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Introduction: Language without striatum, a historic al perspective

The question of the role of the basal ganglia -more specifically the striatum -in language, began years ago, but it is only recently that its role in language reached sufficient interest to trigger new lines of experiments and models. The striatum (or neostriatum) is a subregion of the basal ganglia including a group of subcortical nuclei located at the base of the forebrain, linked to the cerebral cortex through both direct and indirect connections via the thalamus (Catani & Thiebaut de Schotten, 2012). It consists of the caudate nucleus, the putamen, and the ventral striatum, the output of which is the palleostriatum or globus pallidus. Its central position in the brain makes it an excellent candidate for the convergence site of anterior and posterior language-processing networks.

The first models of language processing which involved the Broca (left inferior frontal gyrus) and Wernicke (posterior part of the left superior temporal gyrus and left supramarginal gyrus) areas of language (Broca, 1861;Wernicke, 1874), implied a subcortical structure, containing the "image" of words -the current semantics -in the so-called "model of the house" for aphasia (Lichteim, 1885). Later on, [START_REF] Geschwind | The varieties of na ming errors[END_REF] who acknowledged the role of the Broca area in production, of the Wernicke area in comprehension, of the arcuate fa sciculus in repetition, disclaimed that a subcortical structure homed semantics, and instead proposed the implication of the inferior part of the parietal lobe for semantic processing. These successive contributions led to the so-called Broca-Wernicke-Lichtheim-Geschwind model, based on the distinction between comprehension and production in aphasic patients, which launched the domain of language processing. However, this has resulted in no longer considering the role of a putative subcortical structure and has put the focus on cortical structures and their connections (Ben Shalom & Poeppel, 2008;Hickok & Poeppel, 2004;[START_REF] Price | A review an d synt he sis of th e first 20 years of PET an d fM RI stud ies of he ard speech , spok en langua ge an d read ing[END_REF]. Subsequently, functional anatomical proposals converged on the neurofunctional organization of the left hemisphere cortices (Friederici, 2002;Hagoort, 2013;Hickok & Poeppel, 2004;Indefrey & Levelt, 2004;Jacquemot, Pallier, LeBihan, Dehaene, & Dupoux, 2003;Leminen, Smolka, Duñabeitia, & Pliatsikas, 2019;[START_REF] Price | A review an d synt he sis of th e first 20 years of PET an d fM RI stud ies of he ard speech , spok en langua ge an d read ing[END_REF].

Leaving aside the decomposition between comprehension and production modalities, more recent studies provided functional models of language based on linguistic units (articulatory features, phonemes, morphemes, lexicon, and sentences) and rules that combine or break down these units at each level (Chomsky, 1965;[START_REF] Pinker | Re gular an d irregular mo rpho logy an d th e psycho logica l stat us of rules of gram ma r[END_REF], while interacting with cognitive resources: working memory (Cowa n, 2010;Jacquemot & Scott, 2006), attention (Astheimer & Sanders, 2009), and executive control [START_REF] Fedorenko | The role of do ma in-general co gnitive co nt rol in langua ge C co mprehe nsion[END_REF] (Fig. 1A).

In these models, phonetics deals with the acoustic properties of speech sounds and how they are articulated. It is associated with both the left premotor cortex and the supplementary motor area (Pulvermuller et al., 2006) (Fig. 1B). Phonology defines the distinctive features of speech sounds that combine into phonemes and how phonemes combine into syllables. Its processing is carried out in the left hemisphere, in the superior temporal gyrus/sulcus, inferior frontal gyrus, supplementary motor area, and insula (Hickok & Poeppel, 2004;Jacquemot et al., 2003;[START_REF] Poeppel | The neuroa na to mic an d neurophysiolog ical infrastructu re fo r speech an d langua ge[END_REF]. Morphology defines the rules for combining phonemes into morphemes within the lexical units. Lexical units are the repertoire of words in a language, the lexicon. The lexicon and morphological processing are processed in the left middle temporal gyrus, supramarginal gyrus, and left inferior frontal gyrus (Devauchelle, Oppenheim, Rizzi, Dehaene, & Pallier, 2009;Pallier, Devauchelle, & Dehaene, 2011;[START_REF] Price | A review an d synt he sis of th e first 20 years of PET an d fM RI stud ies of he ard speech , spok en langua ge an d read ing[END_REF]. Syntax defines the rules for combining lexical units into sentences and relates to the left inferior frontal gyrus (Pattamadilok, Dehaene, & Pallier, 2016). The meaning of sentences is encoded through the combination of the syntactic structure and the semantic content associated with the lexical units (Caramazza, 1997). Semantic memory involves the anterior part of the temporal cortices while the access, selection, and retrieval of semantic information are processed in the left angular gyrus, middle temporal gyrus, and inferior frontal gyrus (Chatrchyan et al., 2014;Hoffman, Binney, & Lambon Ralph, 2015;Patterson, Nestor, & Rogers, 2007;Vandenberghe, Price, Wise, Josephs, & Frackowiak, 1996), leaving the striatum aside.

These anatomo-functional views appeared operational for many years until both the report of patients with brain lesions encompassing the striatum developing language disorders, and of imaging studies showing activation of the striatum during language processing experiments. Such observations could not be explained in the framework of classical cortical models and brought attention towa rd striatal functions, questioning the well-established view of a striatum dedicated solely to the motor function (Heimer, Switzer, & Van Hoesen, 1982).

Why should the striatum be integrated into language processing?

