, signaling 

pathways and cell metabolism (Bazinet and Layé, 2014). Preclinical models revealed that 

developmental n-3 PUFA deficiency disrupts neurogenesis and neuronal differentiation (Beltz et al., 

2007; Calderon and Kim, 2004), synaptic pruning (de Velasco et al., 2012) and endocannabinoid-

dependent plasticity (Lafourcade et al., 2011; Thomazeau et al., 2016). Functionally, gestational n-3 

PUFA deficiency in rodents recapitulates some symptomatic dimensions of psychiatric disorders such 

as anxiety-like behaviors and cognitive deficits (Lafourcade et al., 2011; Larrieu et al., 2012, 2014; 

Maekawa et al., 2017). Concerning the reward system, perinatal n-3 PUFA deficiency until weaning 

potentiates reinforcing effects of sucrose (Auguste et al., 2018). Multigenerational n-3 PUFA 

deficiency has been shown to result in discrete alterations in several markers of dopamine 

transmission (for review, see Chalon, 2006) paralleled with mild instrumental learning deficits (Bondi 

et al., 2014). However, regarding these latter findings, it is difficult to rule out an implication of 

transmissible epigenetic effects of n-3 PUFA decrease. Nonetheless, all the aforementioned 

observations remain correlative and the causal links between central n-3 PUFA deficiency-induced 

neurobiological alterations and behavioral deficits remain to be established. 

Herein, we focused on reward processing as a main common symptomatic dimension of 

psychiatric disorders in which decreased n-3 PUFA biostatus has been described. We show that n-3 

PUFA deficiency from gestation to adulthood leads to selective motivational deficits in adulthood, 

accompanied by increased collateral inhibition of dopamine D2 receptor-expressing medium spiny 

neurons (D2-MSNs) onto D1 receptor-expressing MSNs (D1-MSNs) in the nucleus accumbens. 

Strikingly, using a unique transgenic model, we demonstrate that preventing n-3 PUFA deficiency 

selectively in dopamine D2-expressing neurons reverses alterations in collateral inhibition between 

MSNs and enhances motivational performance in n-3 PUFA deficient animals. This study establishes 

for the first time a causal link between PUFA alteration in a discrete neuronal population and 

behavioral deficits, and suggests that decreased n-3 PUFA biostatus could participate to the etiology 

of reward processing impairments in psychiatric disorders. 
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RESULTS 

N-3 PUFA deficiency from gestation to adulthood selectively alters PUFA content in brain 

phospholipids 

 The efficacy of dietary manipulation to alter brain PUFA composition has been previously 

validated (Joffre et al., 2016) (see Table S1 for diet compositions). N-3 PUFA deficiency from 

gestation to adulthood had no effect on the proportions of phospholipid classes nor on cholesterol 

levels (Fig. 1A-B) measured by liquid chromatography (LC)-Corona or Gas Chromatography with flame 

ionization detection, respectively (Fig. S1A). We then analyzed the fatty acid composition of the 3 

main phospholipid classes, namely, phosphatidylethanolamines (PE), phosphatidylcholine (PC) and 

sphingomyelin (SM) by LC coupled with mass spectrometry (LC-MS) (Fig. S1A). We first found that n-3 

PUFA deficiency led to an overall decrease in the number of unsaturation due to a decrease in the 

relative abundance of phospholipids containing 6 unsaturation (40:6 and 38:6) in favor of 

phospholipids containing 4 or 5 unsaturation (38:4, 38:5 and 40:5) (Fig. 1C-D). This effect was mainly 

observed in PEs, the main reservoir of PUFAs, compared to PCs and SMs (Fig. 1C-D and Fig. S1B-E). 

Gas chromatography analysis revealed that this effect was mostly related to a decrease in the n-3 

PUFA Docosahexaenoic acid (DHA, C22:6) – the main n-3 PUFA in the brain - and an increase in the n-

6 PUFA Docosapentaenoic acid (DPA, C22:5) (Fig. 1E). We also observed a slight, though significant 

augmentation of the main n-6 PUFA arachidonic acid (AA, C20:4) (Fig. 1E). This led to whole-brain 

increase in n-6/n-3 ratio (Fig. 1F). These changes mostly resulted from the replacement of DHA by n-

6 DPA in PEs, even though n-6 DPA was present in very little amounts in the brain of control animals 

(Fig. 1D-E, G). It is likely that such enrichment in n-6 DPA under n-3 PUFA deficiency reflects a 

compensatory mechanism that allows maintaining membrane integrity in terms of length of the 

phospholipid sn-2 acyl chains since DPA and DHA only differ by one unsaturation (see Table S2 for 

detailed brain lipidomic analyses). 

N-3 PUFA deficiency leads to deficits in effort-based tasks in adulthood that can be prevented by 

perinatal supplementation 

We next assessed the effect of n-3 PUFA deficiency on motivational processes and their 

potential reversibility by postnatal n-3 PUFA supplementation (Fig.2A). In its broadest sense, 

motivation can be defined as the process that energizes behavior in pursuit of a goal and relies on 

several parameters such as cost-benefit computation, vigor, or persistence (Salamone and Correa, 

2012; Simpson and Balsam, 2016). In order to evaluate the impact of n-3 PUFA deficiency on these 

subcomponents of motivation, we used 2 operant conditioning paradigms, the progressive ratio 
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(PRx2) and the concurrent lever pressing/free-feeding tasks. These effort-based tasks assess the 

ability of animals to exert effort in face of increasing motivational demand, and to obtain a preferred 

reward in the presence of a less preferred, though freely-accessible food, respectively. Performances 

of n-3 PUFA deficient animals were similar to controls in low work requirement tasks (FR-RR) both in 

terms of amount of instrumental responses as well as press rate (Fig. 2B-C). However, they displayed 

consistent impairments in both effort-based tasks (Fig 2D-E and S2A). More specifically, we did not 

observe significant decrease in total lever-pressing or breakpoint, likely due to the fact that, in the 

PRx2 task, the large majority of lever pressing are generated within lower, less-demanding ratios (Fig. 

2D and Fig. S2A). However, n-3 PUFA deficient animals stopped lever-pressing earlier as reflected by 

decreased session duration and “survival”, 2 parameters classically used to assess the ability of 

animals to maintain effort (Bailey et al., 2016; Carvalho Poyraz et al., 2016; Donthamsetti et al., 2018; 

Filla et al., 2018; Gallo et al., 2018; Simpson et al., 2014). Importantly, there was no significant 

difference in press rates for a given ratio or overall press rates (Fig. 2D and Fig. S2A). These data 

suggest that, while instrumental vigor is spared, n-3 PUFA deficient animals display a selective deficit 

in the ability to maintain effort when the motivational demand becomes too high. A comparable 

deficit was also present in n-3 PUFA deficient females (Fig. S2B). In the concurrent lever 

pressing/free-feeding task, n-3 PUFA deficient animals displayed increased consumption of freely-

accessible, less-preferred food at the expense of lever pressing for the preferred reward (Fig 2E). This 

difference in resource allocation towards low-effort alternative supports an impairment of cost-

benefit computation in n-3 PUFA deficient animals (Salamone et al., 2018; Trifilieff et al., 2013). 

Interestingly, this resembles the motivational deficit characteristic of SCZ, BP and MDD, that has 

been shown to originate in part from a distortion of outcome anticipation and representation 

(Whitton et al., 2015). Importantly, neither the licking microstructures during consumption of the 

palatable reward (Fig. 2F), that allow assessing hedonic reactivity, palatability of the tastant and 

postingestive feedback mechanisms (Ducrocq et al., 2019), nor spontaneous locomotion were 

altered in n-3 PUFA deficient animals (data not shown). Altogether, these data support that the 

deficits in effort-based tasks in n-3 PUFA deficient animals are specifically related to impairments in 

motivational processes with no alteration of hedonic or motoric components. 

 In order to evaluate the developmental component of n-3 PUFA deficiency-induced 

motivational deficits, we assessed if supplementing n-3 PUFA deficient animals with n-3 long chain 

(LC)-PUFAs starting at birth or at weaning could reverse motivational deficits in adulthood. Whereas 

n-3 PUFA supplementation (fish oil, see Table S1) at P21 failed to reverse the motivational deficit, P0 

supplementation rescued performance in the PRx2 task (Fig. 2G-H and Fig. S2C-D), suggesting that n-
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3 PUFA deficiency during the perinatal period is critical for the development of neuronal networks 

controlling motivation.  

Dopamine transmission per se is spared by n-3 PUFA deficiency  

Dopamine transmission, and especially the mesolimbic pathway constituted by projections from the 

midbrain to the ventral striatum (or Nucleus Accumbens, NAc), is a main neuromodulatory system 

involved in motivational processes (Salamone and Correa, 2012; Trifilieff et al., 2013). To assess its 

functional integrity under n-3 PUFA deficiency, we challenged animals with amphetamine – which 

increases extracellular dopamine levels, particularly in the NAc - and evaluated the impact on 

motivational performance. Strikingly, the pro-motivational effect of amphetamine in the PRx2 task 

was blunted in n-3 PUFA deficient animals (Fig. 3A), suggesting that n-3 PUFA deficiency impacted 

mesolimbic dopamine transmission, as previously shown with multigenerational models (Bondi et al., 

2014; Chalon, 2006). However, we did not detect any change neither in basal and amphetamine-

induced dopamine release using microdialysis (Fig. 3B), nor in the expression levels of the dopamine 

transporter DAT and of the L-DOPA synthetizing enzyme tyrosine hydroxylase (TH) in the NAc (Fig. 3C 

and Fig. S3). These data suggested that the presynaptic component of mesolimbic dopamine 

transmission was spared in n-3 PUFA deficient animals. Moreover, expression of the two main 

dopamine receptors D1 and D2 was not significantly changed in the NAc of n-3 PUFA deficient 

animals (Fig. 3C and Fig. S3). Altogether, these data suggested that dopamine transmission per se 

was preserved in n-3 PUFA deficient animals, in contrast to what had been described in 

multigenerational models of deficiency (Bondi et al., 2014; Chalon, 2006). 

N-3 PUFA deficiency enhances D2 receptor-dependent inhibitory inputs onto D1-MSNs. 

 Considering their central role in the modulation of motivation (Carvalho Poyraz et al., 2016; 

Natsubori et al., 2017; Soares-Cunha et al., 2016), we assessed the integrity of dopaminoceptive 

Medium Spiny Neurons (MSNs) – the main neuronal population of the striatum - in the NAc. Similarly 

to our findings on the whole brain (Fig. 1), n-3 PUFA deficiency strongly altered membrane PUFA 

composition in the striatum. However, we observed moderate though significant changes in the 

levels of cholesterol and some phospholipid species (Fig. S4A-K), supporting a unique sensitivity of 

the striatum to PUFA manipulations (see Table S3 for detailed striatal lipidomic analyses).  

Functionality of MSNs of the NAc was assessed with whole-cell patch-clamp recording on 

acute brain slices containing the NAc from D1-GFP reporter mice (Fig. 4A). Basic intrinsic properties 

of both D1-MSNs (GFP-positive) and D2-MSNs (GFP-negative) were spared in n-3 PUFA deficient 
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animals (Fig. 4 B-J). Indeed, current-voltage and input-output curves were similar between n-3 PUFA 

deficient and control animals for both D1-MSNs and D2-MSNs (Fig. 4B-D). In accordance, membrane 

properties measured as resting membrane potential (RMP), rheobase, action potential (AP) threshold 

and input resistance, as well as spike properties such as delay to first spike and amplitude of action 

potential were similar in control and n-3 PUFA deficient animals for both MSN populations (Fig. 4E-J).  

We further explored the firing capacity of MSNs in the NAc in response to electrical 

stimulation of the corpus callosum rostral to the NAc, which contains glutamatergic inputs originating 

from the prefrontal cortex, a main excitatory input onto the NAc (Fig. 5A). We found that the firing 

probability for a given excitatory post-synaptic potential (EPSP) slope (E-S coupling) resulting from 

electrical stimulation of glutamatergic afferents onto the NAc was decreased in D1-MSNs but not in 

D2-MSNs (Fig. 5B). This suggested a diminution in integrative properties of D1-MSNs to generate an 

action potential in response to extrinsic stimulation in n-3 PUFA deficient animals (Campanac and 

Debanne, 2008). This difference in E-S coupling in D1-MSNs between n-3 PUFA deficient and control 

animals was abolished under bath application of the GABAA antagonist Gabazine (Fig. 5C). These data 

confirm that GABA transmission is a main factor that regulates E-S coupling (Daoudal, 2003) and 

suggested that the decrease in E-S coupling in n-3 PUFA deficient animals resulted from an increase 

of GABAergic inputs onto D1-MSNs. In accordance, frequency of spontaneous inhibitory postsynaptic 

currents (sIPSCs) – but not excitatory postsynaptic currents (sEPSCs) – was significantly increased 

onto D1-MSNs, but not D2-MSNs, in n-3 PUFA deficient animals (Fig. 5D and S5A). This effect was 

preserved on miniature IPSCs (mIPSCs) (Fig. 5E and S5B). Finally, the increased inhibitory input onto 

D1-MSNs in n-3 PUFA deficient animals was further confirmed through an enhancement of 

extrasynaptic GABA-mediated tonic conductances, which have been demonstrated to strongly 

modulate neuronal excitability both ex vivo and in vivo (Borgkvist et al., 2015; Lemos et al., 2016; 

Maguire et al., 2014). Indeed, herein, we found that the effect of gabazine on GABAA-mediated tonic 

conductances was more pronounced in D1-MSNs of n-3 deficient compared to control mice (Fig. 

S5C). Altogether, these data demonstrate an increase of inhibitory inputs onto D1-MSNs of the NAc 

in n-3 PUFA deficient animals.  

 It has been recently shown that a main GABAergic input onto D1-MSNs results from collateral 

projections of D2-MSNs and that this inhibitory transmission depends on the activity of dopamine D2 

receptors (Dobbs et al., 2016; Lemos et al., 2016). Another main inhibitory input onto both MSN 

types originates from GABAergic interneurons, which do not seem to express the D2 receptor 

(Bertran-Gonzalez et al., 2008). Therefore, we tested whether the increase in GABA inputs onto D1-

MSNs in n-3 PUFA deficient animals could be reversed by stimulation of D2 receptors that play a 
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main role in the control of GABA transmission by D2-MSNs (Dobbs et al., 2016; Lemos et al., 2016) 

(Fig. 5F). Application of the D2 receptor full agonist quinpirole normalized both E-S coupling (Fig. 5G) 

and sIPSCs frequency (Fig. 5H) in D1-MSNs from n-3 PUFA deficient animals, suggesting an increase in 

collateral inhibition of D2-MSNs onto D1-MSNs.  

We next assessed the integrity of the dorsal part of ventral pallidum (VP), the main output 

structure of the NAc core in which virtually all neurons receive GABAergic projections from D2-MSNs 

while roughly half are contacted by D1-MSNs (Baimel et al., 2019; Kupchik et al., 2015). We 

performed patch-clamp recordings of VP neurons and found no difference neither in intrinsic 

properties, nor spontaneous firing (Fig. S5D). However, sIPSC frequency of dorsal VP neurons was 

decreased in n-3 PUFA deficient animals (Fig. S5E). In addition to local projections, the large majority 

of GABA inputs onto VP neurons originate from NAc MSNs (Root et al., 2015). Therefore, thanks to 

the specific Cre-dependent expression of a fluorescent reporter specifically in D2- or D1-expressing 

neurons, we evaluated the relative density of projections of each MSN population in the dorsal VP 

(Dobbs et al., 2019). Surprisingly, the relative density of projections originating from D2-expressing 

neurons was increased in the dorsal VP, while that from D1-expressing was unchanged, in n-3 PUFA 

deficient animals (Fig. S5F-G). Nonetheless, this alteration is unlikely to be the main mechanism that 

accounts for the motivational deficits in n-3 PUFA deficient animals since disinhibition of the dorsal 

VP neurons would rather lead to enhanced performance (Gallo et al., 2018). In contrast, the 

increased inhibitory tone we found onto D1-MSNs of the NAc would likely blunt motivational 

processes (Natsubori et al., 2017; Soares-Cunha et al., 2016). Altogether, these data therefore 

supported that motivational deficit in n-3 PUFA deficient animals could directly originate from 

enhanced collateral inhibitory input of D2-MSNs onto D1-MSNs in the NAc. 

Selective rescue of PUFA levels in D2-expressing neurons reverses alterations of D1-MSN 

properties and increases motivational performance in n-3 PUFA deficient animals. 

 To further demonstrate the increase in collateral inhibition of D2-MSNs onto D1-MSNs in n-3 

PUFA deficient animals, we asked whether preventing n-3 PUFA deficiency in D2-MSNs, could be 

sufficient to reverse the neurobiological alterations we observed in n-3 PUFA deficient animals. To do 

so, we used the “iFAT1 mouse”, a transgenic model that allows the Cre-dependent expression of the 

FAT1 enzyme (Clarke et al., 2014), a desaturase from c. elegans that converts n-6 PUFAs into n-3 

PUFAs by the addition of one unsaturation (Fig. 6A-B). The Adora2a-Cre mouse is the model of choice 

for Cre-dependent recombination in D2-MSNs, selectively. However, the A2A receptor promoter is 

highly active at the periphery, notably in hepatocytes which are involved in the synthesis of LC-PUFAs 

from precursors (Alchera et al., 2015). Therefore, expression of the FAT1 enzyme by crossing the 
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iFAT1 mouse with Adora2a-Cre line would have resulted in a peripheral – and central - rescue of 

PUFA levels. Therefore, we crossed iFAT1 mice with Drd2(D2)-Cre animals (Fig. 6A).  

Using reporter mice, we confirmed that such strategy was efficient to allow selective 

recombination in Cre-expressing MSNs in adulthood (Fig. S6A-B). In accordance with the prenatal 

activity of the D2 promoter in the striatum (Araki et al., 2007), Cre-dependent FAT1 mRNA expression 

was detectable prenatally as early as embryonic stages E17/E18 in the striatum – but not at E15 

despite significant Cre expression (not shown) - (Fig. 6C), while still not detectable at P0 in the frontal 

cortex (Fig. S6C). At adulthood, we found a strong expression of FAT1 mRNA in the striatum, as well 

as a slight, though significant expression in the prefrontal cortex and the hypothalamus – brain 

regions in which the D2 promoter is known to be active (Beaulieu and Gainetdinov, 2011) – but not in 

the hippocampus (Fig. 6D). In the striatum, this resulted in a significant conversion of n-6 PUFAs into 

their n-3 PUFA equivalents (Fig. S6D). Importantly, at adulthood, PUFA composition of red blood cells 

was not altered in FAT1-expressing animals (Fig. S6E). This latter result supported the absence of 

PUFA conversion in peripheral organs involved in the biosynthesis and/or storage of LC-PUFAs. 

Accordingly, even though some slight Cre-independent expression of FAT1 was detectable in some 

peripheral organs, consistent with the previously-reported transgene “leakage” in the iFAT1 mouse 

(Clarke et al., 2014), we did not find any Cre-dependent expression of FAT1 in the pancreas, 

abdominal adipose tissue, liver or gut (Table S4).  