In the 1970s, Cambier, Elghozi, and Strube (1979) described an aphasic patient with speech production disorders following a stroke affecting the left caudate nucleus. Their language wa s disturbed by perseverations, semantic inconsistencies, morphological paraphasias, and wa s disfluent, passing from one topic to another. Other cases of aphasia due to striatal lesions were described af ter this princeps report, suggesting that the subcortical structures and connections between the cortical and subcortical systems interfere with language processing (Cappa, Poeppel,20 04 ;Jacquemot et al.,20 03 ;Poeppel,20 14 ). Morph ology and words are associated with the MTG, SMG and IFG (Devauc helle et al.,20 09 ;Pallier et al.,20 11 ;Price,20 12 ). Syntax is associated with the IFG (Pattam adilok et al.,20 16 ). Lexico-sema ntics is associated with the anterior part of the temporal cortex, the AG, MTG and (Chatrchyan et al.,20 14 ;Hoffma n et al.,20 15 ;Patterson et al.,20 07 ;Vand enbe rghe et al.,19 96 ). AG: angular gyrus, DLPFC: dorsolateral prefrontal cortex, IFG: inferior frontal gyrus, ITG: inferior temporal gyrus, MTG: middle temporal gyrus, PCG: precentral gyrus, PM C: Premotor cortex, SMA: suppleme ntary motor area, SMG: suprama rginal gyrus, STG: superior temporal gyrus, STS: superior temporal sulcu s, VLPFC: Ventrolateral prefrontal cortex. Cavallotti, Guidotti, Papagno, & Vignolo, 1983;Da masio, Da masio, Rizzo, Varney, & Gersh, 1982;Pickett, Kuniholm, Protopapas, Friedman, & Lieberman, 1998). Subsequent studies yielded a more contrasted picture. In a review on subcortical aphasia, Nadeau and Crosson (1997) showed that even if some patients with putamen or caudate lesions did present an aphasic profile, most of them did not. In contrast, a study of 107 patients with aphasia af ter stroke showed that most lesions encompassing the putamen were associated with mutism and spontaneous poor fluidity, while those encompassing the caudate nucleus were associated with perseverations and lexical paraphasia (Kreisler et al., 2000). Consistently, in a cohort of 34 patients with acute ischemic stroke with impaired speech and language, while only a quarter of patients had their Wernicke and Broca regions af fected, most patients had an injury that included the left caudate nucleus and the adjacent radiata crown (Grönholm, Roll, Horne, Sundgren, & Lindgren, 2016). Additionally, language rehabilitation outcomes in aphasic patients are correlated to the size of the striatal lesion (Crosson et al., 2007). Larger lesions of the striatum predicted worse rehabilitation outcomes than smaller lesions suggesting that the striatum interferes with language processing.

In parallel, connectivity and functional studies with healthy participants also showed that the language network should be extended to the striatal region. A meta-analysis of resting-state functional connectivity including 970 participants confirmed that the Broca and Wernicke areas are part of a network comprising the inferior frontal gyrus (pars triangularis, pars orbitalis, and pars opercularis), middle frontal gyrus, supramarginal gyrus, parieto-temporal gyrus, superior temporal gyrus, inferior parietal cortex, and bilateral caudate and left putamen (Tomasi & Volkow, 2012;). Results of a brain imaging meta-analysis study including 71 studies with language tasks showed that the left putamen coactivated with the language network (inferior and middle frontal gyri, superior and middle temporal gyri, cingulate, and premotor cortex). They emphasize that the striatum should be integrated into anatomo-functional models of language.

Studies in patients with degenerative disorders have provided a large amount of information and have helped to identify the roles of the striatum, in particular its contribution to language processing. These studies mainly relied on Huntington's (HD) and Parkinson's (PD) diseases, both characterized by striatal dysfunctions. The study of these diseases makes it possible to evaluate relatively homogeneous groups of patients, unlike the collection of unique cases in patients with stroke. PD causes fronto-striatal dysfunction due to dopaminergic denervation of the caudate nucleus. By recording neuronal activity from deep electrodes located in the head of the caudate in these patients, Abdullaev and [START_REF] Melnichuk | Co gnitive operat ions in th e hu ma n ca ud at e nu cleus[END_REF] showed that the firing rate of the caudate cells wa s increased when language processes were required. The firing response wa s observed in these cells, with different time windows according to the task -semantic, naming, and reading tasks. The pattern of caudate-firing responses wa s similar to the neuronal responses of cells in Broca's area (Broadmann Area (BA) 44) (Bechtereva, Abdullaev, & Medvedev, 1991), thereby suggesting that the caudate head and the Broca's area are connected, and both involved in language processing. On the other hand, HD is an inherited neurodegenerative disease, caused by an expansion of the CAG (cytosine-adenine-guanine) triplet repeats in the gene encoding the huntingtin protein. The mutant form of this protein accumulates in the regions of the brain leading to cell death (Ma cdonald et al., 1993). Although HD ultimately impacts the entire brain, atrophy af fects the striatum early [START_REF] Vonsattel | Neuropat ho logica l classifica tion of Hu nt ington 's disease[END_REF] caudate atrophy being the best marker of disease progression (Ta brizi et al., 2012). Former descriptions of language disorders in HD have focused on speech, in line with studies of the role of the striatum in the motor system. Indeed, the striatum exerts an inhibitory influence on several motor functions, and the release of this inhibition allows motor activation. In HD, the deficit of the inhibitory system leads to involuntary choreatic movements, psychomotor slowing, and reduced agility of eye movements and articulation [START_REF] Snowden | The neuropsych olog y of Hu nt ington 's disease[END_REF]. Dysarthria is usually the first symptom reported in these patients [START_REF] Diehl | Mo to r speech patt erns in Hu nt ington disease[END_REF]Podoll, Caspary, Lange, & Noth, 1988). Speech rate correlates with motor impairment as, for example, tapping ability in a quantitative motor assessment (Skodda et al., 2014(Skodda et al., , 2016)). The speech of patients in the early stages of HD differs from that of healthy controls: they have speech initiation disorders with a longer delay producing words and display pauses between and within words, compared to controls (Ludlow, Connor, & Ba ssich, 1987;Vogel, Shirbin, Churchyard, & Stout, 2012). Even in carriers of the genetic mutation without overt motor manifestation (so-called premanifest participants, or preHD), speech is characterized by impaired agility, slowing down, and phonatory dysfunction (Chan, Stout, & Vogel, 2019;Riad et al., 2020;Rusz, Saft, Schlegel, Hoffman, & Skodda, 2014). In contrast, in PD, the inhibitory system is increased, leading to reduced movement with hypophonia associated with hypernasality (Novotný et al., 2016). In this population, dysarthria is correlated with syntax comprehension difficulties, suggesting that the prefrontal cortex (known to be partially involved in these language components) is regulated through subcortical basal ganglia pathwa y (Lieberman et al., 1992). Likewise, reduced verb production compared to their noun production performance wa s interpreted in relation to their hypomotility (Péran, Démonet, Pernet, & Cardebat, 2004).