FAT1 expression in D2-expressing neurons was sufficient to normalize both sIPSCs frequency 

and E-S coupling of MSNs in n-3 PUFA deficient animals (Fig. 6E). In order to ensure that these effects 

were due to selective rescue of the inhibitory inputs of D2-MSNs onto D1-MSNs, we expressed cre-

dependent fluorescent inhibitory DREADDs (DIO-hM4DGi-mcherry) by viral-gene transfer in the NAc 

of n-3 PUFA deficient D2-Cre animals expressing (FAT1e), or not (FAT1ne), the FAT1 enzyme and 

performed patch-clamp recordings of D1-MSNs (non-fluorescent) (Fig. 6F-G). Of note, we found that, 

in D2-Cre mice, viral-mediated transduction of DREADDs led to very little, if any, expression in 

cholinergic interneurons (Fig. S6F-G), as previously described (Gallo et al., 2018). Application of the 

DREADD ligand Clozapine-N-Oxide (CNO) had no effect on basal properties or sEPSC frequency of D1-

MSNs (Fig. S6H), but abolished the difference between FAT1 expressors (FAT1e) and FAT1 non-

expressors (FAT1ne) n-3 PUFA deficient animals for both mIPSC frequency and E-S coupling of D1-

MSNs (Fig. 6H). These data demonstrated that the decreased integrative properties of D1-MSNs 

under n-3 PUFA deficiency is the direct consequence of an increased collateral inhibition from D2-

MSNs. Importantly, we did not find any alteration of dopamine release in the ventral striatum under 

FAT1 expression in D2-expressing neurons (Fig. S6I). These results confirmed the limited effect of n-3 
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PUFA deficiency on presynaptic mesolimbic dopamine transmission in our model and further support 

a main implication of D2-MSNs alterations in n-3 PUFA deficiency-induced motivational deficits. 

Considering the pro-motivational role of D1-MSNs of the NAc core (Natsubori et al., 2017; 

Soares-Cunha et al., 2016), such an alteration of MSN network could likely account for motivational 

deficits in n-3 PUFA deficient animals. We therefore evaluated whether preventing n-3 PUFA 

decrease selectively in D2-expressing neurons would enhance performance in motivational tasks in 

n-3 PUFA deficient animals (Fig. 7A-B). Accordingly, n-3 PUFA deficient animals that expressed the 

FAT1 enzyme in D2-expressing neurons displayed a selective enhancement of performance in the 

progressive ratio task with no change in lever pressing under low motivational demand or pressing 

pattern (Fig. 7C and S7A). This effect was absent in control (i.e. non-deficient) mice (Fig. S7B). 

Strikingly, expression of the FAT1 enzyme in D1-expressing neurons – including D1-MSNs - had no 

effect on performance of n-3 PUFA deficient animals (Fig. 7D and S7C). Importantly, postnatal 

forebrain-specific expression of FAT1 mediated by αCAMK2 promoter-driven expression of the Cre 

recombinase – which includes MSNs (data not shown, Casanova et al., 2001) - failed to reverse the 

motivational deficit in n-3 PUFA deficient animals (Fig. S7D), confirming that the effects of n-3 PUFA 

deficiency on motivational performance result from perinatal effects (see discussion).  

DISCUSSION 

Decreased whole-body n-3 PUFA biostatus has been consistently described in MDD, BP and 

SCZ, three pathologies that share common symptoms, notably an alteration of reward-related 

processes. Even though these pathologies have been classically considered as distinct, an increasing 

approach in psychiatry is to favor symptomatic dimensions, avoiding categorical diagnostic 

boundaries, in order to identify transdiagnostic markers of common symptoms (Whitton et al., 2015). 

In this context, altogether, our data suggest that decreased n-3 PUFA biostatus could be involved in 

the etiology of motivational deficits and therefore constitute a biomarker for psychopathologies. 

Indeed, increasing evidence suggests that, rather than just a “loss of pleasure”, anhedonia, the core 

symptom of MDD, could originate from alterations in reinforcement learning, reward anticipation 

and willingness to exert efforts to obtain rewards, supporting a deficit in incentive processes 

(Whitton et al., 2015). Strikingly, individuals with MDD are less willing to exert effort to obtain 

potentially larger reward in the effort expenditure for rewards task (Treadway et al., 2012), which 

resembles what we observed in the effort-based choice task in n-3 PUFA deficient animals. Similarly, 

even though reward sensitivity is rather increased in manic phases of BP, patients in euthymic or 

depressive states display negative symptoms including avolition (Mancuso et al., 2015; Strauss et al., 
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2016a; Thaler et al., 2013; Whitton et al., 2015). Avolition is also one of the main negative symptoms 

of SCZ and has been described as resulting from difficulty in representing rewarding experiences 

accurately (Strauss and Gold, 2012), leading to an inability to mobilize effort effectively (Whitton et 

al., 2015). The decreased ability to maintain effort in the progressive ratio paradigm and biased 

response towards low-effort alternatives in the effort-based choice task in n-3 PUFA deficient 

animals suggest that lower n-3 PUFA biostatus could participate to the etiology of reward processing 

symptoms. Clinical studies that assessed motivational deficits using progressive ratio or effort-based 

choice tasks reported a 20-45% decreased performance in SCZ patients under antipsychotics 

(Fervaha et al., 2013; Gold et al., 2013; Strauss et al., 2016b). Considering the well-known worsening 

effect of antipsychotics on negative symptoms, especially amotivation, the mild, though consistent 

deleterious effect of n-3 PUFA deficiency (12-15% decrease) holds symptomatic relevance, especially 

as a pre-symptomatic marker. 

 The impairment in reward processing in psychiatric disorders has been linked to alterations in 

dopamine transmission, which has been largely demonstrated to be involved in the modulation of 

motivation (Berke, 2018; Salamone and Correa, 2012). However, Positron Emission Tomography 

imaging, that allows measuring markers of dopamine transmission, such as receptor availability, 

dopamine synthesis and release, or transporter binding, so far failed to identify a common alteration 

in dopamine transmission per se. Indeed, such markers seem to be spared in patients with MDD 

(Cannon et al., 2009; Hirvonen et al., 2008, 2011; Montgomery et al., 2007), while dopaminergic 

abnormalities in BP have been related to lower dopamine transporter availability (Anand et al., 2011; 

Whitton et al., 2015), and the most robust finding in SCZ is elevated striatal dopamine levels 

(Weinstein et al., 2017). However, a common alteration in these pathologies is revealed by functional 

imaging studies that have consistently described abnormal reward-related activity of 

dopaminoceptive regions of the reward system, including the striatum, in patients with MDD (Bress 

et al., 2013; Pizzagalli et al., 2009), BP (Caseras et al., 2013; Mason et al., 2014) and SCZ (Howes et al., 

2009; Morris et al., 2012). Strikingly, similarly to what has been described in psychiatric disorders, in 

n-3 PUFA deficient animals, we found no obvious difference in markers of dopamine transmission but 

rather an alteration in the functionality of dopaminoceptive MSN network in the NAc, which has 

been largely shown to be involved in the modulation of motivation (Carvalho Poyraz et al., 2016; 

Flanigan and LeClair, 2017; Gallo et al., 2018; Natsubori et al., 2017; Soares-Cunha et al., 2016; 

Trifilieff et al., 2013).  

 Our data strongly support that n-3 PUFA deficiency enhances the collateral inhibition of D2-

MSNs onto D1-MSNs in the NAc, resulting in decreased excitability of D1-MSNs. The functional 

importance of this collateral connectivity between MSNs in the NAc has been recently unraveled. 

Even though it is still a matter of debate (Gallo et al., 2018), collateral inhibition of D2-MSNs onto D1-
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MSNs has been proposed to be a main mechanism for the control of reward-related behaviors (Burke 

et al., 2017; Dobbs et al., 2016; Lemos et al., 2016). The dichotomic role of D1- and D2-MSNs of the 

NAc on instrumental responding and action initiation has been recently challenged (Natsubori et al., 

2017; O’Connor et al., 2015; Soares-Cunha et al., 2016, 2019). However, knowing that activation of 

D1-MSNs facilitates operant responding in motivational tasks (Natsubori et al., 2017; Soares-Cunha 

et al., 2016), it is likely that enhanced inhibition from D2-MSNs onto D1-MSNs participates to 

decreased motivational performance in n-3 PUFA deficient animals. Accordingly, preventing n-3 

PUFA decrease in D2-expressing neurons normalized collateral inhibition of D2-MSNs onto D1-MSNs, 

reversed D1-MSNs excitability and enhanced motivational performance in n-3 PUFA deficient, but 

not Ctrl, animals. Importantly, preventing n-3 PUFA decrease in D1-expressing neurons – which 

largely include D1-MSNs – did not have any effect on motivational performance, further supporting 

that the enhanced inhibitory output of D2-MSNs onto D1-MSNs is a main mechanism responsible for 

decreased motivation. Another main inhibitory output of D2-MSN projections in the VP and 

decreased excitability of D2-MSNs has been shown to enhance motivation through disinhibition of 

dorsal VP neurons activity (Gallo et al., 2018). In contrast, despite a slight increase of D2-MSN 

projections, our data show that, overall, in n-3 PUFA deficient animals, dorsal VP cells receive less 

inhibitory inputs, going against an implication of such alteration in the motivational deficit.  

A caveat to our approach is the use of the D2-cre transgenic mouse model for driving the 

expression of FAT1 in D2-MSNs. Indeed, D2 promoter-driven cre-dependent recombination has been 

described in other neuronal subtypes than D2-MSNs such as a small subset of cholinergic 

interneurons in the striatum (Gallo et al., 2018), neurons of the midbrain (Khlghatyan et al., 2018), 

and clusters of cortical neurons (Khlghatyan et al., 2018). However, first, we found very little, if any, 

Cre-dependent recombination in cholinergic interneurons in the D2-Cre mouse as previously 

reported (Gallo et al., 2018). Second, dopamine release in the striatum seems to be spared in n-3 

PUFA deficient animals, which we further confirmed by the absence of effect of FAT1 expression in 

D2-expressing neurons on dopamine transmission. Third, crossing the iFAT1 mouse with the D2-cre 

line indeed resulted in expression of FAT1 in cortical neurons at adulthood but not at P0. Yet, both 

dietary as well as transgenic manipulations support that the effect of n-3 PUFA deficiency results 

from perinatal effects (see below). It is thus unlikely that the effect of FAT1 expression in D2-

expressing neurons on motivational performance results from PUFA rescue in cortical neurons. 

Altogether, our data therefore support that the motivational deficit in n-3 PUFA deficient animals 

mainly results from enhanced collateral inhibition of D2-MSNs onto D1-MSNs of the NAc.   