Additional pieces came from several domains. Genetic studies identified the FOXP2 gene in the KE fa mily suffering from developmental dysphasia (Ma cDermot et al., 2005). Half of its members had severe language disorders. They displayed poor performance in lexical decision, picture naming, sentence comprehension, word and nonword repetition, verbal fluency, non-word reading, inflectional and derivational morphology, and past-tense production (Watkins, Dronkers, & Vargha-Khadem, 2002). Both speech repetition disorders and nonverbal deficits in executive functions correlated with caudate nucleus volume (Watkins et al., 2002). Likewise, children with specific language impairment (SLI), a developmental disorder that results from the combined influence of the environment and multiple genetic variants, showed striatal structural and functional abnormalities (Krishnan, [START_REF] Kr Is Hnan | Neurobiologica l basis of langua ge learning difficulties[END_REF]. Despite a heterogeneous profile, an alteration of linguistic rules such as syntax, morphology, and often phonology are observed in the majority of children with SLI (Krishnan et al., 2016;van der Lely, 2005). Children with SLI also performed worse than their peers on the language procedural learning tasks which implicate corticostriatal learning circuits (Krishnan et al., 2016;Liljeholm & O'Doherty, 2012).

These data substantiate the involvement of the striatum in language processes. However, since these data come from different fields that do not interact much, they enrich this enigmatic picture without creating a unified model. Systematic explorations of the role of the striatum in language have therefore been conducted to better understand the role of the striatum in language.

Striatum and language processing experiments

The previous studies were convincing enough to trigger experiments exploring the specific role of the striatum in language processing. They yield various conclusions; some suggest that the striatum may play a genuine role at some level of language processing, while others indicate that attention and executive control handled by networks involving the striatum may have an impact on language processing.

Phonetics

Using picture-naming tasks during aw ake craniotomy of gliomas, Robles, Ga tignol, Capelle, Mitchell, and Duffau (2005) identified lateralized speech disorders associated with striatal stimulation. Direct electrical stimulation of the dominant putamen induced the inhibition of articulatory sequences. Stimulation of the dominant caudate elicited the production of perseverations, which suggests an executive control disorder. Speech deficits were specific to articulation and independent from motor deficit, as demonstrated by concomitant movements assessment of the contralateral hand during the task. These findings were consistent with a study assessing overt speech production and speech without overt sounds (inner or mouthed speech), showing the activation of the left putamen while articulating (Nota & Honda, 2004). Consistently, multilinguals have higher grey matter density in the left putamen when compared to monolinguals, which is related to the mastering of articulatory repertoires from several languages (Abutalebi et al., 2013). In a speech repetition study combining PET, fM RI, and DT I data, the coupling between the speech-related dopamine release and the neural activity in the putamen, which receives descending laryngeal motor cortical projections, suggests the functional importance of the putamen in speech motor control (Simonyan, Herscovitch, & Horwitz, 2013).

Acknowledging the role of control, coordination, and fluidity of voluntary movements by the striatum (Heimer et al., 1982), [START_REF] Ludlow | Speech timing in Parkinson's an d Hu nt ington 's disease[END_REF] interpreted dysarthria in patients with HD, not as a linguistic deficit per se, but as a lack of control of the articulatory system concerning their striatal dysfunction, as are choreatic movements. In stuttering, another disorder af fecting the production of speech flow related to striatal dysfunction, the speech output is disrupted by involuntary repetitions and prolongations of sounds, syllables, words, or phrases as well as involuntary silence without any identified motor deficit (Lawrence & Ba rclay III, 1998). Striatal activity correlates with stuttering severity and is modulated by speech improvement through fluency-shaping therapy (Giraud et al., 2008). Striatal dysfunction appears to af fect self-generated movements and inhibition of competing involuntary movements in language, suggesting that the striatum may be involved in executive control of the speech motor program.

In professional interpreters mastering at least three languages, simultaneous interpretation wa s compared to simultaneous shadowing (Hervais-Adelman, Moser-Mercer, Michel, & Golestani, 2015). Both interpretation and shadowing require the real-time conversion of the input stream from one language to another. They depend on multiple cognitive processes: continuous attention to the incoming speech flow, as well as planning, executing, monitoring, and correcting the speech output. Some processes are only relevant for interpretation but not for shadowing: semantic and syntactic analysis of the input, rapid translation in the other language with recovery of the appropriate lexical and syntactic forms. The left putamen wa s activated in both simultaneous interpretation and shadowing, adding evidence for its role in executive control of articulation in the appropriate language and in inhibiting the non-target language.

In brief, these experiments show that the striatum exerts control on the initiation of articulation, on the selection of the appropriate articulatory repertoire, as well as the inhibition of involuntary articulatory movements.

Phonology

Several studies have shown that the striatum interferes with phonological processing. Using a dopamine tracer in PET imaging, Tettamanti et al. ( 2005) evaluated striatal activity in healthy volunteers using acceptability judgments when reading non-words made from legal and illegal Italian phoneme strings. The accuracy of participants in detecting legal compared to non-legal phonological strings wa s modulated by the release of dopamine in the left caudate head: the poorer the accuracy of the phonological detection task (compared to a baseline condition with symbols instead of letters), the higher the level of dopamine release. To clarify whether the results are related to phonological deficits per se or to executive deficits, Teichmann, Da rcy, Ba choud-Levi, and Dupoux ( 2009) assessed phonological perception in patients with HD through same-different judgments for pairs of words and non-words differing by a single phoneme. They contrasted two conditions -in the first one, HD patients had to discriminate two items (word or nonword) presented in isolation. In the second one, the second item wa s integrated into a long sentence either following or violating a phonological assimilation rule producing a phonemic transformation according to the phrasal context of the native language. The processing of the phonological units presented in isolation as well as the phonological assimilation rules wa s preserved in HD patients. However, their ability to discriminate words and non-words embedded in sentences wa s lower than that of the controls. As neither the processing of isolated phonological units nor the phonological rules were altered, a disorder of working memory or executive control probably explains their deficit in phonological discrimination tasks (Jacquemot, Dupoux, Decouche, & Ba choud-Levi, 2006).