The fact that the manipulation of PUFAs in D2-MSNs, but not D1-MSNs, results in functional 

alterations suggests a unique sensitivity of D2-MSNs to PUFA levels. One intriguing possibility, though 

difficult to test, would be that D1-MSNs and D2-MSNs display distinct lipid composition, making them 
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differentially sensitive to PUFA manipulations. Alternatively, it is possible that the unique 

vulnerability of D2-MSNs could be a consequence of D2 receptor-dependent signaling sensitivity to 

membrane PUFA manipulations. Indeed, studies of the prototypical class A GPCR rhodopsin 

demonstrate the existence of putative binding sites for the n-3 PUFA DHA (Grossfield et al., 2006; 

Palczewski et al., 2000; Soubias et al., 2006), allowing the preservation of optimal conformation and 

functionality of the receptor (Niu et al., 2004; Sánchez-Martín et al., 2013; SanGiovanni and Chew, 

2005). However, whether such property is shared among class A GPCRs remains to be determined. 

Nonetheless, Molecular Dynamic simulation showed that membrane DHA levels modulate 

membrane diffusion rate of the D2 receptor (Guixà-González et al., 2016), and we obtained recent 

data demonstrating that membrane levels in DHA directly influence the activity of the D2 receptor 

(Jobin et al., in preparation). Therefore, it is possible that the increase in collateral inhibition from D2-

MSNs onto D1-MSNs in n-3 PUFA deficient animals originates from an impairment of D2 receptor-

dependent signaling. In accordance, D2 receptor-dependent signaling has been shown to be a main 

mechanism that regulates MSN collateral inhibition (Dobbs et al., 2016; Gallo et al., 2018; Lemos et 

al., 2016). Such an effect could result from an overall increase of D2-MSN projections since we found 

that the relative density of projections from D2-expressing neurons was increased in the dorsal VP. 

Further studies will be necessary to identify the cellular and molecular mechanisms at the origin of 

the unique sensitivity of D2-MSNs to PUFA manipulations.  

Nonetheless, our data support that the effect of n-3 PUFA deficiency on motivational 

processes result from alterations taking place during the pre- and/or perinatal period. Indeed, 

conditional expression of FAT1 improved motivational performance in n-3 PUFA deficient animals 

when the expression of the Cre-recombinase was under the control of the D2-, but not the αCAMK2 

promoter. Yet, consistent with the D2 promoter being active at embryonic stages (Araki et al., 2007), 

we found cre-dependent expression of FAT1 as early as E17/E18 in the striatum when iFAT1 mice 

were crossed with the D2-cre line. In contrast, in the αCAMK2-Cre line used in the current study, 

expression of the Cre recombinase occurs postnatally in the whole forebrain – including MSNs of the 

striatum (Casanova et al., 2001). It is therefore likely that perinatal rescue of PUFAs by FAT1 

expression in D2R-expressing neurons accounts for prevention of n-3 PUFA deficiency-induced 

neurobiological and behavioral alterations. In accordance, performances in the motivational PRx2 

task were rescued when prenatal deficiency was followed by n-3 PUFA supplementation starting at 

birth, but not at weaning. Interestingly, the maturation of MSN networks has been shown to occur 

mostly during the perinatal period (Tinterri et al., 2018). It is therefore tempting to propose that the 

impact of n-3 PUFA deficiency on motivational performance in adulthood originate from an 

alteration in the development/maturation of MSN networks.  
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This developmental effect of low n-3 PUFA biostatus is particularly relevant in the context of 

psychopathologies since they share strong developmental etiology (Owen and O’Donovan, 2017). 

The causes of the whole-body decrease in n-3 PUFA biostatus in SCZ, BP and MDD are unknown. 

Some studies report a correlation between functional outcomes and dietary n-3 PUFA consumption, 

but prevalence rates for these diseases as a function of dietary habits seem to be unaffected 

(Noaghiul and Hibbeln, 2003; Peet, 2004). However, a recent transcriptomic profiling study revealed 

a common pattern in fatty acid metabolic pathways in these diseases (Gandal et al., 2018), further 

supporting an implication of altered PUFA biostatus in the pathologies. Polymorphisms in several 

genes involved in PUFA metabolism such as Fatty Acid Binding Proteins (Hamazaki et al., 2016; 

Iwayama et al., 2010; Mocking et al., 2013) or phospholipases (Nadalin et al., 2008; Nurnberger et al., 

2014; Su et al., 2010) have been described, suggesting that genetic predispositions could likely be 

responsible for n-3 PUFA decrease in psychiatric disorders. However, the causal link between such 

polymorphisms and the etiology of the diseases remain to be established. Nonetheless, it supports 

that the lower n-3 PUFA biostatus in the psychopathologies may contribute to the symptomatology 

and could constitute an early biomarker for reward-related symptoms, at least in a subset of 

individuals. In support of this idea, the increase and decrease in PE and PC species, respectively, in 

the striatum of n-3 PUFA deficient animals were particularly striking since a similar alteration in 

phospholipid species was described in the membranes of erythrocytes from a subgroup of SCZ 

patients that displayed the stronger positive and negative symptoms (Tessier et al., 2016). 

 Altogether, we demonstrate for the first time that manipulation of PUFA levels in a discrete 

neuronal population can causally result in behavioral deficit. Our data also support that n-3 PUFA 

deficiency during the perinatal period may be a main vulnerability mechanism for the development 

of reward processing deficits characteristic of psychiatric disorders such as MDD, BP and SCZ and 

could therefore constitute a transdiagnostic marker for these diseases. Further preclinical and clinical 

research is needed to identify the mechanisms responsible for such alteration in the pathologies in 

order to confirm the implication of lower n-3 PUFA biostatus in the etiology of psychiatric symptoms. 

LIMITATIONS OF THE STUDY 

In this study, we have established a causal link between developmental n-3 PUFA deficiency and 

behavioral impairments in two effort-based tasks in adulthood, with no change in hedonic reactivity 

and motoric abilities. This supports a selective motivational deficit in n-3 PUFA deficient animals, the 

PRx2 task revealing blunted ability to maintain effort, while the lever pressing/free feeding paradigm 

supports a propensity to choose low effort/low gain options at the expense of more effortful but 

larger rewards. However, further work is needed to identify which precise processes, such as 
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incentive salience, cost/benefit computation and/or reward prediction error are actually perturbed 

in n-3 PUFA deficient animals. 

Moreover, we demonstrated that transgenically preventing n-3 PUFA deficiency selectively in D2-

expressing neurons restores collateral inhibition of D2-MSNs onto D1-MSNs in the NAc on one hand 

and enhances performance in motivational tasks in n-3 PUFA deficient animals on the other hand. 

However, additional work will be required to ensure that this latter behavioural effect is directly and 

selectively related to the restoration of D2-MSN functionality in the NAc. 

Finally, we show that D2-MSNs display a unique sensitivity to PUFA manipulations. However, an 

intriguing question remains unanswered: what are the cellular and molecular bases of such specific 

vulnerability?    
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 MAIN FIGURE TITLES AND LEGENDS 

Fig.1: n-3 PUFA deficiency leads to alteration of brain lipid composition  

(A-F) Whole brain lipid composition measured at adulthood. % of principal phospholipid (PL) families 

(PE: phosphatidylethanolamine, PC: phosphatidylcholine, PI: phosphatidyl-inositol, SM: 

sphingomyelin) (A) as well as the amount of cholesterol (B) were similar in Ctrl and n-3 PUFA 

deficient groups. (C) However the relative abundance of the number of unsaturation within the two 

main families of phospholipids (PE and PC) were changed with significant decrease of PL containing 6 

unsaturation compensated mostly by an increase in PL containing 5 unsaturation in n-3 PUFA 

deficient animals. These changes were mainly occurring within PEs. Indeed (D) detailed analysis of 

fatty acyl chains (>1% of total PE in control group) revealed that PEs containing 6, 5 or 4 

unsaturations were the main species altered by n-3 PUFA deficiency. (E) Analysis of the % of main 

PUFA species confirmed that the major changes occurred for PUFAs containing 6 or 5 unsaturation, 

Docosahexaenoic Acid (DHA; C22:6 n-3) and Docosa-pentaenoic Acid (DPA; C22:5 n-6,) that were 

decreased and increased, respectively. Arachidonic Acid (AA; C20:4) was significantly though slightly 

increased in n-3 PUFA deficient animals. Concerning the 2 precursors upstream of DHA, 

Eicosapentaenoic Acid (EPA; C20:5) was not detected, while Alpha-Linolenic Acid (ALA; C18:3) was 

not changed. (F) These alterations in PUFA species resulted in an overall increase of n-6/n-3 PUFA 

ratio in n-3 PUFA deficient animals. (G) Schematic representation of the major modifications induced 

by n-3 PUFA deficiency in brain phospholipids: PE C40:6 change into PE C40:5 by the replacement of 

DHA (C22:6 n-3) by DPA (C22:5 n-6) in the sn2 position. Data are means ± sem. **p<0.01 ; 

***p<0.001. Ctrl: control group ; n-3 def: n-3 PUFA deficient group. Raw lipidomic data are described 

in table 3. For statistical details, see Table S5. 

 

 

Fig.2: n-3 PUFA deficiency from gestation to adulthood leads to motivational deficit  

 (A) Experimental models of nutritional n-3 PUFA deficiency in mice from gestation to adulthood (1) 

and supplementation with LC n-3 PUFA at either P21 (2) or P0 (3). (B-C) N-3 PUFA deficient mice 

displayed similar lever pressing than control animals during fixed ratio and random ratio tasks (FR-

RR) in the total amount of operant responses (B) and press rates during FR1, RR10 and RR20 sessions 

(C). (D) N-3 PUFA deficient mice had shorter session duration during the progressive ratio task (PRx2) 

(Left) and decreased “survival” (Middle), but did not differ from control group in term of press rate, 

plotted as a function of ratio requirement (Right). (E) In the concurrent lever pressing/free feeding 

task, n-3 PUFA deficient mice displayed lower lever presses for the reward but higher consumption of 

the freely available food. (F) Analyses of licking microstructures during consumption of the freely-

available reward showed that total consumption, number of licks, number of bursts, number of licks 

per burst and bursts duration were similar between n-3 def and Ctrl. (G) N-3 supplementation 

starting at P21 did not impact session duration or “survival” in the PRx2 task. (H) However, n-3 

supplementation starting at P0 abolished the decrease in “survival” in n-3 PUFA deficient animals in 

the PRx2 task. Data are means ± sem. *p<0.05, **p<0.01. Ctrl: control group ; n-3 def: n-3 PUFA 
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deficient group ; suppl P21: n-3 PUFA supplementation starting at postnatal day 21 and suppl P0: n-3 

PUFA supplementation starting at postnatal day 0. For statistical details, see Table S5. 

Fig.3: dopamine transmission is spared by n-3 PUFA deficiency 

(A) While i.p. amphetamine at 1 mg/kg enhanced lever pressing in control animals, it has no effect in 

n-3 PUFA deficient animals. (B) Measure of basal and amphetamine-stimulated dopamine release in 

the nucleus accumbens by microdialysis. (C) Western blot analyses of major dopaminergic markers: 

DAT, TH, D2R and D1R in the NAc. Data are means ± sem. *p<0.05. Ctrl: control group ; n-3 def: n-3 

PUFA deficient group. For statistical details, see Table S5. 

 

Fig.4: n-3 PUFA deficiency does not affect basal intrinsic properties of medium spiny neurons in the 

nucleus accumbens core 

(A) Whole cell patch clamp recording of D1-MSNs and D2-MSNs in the core part of the nucleus 

accumbens. Representative image of nucleus accumbens slices of a D1-EGFP mouse at low 

magnification (top) and high magnification under light transmission (middle) and epifluorescence 

(bottom). (B) Representative traces of voltage responses in D1-MSNs (green box) and D2-MSNs 

(purple box). Measures of current-voltage curves (C), input-output curves (D), resting membrane 

potential (E), Rheobase (F), AP threshold (G), membrane resistance (H), Delay to 1st spike (I) and AP 

amplitude (J) in D1-MSNs (top, green box) and D2-MSNs (bottom, purple box). Data are means ± 

sem. All ps>0.05. Ctrl: control group ; n-3 def: n-3 PUFA deficient group. For statistical details, see 

Table S5. 

 

Fig.5: n-3 PUFA deficiency leads to decreased excitability of medium spiny neurons from the direct 

pathway (D1-MSN) through a D2R-dependent increase in GABA transmission 

(A) Schematic representation of a mouse sagittal slice with the patch pipette located in the core part 

of the nucleus accumbens and the stimulating electrode located on the corpus callosum. (B) Measure 

of the E-S coupling in both D1-MSNs (left) and D2-MSNs (right) revealed a significant decrease in 

excitability in response to electrical stimulation in D1-MSNs, but not D2-MSNs in n-3 PUFA deficient 

mice. (C) This effect in D1-MSNs was abolished by application of the GABA-A receptor antagonist 

Gabazine (Gbz). (D) D1-MSNs in n-3 PUFA deficient animals displayed increase in spontaneous IPSCs 

(sIPSC) frequency. This effect was globally observed for all the amplitude measured in D1-MSNs. (left) 

Representative sIPSC traces, (middle) plot of sIPSC frequencies and (right) plot of sIPSCs 

frequency/amplitude in D1-MSNs. (E) Frequency of miniature IPSCs (mIPSCs) measured after 

application of TTX was increased in D1-MSNs of n-3 PUFA deficient animals, and statistically 

increased for events of 20-30 pA. (left) Representative mIPSC traces, (middle) plot of mIPSC 

frequency and (right) plot of mIPSCs frequency/amplitude in D1-MSNs. (F) Schematic representation 

of the putative inhibitory effect of quinpirole on GABA release from D2 receptor-containing 

GABAergic synapses innervating D1-MSNs. (G) The decrease in E-S coupling in D1-MSNs of n-3 PUFA 

deficient animals was abolished by application of the D2 receptor agonist quinpirole (Quin). (H) The 

difference in sIPSC frequency in D1-MSNs was abolished by application of quinpirole. This effect is 

observed for all sIPSC amplitude. (left) Representative sIPSC traces, (middle) sIPSC frequency and 

(right) plot of sIPSCs frequency/amplitude in D1-MSNs. Data are means ± sem. *p<0.05. Ctrl: control 

group ; n-3 def: n-3 PUFA deficient group. Gbz: gabazine ; Quin: quinpirole ; TTX: tetrodotoxine. For 

statistical details, see Table S5. 

 

Fig.6: Preventing n-3 PUFA deficiency selectively in D2R-expressing neurons rescues the lateral 

inhibition of D2-MSNs onto D1-MSNs  

(A) Schematic representation of the genetic strategy for expression of the FAT1 transgene in D2R-

expressing neurons. (B) Representation of the enzymatic effect of the FAT1 enzyme. It specifically 

converts linoleic acid (LA) into α-linolenic acid (ALA), arachidonic acid (AA) into eicosapentaenoic acid 
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(EPA) and docosapentaenoic acid (DPA) into docosahexaenoic acid (DHA). (C) Cre-dependent FAT1 

mRNA expression was not detectable prenatally at gestational day 15 (E15) but was detectable at 

gestational day 17/18 (E17/E18) and postnatal day 0 in the striatum (P0). (D) FAT1 expression in the 

striatum (Str), the prefrontal cortex (PFC), the hippocampus (HC) and the hypothalamus (HT) 

measured by RT-qPCR. The dashed line represents the level of expression of FAT1 in the non-

inducible FAT1 mouse that expresses FAT1 ubiquitously. (E) Expression of FAT1 in D2R-expressing 

neurons tends to reverse the increase in sIPSC frequency and reverses the increase in E-S coupling in 

MSNs. (F) Schematic representation for the injection of the double-inverted open-reading frame 

(DIO) hM4Di-mCherry-carrying viral vector injection in the NAc core of n-3 deficient Drd2-Cre, FAT1e 

or FAT1ne mice. Sagittal slice showing that viral vector-mediated expression of hM4Di-mCherry is 

largely restricted to neurons of the NAc core with mCherry-positive terminal fields in the dlVP. (G) 

This strategy allows restricting the expression of the inhibitory DREADD to D2R-expressing neurons 

that express (FAT1e) or not (FAT1ne) the FAT1 enzyme and record non-fluorescent neurons, putative 

D1-MSNs of the NAc core. (H) Activation of the inhibitory DREADD by CNO application abolished the 

difference in mIPSC frequency (left) and E-S coupling (right) in D1-MSNs between FAT1e and FAT1ne 

n-3 PUFA deficient animals. Data are means ± sem. #p<0.1, *p<0.05, **p<0.01 and ***p<0.001. Ctrl: 

control group ; n-3 def: n-3 PUFA deficient group ; Cre+: Cre recombinase expression, Cre-: no 

expression of Cre recombinase ; FAT1+: FAT1 transgene carrier, FAT1-: FAT1 non-carrier ; FAT1e : 

FAT1 expression, FAT1ne : FAT1 no expression ; CNO : bath application of clozapine-N-oxide. For 

statistical details, see Table S5. 

Fig.7: Preventing n-3 PUFA deficiency selectively in D2R-expressing neurons enhances motivation 

(A-B) Schematic representations of a mouse performing operant conditioning task (A) and of the 

genetic strategy for expression of the FAT1 transgene in D2-MSNs or D1-MSNs (B). (C) Expression of 

FAT1 in D2-expressing neurons in n-3 PUFA deficient animals enhanced session duration in the PRx2 

task (left) as well as “survival” (middle) with no effect on press rate, plotted as a function of the ratio 

requirement (right). (D) Expression of FAT1 in D1-expressing neurons in n-3 PUFA deficient animals 

did not impact session duration (left), nor “survival” (middle) and press rate, plotted as a function of 

the ratio requirement (right) in the PRx2 task.  Data are means ± sem. # p<0.1, *p<0.05. Ctrl: control 

group ; n-3 def: n-3 PUFA deficient group ; Cre+: Cre recombinase expression, Cre-: no expression of 

Cre recombinase ; FAT1+: FAT1 transgene carrier, FAT1-: FAT1 non-carrier. For statistical details, see 

Table S5. 

 

STAR METHODS 

Lead contact and materials availability 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Pierre Trifilieff (pierre.trifilieff@inrae.fr). 

This study did not generate new unique reagents. 

Experimental model and subject details 
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Mice were housed in groups of 4-10 animals in standard polypropylene cages and maintained in a 

temperature and humidity-controlled facility under a 12:12 light-dark cycle (8 :00 on) with ad libitum 

access to water and food. All animal care and experimental procedures were in accordance with the 

INRA Quality Reference System and to french legislations (Directive 87/148, Ministère de 

l’Agriculture et de la Pêche) and European (Directive 86/609/EEC). They followed ethical protocols 

approved by the Region Aquitaine Veterinary Services (Direction Départementale de la Protection 

des Animaux, approval ID: B33-063-920) and by the animal ethic committee of Bordeaux CEEA50. 

Every effort was made to minimize suffering and reduce the number of animals used. 

The following mouse lines were used in this study: C57BL/6J from Janvier Laboratories (Robert 

Janvier, Le Genest St-Isle, France), D1-Cre (MMRC: 029178-UCD, strain code: Tg(Drd1-

cre)EY262/Mmucd), D2-Cre (MMRC: 017263-UCD, strain code: Tg(Drd2-cre)ER44Gsat/Mmucd), 

CamK2-Cre (MGI: 2181426, strain code: Tg(Camk2a-cre)2Gsc), D1-EGFP (MGI: 3840915, strain code: 

Tg(Drd1-EGFP)X60Gsat), Cre-dependent tdTomato reporter mice (MGI: 104735, strain code: B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice ; Jackson Laboratory) and iFAT1 (Provided by the Laboratory of 

Dr. David Ma (Clarke et al., 2014)). Heterozygous Cre-dependent tdTomato reporter mice were 

crossed with heterozygous D1-Cre, D2-Cre or CamK2-Cre males. Homozygous or heterozygous iFAT1 

females were crossed to heterozygous D1-Cre, D2-Cre or CamK2-Cre males in order to generate 

double transgenic animals and the respective single transgenic and WT controls.  