The analysis of errors and reaction times with drift-diffusion models allowed disentangling phonological processing from the executive component of the task (Le Stanc et al., 2020). HD patients displayed poorer performance compared to controls, and above all, make it possible to attribute their deficit to the executive component (attention) rather than to a phonological impairment.

Altogether, these studies suggest that the reduced attentional, monitoring and working memory resources observed in striatal disorders [START_REF] Snowden | The neuropsych olog y of Hu nt ington 's disease[END_REF] alter phonological unit processing.

Morphology

Following Cambier et al. (1979) who reported morphological paraphasias in a patient with left caudate stroke when the antonym wa s asked for (e.g., utile "useful" elicited desinutile "non-useless" with the duplication of the negative af fixation), Ullman et al. (1997) evaluated inflectional morphology in patients with and without striatal dysfunction. They assessed verb conjugation from infinitive to past tense in several populations of patients with striatal dysfunction (HD and PD), and without striatal dysfunction (Alzheimer's disease and aphasic patients). In HD patients, they found excessive use of the defa ult rule of inflection of regular verbs in English (for example, the verb to dig wa s conjugated as "digged" rather than "dug"). In parallel with the role of the striatum in motor programming and excessive motor activity in HD, Ullman et al. (1997) proposed that the striatum may play a comparable role in language rule programming with excessive use of morphological rules yielding to over-regularization. In contrast, patients with PD having a progressive inhibition of their voluntary movements, or akinesia, have reduced use of morphological rules (e.g., patients with unmarked conjugation keeping both dig or look in the conjugation past and present). Ullmann and his colleagues extended this comparison to patients with posterior and anterior aphasia or Alzheimer's disease by showing disturbances in the application of rules (despite an absence of abnormal movements) (Ullman et al., 1997). The role of the striatum wa s thus only attributed to the non-defa ult rule of morphology excluding any role in defa ult rules. It is worth noting that the model did not consider the slight difficulties of patients with the conjugation of regular verbs that respect the defa ult rule.

Subsequent studies provided a contrasted picture. Some of them were consistent with a deficit of morphological rules in patients with striatal disorder, whereas others contradicted this hypothesis. Teichmann et al. ( 2005) replicated these morphological deficits in a larger group of French HD patients during the conjugation of verbs and non-verbs in the present and future tense. They showed that, unlike controls, HD patients conjugate sub-regular non-verbs (supposed to respect non-preeminent French rules, for example in -oir or -ir) by adopting the most prominent French rule in -er (for example, the non-word choupoir wa s mainly conjugated in choupera in the future rather than in choupoira). However, like Ullman et al. (1997), they did not consider the results of the slight deficit of sub-regular verbs, which could have been retrieved from memory rather than by the application of rules. This confirms that the striatum is involved in regular and irregular morphology, even if it appears more pronounced with less frequent rules. Consistently, a PET study showed that performance in both regular and subregular morphological rules of French wa s correlated with the me-tabolism of the different parts of the striatum (Teichmann et al., 2008). In a task of judgment of acceptability in perception, the overregularized non-verbs were more accepted than those following the non-preeminent rule of French in -oir for example (Teichmann, Dupoux, Kouider, & Ba choud-Lévi, 2006). Likewise, [START_REF] Nemeth | Fu nction al mo rpho logy in pre-sympto ma tic hu nt ington 's disease: Evidence from Hu ngarian[END_REF] observed morphological errors in the derivation of Hungarian nouns in asymptomatic carriers of the mutant huntingtin gene (before the onset of the motor symptoms), thus extending the impact of the striatum on rules to nouns, but also excluding any interaction between motor and morphological disorders.

On the other hand, in HD, Longworth, Keenan, Ba rker, Ma rslen-Wilson, and Tyler (2005) excluded an association between striatal dysfunction and the alteration of the morphological rules in conjugation, either in comprehension or in production. Using past tense elicitation tasks, they observed errors in regular and irregular forms, suggesting a general deficit in morphological production regardless of verb regularity. The patients' most frequent error wa s to produce semantically related verbs with the correct inflection (e.g., banged rather than slam med) rather than a wrong inflection of the target verb. Such an inability to suppress semantic alternatives indicates a deficit of executive control to inhibit the competing alternative and/or a true semantic disorder. These hypotheses were evaluated in morphological tasks using the inflection of adjectives (Giavazzi et al., 2018). French HD patients were asked to generate the masculine from the feminine form of pseudo-adjectives. The patients did not produce illegal or aberrant morphological forms but did not produce the correct ones. Ma thematical modeling of the errors suggested a deficit in the selection, rather than the evaluation, of the alternative forms. In other words, patients were able to generate the correct answers in most cases, but sometimes they chose the most frequent rules rather than the correct ones. Their linguistic performance wa s correlated with caudate nucleus volume, suggesting its involvement in linguistic selection. In a verbal production task, patients with PD showed a different error profile according to morphological differences (derived and defa ult position, present and past tense, transitive, and intransitive forms). Their performance wa s correlated with their executive and working memory performance, suggesting that executive functions underlie their verbal production capacities (Colman et al., 2009).

Finally, de Diego Ba laguer, Costa, Sebastian-Ga lles, Juncadella, and Caramazza (2004) showed that HD patients were altered when learning morphological rules. When listening to auditory syllable sequences, participants had to pay attention to the characteristics of verbal stimuli, monitor the likelihood of morpheme transitioning, and switch to other stimuli to identify repeated words or infer certain morphological rules. Their learning disabilities were correlated with caudate atrophy. HD patients' disorder in the process of disengagement and set-shifting (Couette, Ba choud-Levi, Brugieres, Sieroff, & Ba rtolomeo, 2008) could explain their difficulties in learning new rules (Rogers, Andrews, Grasby, Brooks, & Robbins, 2000).

Morphological tasks are impaired in patients with striatal dysfunction. In most cases, patients do not produce aberrant but legal morphological forms, which correspond to the most common morphological rules of their language. In other cases, they produced alternative semantic words. The morphological deficit is better explained by an executive impairment including inhibition, selection, monitoring, and setshifting rather than by a deficit in the processing of morphological units.

Syntax

Contrasting phonotactic, morphological, and syntactic violations, a PET study in healthy participants found that while Broca's area wa s consistently involved in the acceptability judgment of all kinds of violations, the left caudate nucleus and insula were activated only for syntactic violations, indicating their role in syntactic computation (Moro et al., 2001). The role in syntactic computation of the striatum wa s therefore explored in a study contrasting the comprehension of active and passive sentences in French (Teichmann et al., 2005). HD patients were impaired with passive sentences but flaw less in active ones, suggesting that the striatum contributes to the syntactic processing of sentences not following the canonical order of French, requiring "word reordering" transformation. This syntactic impairment correlated specifically with striatal atrophy (Teichmann et al., 2005). However, both performance with canonical and non-canonical sentence metabolism correlated with different parts of striatal metabolism, thus indicating that the striatum is involved in all types of syntactic structures (Teichmann, Ga ura, et al., 2008). The anatomical pathwa y connecting the striatum to Broca's area wa s further explored using a lesion-based approach to mapping white matter disconnection in patients with frontal / striatal lesions af ter a glioma post-surgical resection (Teichmann et al., 2015). They showed that the integrity of the tract connecting BA 44/45 to the left caudate head is essential to accurately perform these syntactic tasks. No such anatomo-clinical association wa s observed in morphological or phonological tasks. These results add a deep "Broca-caudate pathwa y" of BA44 / 45 to current models of the left caudate head, involved in syntactic processing and more specifically in the complex computation necessary for the transformational reorganization of words (Teichmann et al., 2015). The existence of this deep fronto-striatal pathwa y may explain why some patients with striatal injury behave like patients with Broca's aphasia (Bohsali & Crosson, 2016).

Syntactic processing relies in part on verbal working memory and executive control resources to manipulate stored input and rearrange word order (Caplan & Waters, 1999;Fiebach, Schlesewsky, Lohmann, Von Cramon, & Friederici, 2005; Ma kuuchi, Grodzinsky, Amunts, Santi, & Friederici, 2013). To disentangle memory capacity and syntactic processing, Sambin, Teichmann, Sportiche, Schlenker, and Ba choud-Lévi (2012) contrasted several types of syntactic structures that did or did not allow for the coreference between the noun and the pronoun while keeping distance and working memory load constant between the noun and the pronoun. Patients with HD were impaired in comprehending certain syntactic co-reference rules independently of the working memory load. In contrast, their performances were normal in gender agreement, regardless of the distance between the noun and the adjective. The authors concluded that the striatum is involved in certain syntactic rules involving complex calculation and that the syntactic deficits observed in patients were not based on deficits in working memory (Sambin et al., 2012). These results were replicated in speech production when assessing coreference (and to a lesser extent gender agreement) in verbal storytelling by HD patients (Hinzen et al., 2018).

The role of the striatum in controlled versus automatic syntactic processing wa s further explored using evoked response potential (ERP) techniques in patients with brain lesions. For instance, when the verb information does not license the syntactic structure, patients with striatal dysfunction do not show the expected late positivity P600 reflecting controlled syntactic processes (Friederici, Von Cramon, & Kotz, 1999, 2003;Kotz, Frisch, Von Cramon, & Friederici, 2003). Likewise, the striatum of a healthy participant is activated as soon as the automatic processes are insufficient for a satisfa ctory comprehension of the sentences in a task of judging the grammaticality of unambiguous, ungrammatical, and ambiguous sentences (Mestres-Misse, Turner, & Friederici, 2012). The pattern of activation of the left striatum differs according to the types of sentences. Ambiguous and ungrammatical sentences elicit greater activation of the postero-dorsal part of the caudate head and the dorsal and ventral prefrontal cortex, compared to unambiguous sentences. Conversely, ambiguous sentences mainly activate the left antero-ventral part of the caudate head and the left anterior prefrontal cortex compared to ungrammatical sentences. The authors proposed that the striatum is recruited when the sentences conflict with the automatic response and require high-level executive control. They showed the existence of an antero-posterior syntactic gradient in the head of the caudate nucleus, from the simplest syntactic computation in the postero-dorsal to the most complex computation in the antero-ventral portion of the caudate.

Altogether, these studies show that the striatum is involved in syntactic processing. They indicate a deficit in executive control of syntactic processing rather than a loss of syntactic knowledge with a gradient within the striatum according to the level of complexity of syntactic processing.

Lexico-sema ntics

Lexico-semantic, morpho-syntactic, and phonological information related to a word constitute connected but independent levels of representation and are stored in separate networks (Caramazza, 1997). Lexical units include the catalogue of words: the lexicon. The semantic system which encodes the conceptual knowledge and semantic memory (the events of life) is independent from language but can be accessed through it (Patterson et al., 2007). Lexico-semantics relates to the meaning of the lexical units according to the syntactic structure of the sentences and is part of the language system.