Female C57BL6/J mice were fed with isocaloric diets containing 5% fat with a high (n-3 def diet, see 

table S1) or low LA/ALA ratio (Ctrl diet, see table S1) across gestation and lactation and offspring 

were maintained under the same diet after weaning (Delpech et al., 2015; Madore et al., 2014), 

unless stated otherwise. A third diet, enriched in long chain PUFAs, was used in the supplementation 

experiments starting at P21 or P0 (Suppl diet, see table S1). All experiments were performed in 

adulthood.  

Method details 

Behavioral procedures 

Operant conditioning 

Apparatus 

The operant chambers (Imétronic, France) had internal dimensions 30x40x36 (cm) and were located 

in a light- and sound- attenuating cabinet. Each operant chamber had two opaque panels at the right 
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and left walls and two clear Plexiglas panels at the back and front walls and was illuminated 

throughout all sessions with a houselight located at the top of the chamber. The chambers were 

equipped with two retractable levers (2x4x1 cm), only one of which was reinforced. Reinforced lever 

presses were indicated by a brief tone (65 db, 3000 Hz, 200 ms) and a cue light, mounted 8.5 cm 

above the lever. A drinking trough was positioned 4 cm above the grid floor at equidistance between 

the two levers. Milk was used as a reward, consisting of 10% sweetened condensed milk dissolved in 

water (3.25 Kcal/g), which was provided through 15μl drops. The number of presses on the 

reinforced lever and on the alternative lever were recorded, as well as the number of licks in the full 

or empty trough. 

Procedures 

One session (1 hour) was run each day, 5-7 days per week. Animals were food-restricted in order to 

maintain them at 85-90% of their ad libitum weight. 

Pavlovian training: During 2-3 sessions the mice were accustomed to the operant box. During these 

sessions, the milk solution was delivered in the liquid trough at 1 min intervals. Reward was indicated 

by a brief tone and the illumination of a cue light mounted above the lever. 

Fixed ratio training: Following the two habituation sessions, mice were trained to lever respond for 

the milk solution in 1h sessions under a fixed ratio 1 (FR1) schedule of reinforcement, in which each 

lever press leads to reward delivery. Sessions began with the illumination of the house light and the 

insertion of the levers inside the chamber. The animals were exposed to this schedule until 

achievement of the acquisition criterion of 200 lever responses per session.  

Random ratio training: When the animals reached the acquisition criterion as described above, they 

were shifted to a random ratio (RR) schedule of reinforcement, in which lever-responses were 

reinforced with a given reward probability in order to increase the motivational demand of the task. 

The training consisted of three consecutive steps characterized by a different RR value that defined 

the probability of reinforcement [specifically RR 5 (p=0.2), RR 10 (p=0.1) and RR2 20 (p=0.05)]. 

Condition to move from one ratio to a higher one was the achievement of stable values of lever 

responses across 2 consecutive sessions. 

 Progressive ratio testing: In the progressive ratio PRx2 schedule, the number of lever presses 

required to earn a reward was doubled respective to the previous one obtained. Sessions were 

considered to be finished when the animal stopped lever-pressing for 3 min, allowing the 
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measurement of the session duration. Mice were tested multiple times in PRx2 with RR20 sessions 

intercalated between each PR tasks. For each animal, sessions of PRx2 were averaged, excluding the 

first ones that were consistently outliers.     

Amphetamine was administered intraperitoneally 10 min before the beginning of the PRx2 test 

sessions. Amphetamine (Amph ; Merck) was dissolved in NaCl 0.9% and administered at 0.1mg/kg.  

In a first PRx2 session, half of the animals received saline, the other half received amphetamine. A 

second PRx2 session was performed 2 days later in which animals that received saline in the first 

PRx2 were then injected with amphetamine, and vice-versa. This allowed within-subject analyses in 

which the ratio of lever presses under drugs over lever presses after vehicle injection were measured 

for each animal and averaged in order to evaluate the effect of the drugs on operant responding. 

Concurrent lever pressing/free feeding task: This task was adapted from a procedure designed by 

John Salamone (Salamone et al., 1991). Briefly, in this effort-based choice task the animals had the 

choice between lever pressing for the palatable milk reward under a RR20 schedule or consume the 

freely-available, though less-palatable, regular chow. Total lever presses and amount of concurrent 

food (mg) consumed were measured. Non-concurrent RR20 were intercalated between each 

concurrent session. 

Licking microstructures 

A home-made lickometer was used to record the licking microstructures in response to a palatable 

solution. The lickometer consisted of a testing chamber (20 cm wide, 30 cm deep, 15 cm tall), a 

bottle containing the solution connected to a dedicated computer (with a software that recorded the 

precise timing of each lick). All licks were recorded, and the short response latency provided a precise 

measure of the onset and offset of licks. Before testing, mice were first habituated to the 

experimental chamber for 2 days with free access to water during a 30 min-session. On the testing 

day, water was replaced by 10% sweetened condensed milk and each mouse was placed individually 

in the chamber for 30 min during which the amount of milk consumed, the number of licks and 

bursts, the number of licks per burst and burst duration were recorded (a burst is defined by an 

interlick interval lower than 0.25 seconds between each licks that compose it (Johnson, 2018). 

Lipid analyses 

Lipids and other material: 
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Chloroform (CHCl3) was obtained from SDS (France). Ammonium acetate, acetonitrile (CH3CN), 

methanol (CH3OH) and water (H2O) of Optima LC/MS grade were all from Fisher Scientific (France). 

Commercially available phospholipid (PL) standards were purchased from Avanti Polar Lipids INC-

Coger (Paris, France). 

Lipid extraction: 

Total lipids were extracted, homogenized in H2O, overnight at 4°C, with 10 volumes of CHCl3/CH3OH 

(1:1, v/v). The residual pellets obtained after centrifugation (1500g, 5 min) were then re-extracted 

with 3 mL CHCl3/CH3OH (1:1, v/v), 3 mL CHCl3/CH3OH (2:1, v/v) and 3 mL CHCl3/CH3OH/H2O 

(48:35:10, v/v/v). The four lipid extracts were combined, and evaporated to dryness under a stream 

of nitrogen. 

Fatty Acid distribution: 

Fatty acid methyl esters were prepared for analysis by gas chromatography-flame ionization 

detection. Briefly, an aliquot of the total lipid extract was transmethylated using boron trifluoride in 

methanol according to Morrison and Smith (Morrison and Smith, 1964). Fatty acid methyl esters 

(FAMEs) were extracted with hexane and analyzed by gas chromatography ionization detector (GC-

FID, Hewlett Packard HP5890, Palo Alto, CA). A 1µl aliquot was injected by automated injection in a 

splitless mode at an injection temperature of 250°C on a CPSIL-88 column (100 m × 0.25 mm i.d., film 

thickness 0.20 µm; Varian, Les Ulis, France) equipped with a flame ionization detector. Hydrogen was 

used as the carrier gas (inlet pressure 210 kPa). The oven temperature was held at 60°C for 5 min, 

increased to 165°C at 15°C/min and held for 1 min, and then to 225°C at 2°C/min and finally held at 

225°C for 17 min. The detector was maintained at 250°C. FAMEs were identified by comparison with 

commercial and synthetic standards. The data were processed using the EZChrom Elite software 

(Agilent Technologies, Massy, France) and reported as a percentage of the total FAs. 

Cholesterol analysis: 

An aliquot of the total lipid extract (20 µg) was submitted to alkaline hydrolysis in 5 ml of 1 M KOH 

for 2 hr. submitted to alkaline hydrolysis in 5 ml of 1 M KOH for 2 hr. The solution was neutralized 

with 65 µL of phosphoric acid, and the sterols were extracted with 9 mL of chloroform in the 

presence of 3 mL of 0.9% sodium chloride. The organic phase was removed, and the solvent was 

evaporated to dryness. 3.25 µg of 5α-cholestane was added and sterols were derivatized to 

trimethylsilyl ethers by heating at 60°C after the addition of 200 µl of pyridine and 200 µl of BSTFA 

(Supelco, Bellafonte, PA, USA). The solvents were evaporated under nitrogen gas, and the samples 

were resuspended in hexane and analysed by GC-FID (Hewlett-Packard HP4890A, Palo Alto, CA). A 
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1µl aliquot was injected by automated injection in a splitless mode at an injection temperature of 

300°C on a DB-5MS fused silica capillary column (30 m x 0.25 mm id, film thickness 0.25 µm; 

thickness; J&W Scientific, Agilent Technologies, Massy, France). The oven temperature was held at 

50°C for 1 min, increased to 200°C at 20°C/min and then to 300°C at 5°C/min. The detector was 

maintained at 300°C. The data were processed using the EZChrom Elite software (Agilent 

Technologies, Massy, France) 

Separation and quantification of phospholipid classes by liquid chromatography coupled to charged 

aerosol detector (CAD): 

The phosphorus content of the total lipid extract was determined according to the method 

developed by Bartlett and Lewis (Bartlett and Lewis, 1970). The samples were then diluted to the 

appropriate concentration of 500 µg/µL of PLs in CHCl3/CH3OH (1:1, v/v). PLs were first separated by 

liquid chromatography under HILIC conditions and then detected using a Corona™ Ultra RS Charged 

Aerosol Detector™ (CAD, Thermo Scientific, USA). HPLC was performed using a Dionex UltiMate™ 

3000 LC pump from Thermo Scientific (USA) equipped with a dual-gradient pump, which allows for a 

post-separation inverse gradient approach to compensate for solvent gradient effects in CAD 

detection. In this approach, a secondary stream of solvent is mixed with the column effluent such 

that the mixture of aqueous–organic eluent introduced into the detector inlet remains in equal 

proportions throughout the run. Separation of phosphatidylinositol (PI), phosphatidylethanolamine 

(PE), phosphatidylcholine (PC) and sphingomyelin (SM) standards was achieved under HILIC 

conditions using a Thermo Accucore column (150 x 2.1 mm, 2.6 µm, Hilic, Thermo Scientific, USA). 

The mobile phase consisted of (A) CH3CN /H2O (95:5, v/v) containing 5 mM ammonium acetate and 

(B) CH3CN /H2O (50:50, v/v) containing 10 mM ammonium acetate. The solvent-gradient system of 

the analytical pump was as follows: 0 min 100% A, 1 min 95% A, 20 min 80% A, 23 min 65% A, 24 min 

100% A and 24–39 min 100% A. The flow rate was 800 µL⋅min−1, the injecwon volume was 5 µL and 

the column was maintained at 40°C. Solvent gradient compensation was performed using the 

following inverse gradient program “minimize flow”, at a flow rate 280 µL.min-1: 0–1.786 min 100% 

B, 2.786 min 85.7% B, 21.786 min 42.9% B, 24.786 min 0% B, 25.786 min 100% B, 25.786-40.786 min 

100% B. Eluate from the HPLC system was introduced into a CCAD for detection of the PLs. The 

settings for the CCAD were as follows: gas inlet pressure (nitrogen) 35 psi; gas flow rate and flow 

ratio 1.11 L/min and 0.95, respectively; corona voltage 2.9 kV; corona current and current range 1.0 

µA and 100 pA, respectively; ion trapping voltage 20.4; filter “3”; data collection rate 10 Hz; power 

function 1.5; and nebulizer temperature 25°C. The liquid chromatography and the CAD were 

controlled by Chromeleon 7.2 (Thermo Scientific Dionex). 
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Structural analysis of phospholipids by liquid chromatography-mass spectrometry: 

The structural analysis of PLs was performed using a LC-ESI-MS method according to previously 

described procedures (Acar et al., 2012; Berdeaux et al., 2010; Koehrer et al., 2014). The total lipids 

were dried under a stream of nitrogen. The samples were then diluted to the appropriate 

concentration of 12.5 ng/µL of PLs in CHCl3/CH3OH (1:1, v/v) for analysis. The samples were stored at 

-80°C under an argon atmosphere. 

LC was performed using a Dionex UltiMate™ 3000 LC pump from Thermo Scientific (San Jose, CA, 

USA) equipped with an autosampler. Separation of PL classes was achieved under hydrophilic 

interaction liquid chromatography (HILIC) conditions using an Accucore HILIC column (150 mm x 2.1 

mm i.d., 2.6 µm, Thermo). The mobile phase consisted of (A) CH3CN/H2O (95:5, v/v) containing 5 mM 

of ammonium acetate and (B) CH3CN /H2O (50:50, v/v) containing 5 mM of ammonium acetate. The 

solvent-gradient system was as follows: 0 min A/B (%) 100/0, 1 min A/B (%) 95/5, 20 min A/B (%) 

80/20%, 22 min A/B (%) 75/35 and 24-39 min A/B (%) 100/0. The flow rate was 400 µL.min−1, and 

the column was maintained at 30°C. The flow from LC was split using an analytical fixed flow splitter 

(split ratio = 1:1, post-column) from Analytical Scientific Instruments (El Sobrante, CA, USA). Mass 

spectrometry was performed using a ThermoFinnigan TSQ Quantum triple quadrupole mass 

spectrometer equipped with a standard electrospray ionization source outfitted with a 100-µm i.d. 

H-ESI needle. The source spray head was oriented at a 90° angle orthogonal to the ion-transfer tube. 

Nitrogen was used for both the sheath and the auxiliary gases. The MS signals of PC species were first 

optimized by continuous infusion of the standards dissolved in the mobile phase using ESI in the 

negative and positive modes. The electrospray ionization spray voltages were 3 kV and −4.5 kV in the 

negative- and positive-ion modes, respectively; the vaporizer temperature was 150°C; the sheath gas 

N2 pressure was 45 (arbitrary units); the auxiliary gas pressure was 45 (arbitrary units); the ion 

sweep gas pressure was 5; the ion transfer capillary temperature was 300°C; the skimmer offset was 

5 V; and the multiplier gain was 300,000. 

When operated under full-scan conditions in the negative- and positive-ion modes, data were 

collected in the range of m/z 400–1100 amu with a scan time of 0.5 sec. For PC characterization in 

the negative mode, ESI-MS/MS was used with argon as the collision gas at 1.5 mTorr, and the 

collision energy was set to 15 eV; in the positive mode, the collision gas pressure was 0.8 mTorr, and 

the collision energy ranged from 30 to 45eV. PE and PC species were manually identified with the 

parent mass information and their characteristic fragment ions in the collision-induced dissociation 

(CID) spectrum using lists of PL species prepared in our laboratory (Acar et al., 2012; Berdeaux et al., 

2010).  
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Upon CID in the positive mode, PC, plasmenyl-choline (PlsC) and SM species showed an intense 

fragment at m/z 184 amu because of their common choline head group. This fragment at m/z 184 

amu was used for precursor ion scanning, whereby the [M+H]+ ions of PCs and SM are specifically 

detected. Upon CID in the positive mode, [M+H]+ ions of PE lose their ethanolaminephosphate head 

group as a neutral fragment of 141 Da. Therefore, positive-ion-mode neutral loss scanning of 141 Da 

was used for the selective detection of PE.  

The data were processed using the Xcalibur software (ThermoFinnigan). Corrections were applied to 

the data for isotopic overlap. 

Slice preparation and whole-cell patch clamp recording 

Mice were anaesthetized with isoflurane and dislocated. The brain was quickly removed and sagittal 

slices (350µm) were prepared with a vibratome (VT1000S, Leica) in 4°C artificial cerebrospinal fluid 

(aCSF) containing (in mM) 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 25 

glucose and 1.25 pyruvate (oxygenated with 95% O2/5% CO2). After 60 min of recovery, slices were 

transferred to a recording chamber and perfused continuously at ≈ 1-1.5 mL/min with oxygenated 

ACSF, containing (in mM) 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2 and 25 

glucose at room temperature. Cells were visualized with a water-immersion objective on an upright 

fluorescent microscope (Eclipse E600FN; Nikon Instruments) equipped with infrared-differential 

interference contrast video microscopy and epifluorescence. Patch pipettes (3-6 MΩ) were pulled 

from borosilicate glass (BF-150-86-10; Sutter Instruments) with a micropipette horizontal puller (P-

97, Sutter Instruments) and filled with internal solutions.  

Electrophysiological recordings were performed at room temperature using a MultiClamp700B 

amplifier (Molecular Devices) and acquired using a Digidata 1440A digitizer (Molecular Devices), 

sampled at 20 kHz for current clamp and 200 KHz for voltage-clamp recordings and cell-attached 

recordings, and filtered at 1 kHz. All data acquisitions were performed using pCLAMP 10.7 software 

(Molecular Devices). Stimulation of fibers from the frontal cortex was performed with a stimulating 

electrode (bipolar concentric electrode from Phymep and stimulator A365, World Precision 

Instruments). Only cells that maintained a stable access resistance (<30MΩ, no compensation) 

throughout the entire recording were included in analyses. In D1-EGFP mice, GFP-positive and 

negative MSNs were recording within the NAc core. For the pharmacogenetics experiments (D2-cre 

mice), recordings were restricted to mcherry-negative MSNs (putative D1-MSNs). 

Cesium-chloride internal solution which consisted of (in mM) 150 CsCl, 2 MgCl2, 1 EGTA, 2 Na2-ATP, 

0.2 Na-GTP, 0.2 cAMP, 10 HEPES, 0.2% neurobiotin pH 7.35 was used to record GABA-mediated 
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spontaneous inhibitory post-synaptic currents (sIPSC). They were recorded in the presence of 10 µM 

CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, Merck) and 50 µM D-AP5 (D-2-amino-5-

phosphonovalerate, Tocris) to block AMPA and NMDA receptors, respectively. When appropriate, 

the voltage-gated sodium channel antagonist tetrodotoxin (TTX, 1 µM, Tocris) was added to the 

perfusing solution in order to isolate miniature inhibitory postsynaptic currents (mIPSC) and 

Gabazine (Gbz, 5 µM, Tocris) was used in order to measure GABAA receptors-mediated tonic 

inhibition. In these cases, neurons were voltage clamped at -70 mV. 

For recordings of basic intrinsic properties and EPSP/Spike coupling, we used the potassium-

gluconate internal solution which consisted of (in mM) 128 KGlu, 20 NaCl, 1 MgCl2, 1 EGTA, 0.3 

CaCl2, 2 Na2-ATP, 0.3 Na-GTP, 0.2 cAMP, 10 HEPES and 0.2% biocytine, pH 7.35. To record basic 

intrinsic properties of MSNs, cells were held in current-clamp mode in the absence of any current 

injections. A series of depolarizing current steps starting at -150 pA with 10 pA increment were then 

applied. For the spontaneous excitatory post-synaptic currents (EPSCs) recordings, neurons were 

clamped at -60mV. For the EPSP/Spike (E-S) coupling protocol, neurons were current clamped at -60 

mV. The intensity of stimulation applied on glutamatergic afferents was from 50µA to 2000µA.       

For E–S coupling, the firing probability was plotted as a function of the EPSP slope based on a 

previously published study (Campanac and Debanne, 2008). EPSP slopes measured during the first 

2.5ms and the percentage of spikes were determined by establishing a survival curve where, for each 

measured slope, a spike is considered as an event. The E–S shift for a firing probability of 50% was 

also analyzed to evaluate the drugs effect (Staff and Spruston, 2003). Data were analyzed offline 

using Clampfit (Molecular Devices).  

For cell-attached recordings of spike frequency in VP neurons, we used filtered extracellular medium. 

For pharmacological experiments, baseline responses were recorded and drugs were bath applied for 

5 min (TTX 1µM to block neuronal activity, Gbz 5 µM to block inhibitory currents mediated by GABAA 

receptors; Quin [10µM, Tocris] to activate dopamine D2 receptors and Clozapine-N-Oxide [CNO, 

10µM, Enzo] to activate hM4Di receptors).  