There are many arguments for attributing a role of the striatum in lexico-semantic processing. First, recording the firing rate of cells in the head of the caudate in PD patients showed that the cells' firing rate wa s increased within a 400-600 msec window in situations involving lexico-semantic process: reading words rather than pseudowords in a lexical decision task, semantic decision (concrete vs abstract) rather than only reading words, and naming objects compared to control motor condition (Abdullaev & Melnichuk, 1997). In stroke patients with striatal lesion, lexical errors in picture naming and spontaneous speech consisted in perseverations, semantic paraphasia (Thermo meter being named Thermo stat, Lion instead of Wolf in the little red riding hood story), and even fa ntastic paraphasia with for instance the fringe of a scarf named a boa with bells to put around the neck (Cambier et al., 1979;Cappa et al., 1983). HD patients produced fewer content words than healthy controls in a picture description task (Gordon & Illes, 1987). They also had low performance in both categorical and lexical fluency. In these tasks they are asked to produce, in one or two minutes, as many items as they could in a category (e.g., animals), or beginning with a specific letter (Lawrence et al., 1998). Their performance pattern suggests that the striatum is required for switching between competing lexical items [START_REF] Snowden | The neuropsych olog y of Hu nt ington 's disease[END_REF] and points towa rd a disengaging and set-shifting disorder in HD's patients, as in the visual domain (Couette et al., 2008). For example, a trilingual patient with a stroke lesion af fecting the white matter surrounding the head of the left caudate nucleus could not prevent herself from switching from one language to another in a picture-naming production task, suggesting that this part of the caudate nucleus is involved in speech control (Abutalebi, Miozzo, & Cappa, 2000). In a priming paradigm, the activation of the left caudate head wa s greater for semantically related prime and target words from different languages than within the same language in proficient bilingual individuals (Crinion et al., 2006). These data from multilingual participants suggest that the left caudate head has a critical role in executively demanding situations of lexico-semantic processing. In multilingual simultaneous interpreter experts, the caudate nucleus wa s also more activated in simultaneous interpretation conditions which require the overarching selection and control of the lexicosemantic system than in the shadowing condition (Hervais-Adelman et al., 2015). In contrast, in some comprehension tasks, the recovery of semantic information does not seem af fected by striatal dysfunction. HD patients flaw lessly process idiomatic sentences that involve lexical access to a whole phrase such as It is raining cats and dogs (Teichmann, Dupoux, Cesaro, & Ba choud-Levi, 2008). Presumably, because idioms are stored as a whole, the lexical competition may be reduced in this case. The striatum would be more involved in lexico-semantic tasks requiring high executive control demand.

Altogether, the left caudate head has a critical role in executively demanding situations of lexico-semantic processing when dealing with high competition between items. The striatum appears involved in the control, manipulation, and selection of lexical items rather than in their storage.

Models of the striatal impact on language processing

While the number of experiments assessing the role of the striatum in language has increased tremendously, models remain scarce, and none take into account the contrastive view displayed by the recent studies. Here, we review these models before attempting to provide a unified view.

The declarative/procedural dichotom y

The first dedicated model to language processing integrating the striatum as a major component wa s provided by Ullman (2001). As previously stated, he argued for an association between motor disorders, striatal dysfunction, and language deficit in patients. By proposing that the over-regularization of the conjugation of verbs is linked to HD chorea while the decrease in the application of rules to the reduction of movements in PD, he generalized the results obtained in morphology to the linguistic system. He, thus, proposed the "declarative / procedural model" in which the mental lexicon depends on the declarative memory lodged in the temporal lobe and on the procedural component of the rules of language, the mental grammar. This latter component involves procedural memory, in relation to motor programming within the fronto-striatal network (Ullman, 2001). The distinction between declarative and procedural memory is reminiscent of studies exploring the object (noun) and action (verbs) dissociations in aphasic patients. Indeed, most anomic patients with parieto-temporal lesions performed better with verbs than with nouns, while patients with frontal lesions displayed the reverse pattern (Miceli, Silveri, Villa, & Caramazza, 1984). Since exceptions were reported, such as better naming performance with verbs compared to nouns despite fronto-parietal damage (Shapiro, Shelton, & Caramazza, 2000) or verb impairments with spared frontal cortex (Silveri & Di Betta, 1997), alternative explanations were provided for this potential dissociation. They include among others (1) the abstract/concrete dichotomy, verbs being more abstract than nouns (Ba choud-Lévi & Dupoux, 2003), (2) the grammatical category segregation stipulating that because of their syntactic function verbs and nouns are processed in different brain areas (Laiacona & Caramazza, 2004;Shapiro & Caramazza, 2003), (3) the sensory/functional account which posits that the dissociation between verbs and nouns is an effect of their sensory versus functional properties (McCarthy & Warrington, 1985), and (4) the clustering of their common semantic features inducing a dissociation between actions and concepts into the brain (Da masio & Tranel, 1993).

Ullman's declarative / procedural dichotomy hypothesis (Ullman, 2001) inspired many experiments in patients with striatal lesions, some of which have resulted in alternative models. However, as previously reported, not all linguistic rules were impaired in HD: phonological assimilation (Teichmann et al., 2009), gender inflection in adjectives (Giavazzi et al., 2018), andgender agreement (Sambin et al., 2012) were spared, thus contradicting this dichotomic view. Second, the dissociation between regular and irregular verbs fa iled to be replicated in several patients. In this view, regularity (application of rules) is handled by the procedural component and irregularity (stored in the mental lexicon) by the declarative component. However, even in the princeps studies (Teichmann et al., 2005;Ullman et al., 1997) both subregular and, to a lesser extent, regular rules were also impacted by striatal lesions, thereby discarding the dichotomic model. Likewise, worse per-formance in regular compared to irregular verbs and nouns would have been expected in Broca's aphasia and HD patients. Several studies of patients with Broca's aphasia display a contrastive pattern of dissociation between regular and irregular verbs (de Diego Ba laguer et al., 2004;Faroqi-Shah, 2007;Penke, Janssen, & Krause, 1999). Even in HD, the dissociation between regular and irregular verbs and nouns wa s not replicated (Longworth et al., 2005;[START_REF] Nemeth | La ngua ge deficits in pre-sympto ma tic Hu nt ington 's disease: Evidence from Hu ngarian[END_REF]. Finally, errors such as fa ntastic paraphasia (Cambier et al., 1979), frequently observed in aphasic patients with striatal lesions, could not be explained in the declarative/procedural framework.

Late syntactic integration hypothesis and cognitive control in syntax

The functional neuro-imaging studies (ERPs, MEG, fM RI) in healthy participants and anatomo-clinical analysis on patients suffering from vascular or neurodegenerative lesions have identified four successive stages of language comprehension housed in the left hemisphere (Friederici, 2002;Friederici et al., 2003;Friederici, 2011;Friederici & Kotz, 2003;Kotz et al., 2003). ( 1) The phonological and word form segmentation is processed in the auditory cortex and the superior temporal gyrus; (2) the syntactic structure building is associated with the superior temporal gyrus and the inferior frontal gyrus (BA 44); (3) the thematic role assignment and semantic relationships are processed in the middle temporal gyrus and the frontal lobe (BA 44/45 for the morphosyntax analysis and BA 44/45 for the semantic roles); (4) late processes of reanalysis and repair with syntactic integration, for instance when the verb information does not license the syntactic structure, involve a network connecting striatal, frontal and parietal areas (Friederici, 2002). In addition, the authors add working memory resources hosted in the inferior frontal gyrus (BA 44,45/47,44/45) and executive processes hosted in a fronto-striatal loop to the model, which sustains all steps of language and is part of this language network (Friederici, 2002). Re-analysis and repair processes through the parietostriatal network also involve attentional resources (Friederici, 2002;Friederici, 2006;Friederici & Singer, 2015). Early automatic processes are spared in patients with PD, whereas late integrational processes are impaired (Friederici et al., 2003;Friederici & Kotz, 2003;Kotz et al., 2003). In complement, Mestres-Misse et al. (2012) proposed that the striatum is involved in processing all types of syntactic structures with increased control when the sentences become more complex. As syntactic complexity increases, the activation of the striatum slides from the postero-dorsal region to the antero-ventral region. This striatal gradient (with the more rostral part supporting higher and less automatic levels of syntactic comprehension than the caudal part) suggests that different regions of the striatum are involved in syntactic processing, depending on the level of language complexity.

Altogether these authors advocate that the striatum plays a crucial role in a network supporting working memory, attentional, and executive resources required for re-analysis of sentence structure and semantic relations when automatic processes are not sufficient. However, whereas this proposal explains why some syntactic rules are more impaired than others, it does not tackle morphological rules in impairment of HD patients (Giavazzi et al., 2018;Sambin et al., 2012). It cannot explain why not only syntactic but also morphological performances correlate with parts of the striatum in both PET andMRI studies (Teichmann et al., 2005, 2006;Teichmann, Ga ura, et al., 2008).

The GODIVA computational mo del of speech mo tor control

Other models based on neural network simulations, like the Directions Into Velocities of Articulators (DIVA) and the Gradient Order Directions Into Velocities of Articulators (GODIVA) models, focus specifically on the simulation of syllable production. They simulate phonological and phonetic outputs involving the inferior frontal sulcus and the pre-motor cortex, respectively (Guenther, Ghosh, & Tourville, 2006).

According to these models, the putamen, connected to the supplementary motor area and the premotor cortex, contributes to the initiation of motor speech commands and the integration of sensorimotor information to initiate the commands for the next sound to be produced. The caudate intervenes in the planning loop of the phonological sequence via its connection to the pre-supplementary area and to the inferior frontal sulcus (Civier, Bullock, Ma x, & Guenther, 2013;Guenther & Hickok, 2016). These neural modeling approaches focused on the phonetics and phonological levels and did not tackle the other levels of language, thus precluding a unified view.

The striatal control of language levels and verbal executive resources

Although these previous hypotheses have been invaluable in integrating the striatum into the linguistic network, some adjustments are necessary to adapt them to the diversity of impact of striatal processing in language. Whereas the striatum seems involved in all language tasks, it particularly impacts the processing of irregular or infrequent stimuli that involve non-automatic process (Hinzen et al., 2018;[START_REF] Nemeth | La ngua ge deficits in pre-sympto ma tic Hu nt ington 's disease: Evidence from Hu ngarian[END_REF]Sambin et al., 2012;Teichmann et al., 2005;Teichmann, Dupoux, et al., 2008;Ullman et al., 1997), when selection, inhibition, and monitoring load is increased (Abutalebi et al., 2000;Aron et al., 2003;Crinion et al., 2006;Friederici et al., 2003;Giavazzi et al., 2018;Hervais-Adelman et al., 2015;Kotz et al., 2003;Longworth et al., 2005), or when set-shifting is needed (De Diego-Ba laguer et al., 2008;[START_REF] Snowden | The neuropsych olog y of Hu nt ington 's disease[END_REF]. Morphological errors in HD patients may result from a deficit of the inhibition of competing alternatives (Longworth et al., 2005) or a deficit in the selection process between alternatives (Giavazzi et al., 2018).

The linguistic experiments reported above support the idea that the striatum intervenes at least when an automatic or defa ult choice is not available, highlighting its role in executive control of language. This includes processes such as flexibility (the ability to shift attention focus including set-shifting), planning (the ability to organize a series of processes), and monitoring (the ability to memorize, update, inhibit and select information) that support all levels of language. The striatal neuronal loss follows a dorso-ventral gradient in HD (Kassubek et al., 2004). As the more executively demanding linguistic operations are processed in antero-ventral regions of the striatum (Mestres- Misse et al., 2012), it may explain why some linguistic processes such as syntax or morphology, are more af fected in HD patients. The hypothesis of the striatal executive control of language also explains aphasic patients' findings (Kreisler et al., 2000). Non-fluent aphasia, associated with putamen lesion, may result from a disorder of the initiation component of the executive functions triggering the overt production of language. Verbal paraphasias and perseverations, associated to temporal and caudate lesions, are consistent with an inhibition disorder and an inability to select the best choice among competing alternatives, and disengagement and set-switching deficit respectively (Kreisler et al., 2000).

Disentangling the specific role of the striatum from the frontal lobe remains difficult because functional and white matter connectivity studies showed that the left inferior and middle frontal gyri are connected to both the caudate nucleus and the putamen (Bohsali & Crosson, 2016;Catani & Thiebaut de Schotten, 2012;Draganski et al., 2008;Leh, Ptito, Chakravarty, & Strafella, 2007;Lehéricy et al., 2004;Tomasi & Volkow, 2012). Connectivity pathwa ys link the caudate nucleus to the ventral lateral prefrontal cortex, and the putamen to the primary motor and premotor cortical regions [START_REF] Leh | Fron to -striat al co nn ection s in th e hu ma n brain: A probabilistic diffusion trac to graphy stud[END_REF]Lehéricy et al., 2004), with these cortical regions being involved in all levels of language processing. The premotor cortex and supplementary motor area (BA 6) are associated with phonetic processing (Pulvermuller et al., 2006). The inferior frontal cortex is divided up into three different territories: a dorsal part (BA 44/6) associated with phonology, a middle part (BA 45/44) associated with syntax, and a more inferior part (BA 47/45) associated with verbal semantic content (Amunts & Zilles, 2006;Bookheimer, 2002;Hagoort, 2005). The left inferior frontal gyrus is also an activated region in tasks assessing morphological processing (Leminen et al., 2019) Within the fronto-striatal network, the striatum is involved in the executive control of each level of language (see Fig. 2).