Stereotaxic Surgeries for microdialysis 

Mice were anesthetized with urethane (1 g/kg, i.p.) and placed in a stereotaxic apparatus (RWD life 

science) under body-temperature control. The probes (1 mm-long membranes, CMA 11, Phymep, 

France) were stereotaxically implanted into the left ventral striatum (vStr, bregma: 1.54 mm, lateral: 

0.8 mm lateral, ventral: -4.7 mm ; Paxinos and Franklin, 2013). The probe was connected to an 
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infusion pump and perfused with Ringer’s solution at 1µl/min (NaCl 142 mM, KCl 3.9 mM, CaCl2 1.2 

mM, MgCl2 1 mM, Na2HPO4 1.35 mM, NaH2PO4 0.3 mM ; pH=7.35). The dialysates were collected at 

20-min intervals after a 60 min washout period. The average concentration of dopamine in the first 

three dialysate samples was taken as baseline dopamine levels, followed by amphetamine injection 

(Amph 1mg/kg, i.p. ; Merck). Four more samples were then collected for a total of 2h and 20min of 

dialysate collection. The mice were sacrificed and the brains collected for further histological 

verification of the probe implantation.  

High-Performance Liquid Chromatography  

The dialysate samples were injected into a high-performance liquid chromatograph equipped with a 

5 µm C18, 3 x 100 mm silica column (ACE, AIT, France) and a DECADE II detector (Antec Leyden, The 

Netherlands) to quantify dopamine. The mobile phase, consisting of 0.1 M acetate de sodium, 0.1 M 

citric acid, 1 M diéthylamine, 1.4 mM octanesulfonic acid and 0.1 mM EDTA, was pumped at 0.3 

mL/min (Dionex SA, Voisins-Le-Bretonneux, France) through oxidation potential of the 

electrochemical detector (Decade 2, Antec, France) set at 600 mV. Signals were recorded and 

quantified with ChromeleonTM chromatography data system (Dionex SA, Voisins-Le-Bretonneux, 

France). DA concentration was calculated relative to a daily-injected standard. Results were 

expressed as a percentage of dopamine from baseline for each mouse.  

Quantification of the relative projection density 

Animals were anaesthetized and transcardially perfused with ice-cold 4% paraformaldehyde. Brains 

were harvested, postfixed overnight and washed in PBS. 100 µm sagittal thick sections were made on 

a vibratome and imaged using a macroscope Leica Z16 APO. Quantification of the relative projection 

density was achieved using the fluorescence intensity of the genetically encoded protein tdTomato in 

mice expressing this transgene under either the Drd2 (D2-Cre mice) or the Drd1 (D1-Cre mice) 

promoter. Red fluorescence intensity (in arbitrary units, a.u.) was measured in the dorsal part of 

ventral pallidum (VP), and nucleus accumbens (NAc) core. In each region, a region of equal size was 

drawn and the fluorescence intensity was quantified using ImageJ. The fluorescence intensity in the 

projection area region (VP) was normalized to the intensity in the corresponding NAc region (VP∕NAc).  

Images of the striatal region and its corresponding projection region were taken from the same slice.  

Magnification was maintained between images (4x). 

Western blot 
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Mice were dislocated and the brains were quickly removed and snap-frozen in isopentane (Merck) on 

dry ice and stored at -80°C. Nucleus accumbens samples were punched (No.18035-01, Fine Science 

Tools) from 200 µm frozen slices in a cryostat.  

Samples were homogenized in 80 µl of denaturing buffer (DTT 2 mM, SDS 20%) containing protease 

and phosphatase inhibitors (No.13393126, Fisher Scientific) by a brief sonication. Protein content 

was determined by using the protein quantitation kit MicroBC assay (No.UP75860A, Interchim) 

according to the manufacturer’s protocol (Interchim) and samples were then denatured at 90°C for 5 

min, except for analysis of the D2 receptor for which denaturation was performed at room 

temperature. 

Equal quantities of proteins (10μg/well) were separated by electrophoresis onto 10-12% 

polyacrylamide gels and then transferred on nitrocellulose membranes (Amersham Protan Premium 

0.2µm). Membranes were saturated by incubation with 5% milk in Tris-Buffered Saline (TBS) and 

Tween 0.1% (Tris/HCl pH 7.5, NaCl 100 mM, Tween-20 0.1%) for 1h. Blots were probed overnight at 

4 °C with primary antibodies (1:1000 rabbit anti-D2R, 1:1000 rat anti-D1R, 1:1000 rabbit anti-DAT, 

1:5000 mouse anti-TH, 1:10000 mouse anti-tubulin; see resources table). After washes in TBS-Tween, 

membranes were incubated with the secondary antibody coupled to Horse Radish Peroxidase (HRP, 

1/5000, Jackson ImmunoResearch) diluted in 5% milk in TBS-Tween, for 1h at room temperature. 

Membranes were washed and the complex was revealed with a West Dura Extended Duration 

Substrate (N°34075, ThermoFisher Scientific). Optical density capture of the signal was performed 

with the ChemidocMP imaging system (BioRad) and intensity of the signal was quantified using the 

Image Lab 5.2.1 software (BioRad). 

 

Immunohistochemistry  

 Mice were transcardially perfused with ice-cold 4% paraformaldehyde in PBS under anesthesia. 

Brains were harvested, postfixed overnight and washed in PBS. 40 μm coronal sections were 

obtained using a vibratome and incubated in a blocking solution (10% fetal Bovine Serum in TBS: Tris 

0.1M, NaCl 0.9%, pH 7.4) for 2h at room temperature. Slices were labeled overnight at 4 °C with 

primary antibodies against Cre recombinase (rabbit; 1:5, provided by Dr. C. Kellendonk ; see 

resources table) in D2- and D1-cre mice allowing colocalisation with the tdTomato Cre-dependent 

reporter. Other slices from D2-cre DREADD-transduced mice were labeled with primary antibodies 

against VAChT (rabbit, 1:1000, Synaptic System; see resources table) to label cholinergic 

interneurons. Sections were incubated with fluorescent secondary antibodies for 2h at RT and then 

mounted on slides and coverslipped with the fluorsave reagent (FluorSaveTM Reagent, Cat.N°345789, 
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Merk Millipore). Digital images were acquired using a Leica SP1 confocal microscope, and processed 

with NIH Image J software. 

Quantitative real-time PCR (q-PCR) 

Prefrontal cortex, thalamus, hippocampus, striatum (dissection from fresh tissue or punches from 

snap-frozen brain tissue), liver, pancreas, gut and peri-gonadal fat tissues samples were 

homogenized in Tri-reagent (Euromedex, France) and RNA was isolated using a standard 

chloroform/isopropanol protocol (Chomczynski and Sacchi, 2006).  RNA was processed and analyzed 

following an adaptation of published methods (Bustin et al., 2009). cDNA was synthesized from 2 μg 

of total RNA using RevertAid Premium Reverse Transcriptase (Fermentas) and primed with oligo-dT 

primers (Fermentas) and random primers (Fermentas).  QPCR was perfomed using a LightCycler® 480 

Real-Time PCR System (Roche, Meylan, France).  QPCR reactions were performed in duplicate for 

each sample, using transcript-specific primers, cDNA (4 ng) and LightCycler 480 SYBR Green I Master 

(Roche) in a final volume of 10 μl. The PCR data were exported and analyzed in an informatics tool 

(Gene Expression Analysis Software Environment) developed at the NeuroCentre Magendie 

(Bordeaux, France). For the determination of the reference gene, the Genorm method was used 

(Livak and Schmittgen, 2001). Relative expression analysis was corrected for PCR efficiency and 

normalized against two reference genes. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

the Actin Beta (Actb), the Non-POU domain-containing octamer-binding protein (Nono) and the 

peptidylprolyl isomerase A (Ppia) genes were used as reference genes (among a total of 12 

candidates). The relative level of expression was calculated using the comparative (2-∆∆CT) method (3).  

Primers sequences are reported in resources table. 

Stereotaxic Surgeries for viral injections 

Stereotaxic injections of viral vectors were performed with a stereotaxic apparatus (RWD life science) 

under constant isoflurane anesthesia and i.p. buprenorphine and tolfedine for analgesia and 

inflammation. Mice were injected bilaterally with pAAV-hSyn-DIO-hM4D(Gi)-mCherry (0.5µl at titer > 

4x1012 vg/ml; Cat.No.: 44362-AAV8, AddGene) in the Nucleus accumbens core (NAc core, bregma: 1.6 

mm, lateral: 1 mm, ventral: -4mm; Paxinos and Franklin, 2013) using a 10 µL Hamilton syringe 

(Hamilton) and an ultra-micro pump (UMP3, World Precision Instruments, USA) at 150 nL/min. The 

injection needle was withdrawn 5 min after the end of the infusion. The incision was closed with a 

suture and the animal was kept on a heating pad until recovery. Experiments were performed 5-8 

weeks after AAV stereotaxic injection. Injection sites were confirmed in all animals by preparing 

sagittal sections (350µm) for electrophysiological experiments.  
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Quantification and statistical analysis 

Student’s t tests (unpaired and paired) or equivalent non-parametric tests when normality failed 

(Mann-Whitney and Wilcoxon matched-pairs signed rank test) were used when two groups were 

compared. Welch’s correction was applied on unpaired t-test when variances were not shown as 

equal. One sample t test was used to evaluate the effect of drugs on a variable before and after 

injection (Amphetamin PRx2 and Gabazine tonic inhibition). Log rank Mantel Cox test was used to 

compare survival curves obtained from PRx2 survival and E-S coupling experiments. Two-way ANOVA 

test was used when 2 factors were present (Two-way repeated measure ANOVA when one of the 

factors was a repeated measure). Bonferroni’s post hoc test was applied when ANOVA showed a 

significant interaction or a significant main effect. All statistical data were obtained using GraphPad 

Prism 7 (Graphpad Software). Statistical significance was # p<0.1, * p < 0.05, ** p < 0.01, *** p < 

0.001. All data are presented as means ± SEM. Details of the statistical analysis per figure are 

summarized in tables S5 and S6 (main and supplemental figures respectively). 

Data and code availability 

The lipidomic datasets supporting the current study are available from the corresponding author on 

request.   

 

 

 

Table S2 (Related to Fig. 1): Summary of brain lipidomic analysis  

 

Table S3 (Related to Fig. 3-4): Summary of striatal lipidomic analysis  

 

Table S5 (Related to Fig. 1-7): Summary of statistical analysis 

 

Table S6 (Related to Fig. S1-7): Summary of supplemental statistical analysis 

 




