In addition to the core language levels, verbal working memory and attention are resources needed for the language processing to be efficient (Astheimer & Sanders, 2009;Brunia & Van Boxtel, 2004;Cowa n, 2010;Grossman, Carvell, Stern, Gollomp, & Hurtig, 1992;Grossman, Lee, Morris, Stern, & Hurtig, 2002;Jacquemot et al., 2006;Jacquemot, Dupoux, & Ba choud-Levi, 2011;Jacquemot & Scott, 2006;Pritchard & Hendrickson, 1985). Their deficits are not only concomitant with language deficits but actually contribute to the very nature of those deficits (Colman et al., 2009;Jacquemot & Scott, 2006;[START_REF] Mcneil | Defining apha sia: So me th eo retica l an d clinical implicat ions of operat ing from a fo rmal definition[END_REF]. At the phonological level, they allow for the segmentation of speech stream into words and the online syllabification in which the context needs to be continuously evaluated, and allow processing for monitoring complex sentences at the semantic and syntactic levels (Caplan & Waters, 1999;Grossman et al., 2002;Indefrey & Levelt, 2004;Jacquemot et al., 2006Jacquemot et al., , 2011;;Jacquemot & Scott, 2006;Ma rtin & Romani, 1994).

Verbal working memory recruits brain regions of the language network, namely the left posterior superior temporal sulcus and supramarginal gyrus, the left ventrolateral prefrontal cortex, the supplementary motor area, and the insula (Jacquemot & Scott, 2006). The activity of both prefrontal and caudate regions is associated with inter-individual differences in working memory capacity (McNab & Klingberg, 2008). The caudate nucleus contributes to the control of working memory by monitoring the information maintained in verbal working memory (Lewis, Dove, Robbins, Ba rker, & Owen, 2004;Niendam et al., 2012). This role has been shown through the impairment of HD patients in verbal memory tasks with high monitoring load (Teichmann et al., 2009). In a task requiring high working memory monitoring, HD patients show lower brain activation than controls in the left prefrontal cortex (both dorso-and ventrolateral regions), the left inferior parietal cortex, and the left striatum, with an activation plateau in the left striatum and left inferior frontal gyrus (BA 44) not observed in controls (Wolf, Vasic, Schönfeldt-Lecuona, Ecker, & Landwehrmeyer, 2009), thereby highlighting the role of the striatum in controlling the verbal working memory.

The striatum also contributes to the control of the verbal attention network which associates the left intraparietal sulcus, the temporoparietal junction, the left inferior frontal gyrus, and middle frontal gyrus [START_REF] Pugh | Audito ry selective at tent ion: An fM RI investigat ion[END_REF]Shaywitz et al., 2001). In a paradigm contrasting the monitoring of verbal and spatial attention, the head of the left caudate nucleus and the left anterior cingulate were more activated when monitoring verbal attention, thus supporting their role in the control of verbal attention (Ali, Green, Kherif, Devlin, & Price, 2010).

Altogether, the striatum seems an essential node within the left fronto-striatal network for not only the executive control of language levels but also of both verbal working memory and verbal attention.

Toward an integrative language system

The role of the striatum in language appears crucial in a conflicting situation or when the defa ult rule is not available, thus explaining the discrepancy between the results of some previous studies. As an example, Nadeau and Crosson (1997) showed aphasic profile only in a few patients with striatal lesions whereas Kreisler et al. (2000) identified it as the major structure for predicting aphasia in brain lesions. This might rely partly on the numerous confounding variables of task demands, associated deficits, or imaging analyses. Our review shows that the striatum impacts all levels of language through their executive control with various involvement regarding the type of the task.

At the phonetic level, it allows to initiate articulation, select the appropriate articulatory forms and motor program, and inhibit involuntary movement (Abutalebi et al., 2013;Giraud et al., 2008;Hervais-Adelman et al., 2015;Nota & Honda, 2004;Robles et al., 2005;Simonyan et al., 2013). At the phonological level, it updates and monitors the series of phonemes rather than processing phonological units per se (Le Stanc et al., 2020;Teichmann et al., 2009;Tettamanti et al., 2005). At the morphological level, striatal dysfunction leads to morphological legal or semantic errors and induces (in most cases) the use of the default rule which suggests a striatal role in selecting, inhibiting, monitoring, and set-shifting between the various morphological alternatives rather than in building morphemes The caudate nu cleus is connected to the ventral lateral prefrontal cortex, wh ereas as the pu tame n is connected to the prima ry motor and premotor cortical regions (Leh et al.,20 07 ;Lehéricy et al.,20 04 ). BA for Broadma nn area. (Colman et al., 2009;De Diego-Balaguer et al., 2008;Giavazzi et al., 2018;Longworth et al., 2005;[START_REF] Nemeth | Fu nction al mo rpho logy in pre-sympto ma tic hu nt ington 's disease: Evidence from Hu ngarian[END_REF]Teichmann et al., 2005Teichmann et al., , 2006;;Ullman et al., 1997). Similarly, at the syntactic level, striatal dysfunction leads to syntactic interpretation errors that follow the canonical or most frequent syntactic order; thereby suggesting a role of the striatum in the executive control of the syntactic processing rather than of syntactic knowledge (Friederici et al., 2003;Hinzen et al., 2018;Kotz et al., 2003;Mestres-Misse et al., 2012;Moro et al., 2001;Sambin et al., 2012;Teichmann et al., 2005Teichmann et al., , 2015)). Finally, at the lexico-semantic level, the striatum intervenes in executively demanding situations of lexical processing. It is required to select the proper linguistic alternative among others, to memorize, update, and monitor linguistic units when disambiguation or reanalysis is needed and to shift attention focus between stimuli to extract regularities (Abdullaev & Melnichuk, 1997;Abutalebi et al., 2000;Cambier et al., 1979;Cappa et al., 1983;Crinion et al., 2006;Gordon & Illes, 1987;Hervais-Adelman et al., 2015;Lawrence et al., 1998). Altogether, striatal dysfunction can induce language disturbances at all levels, not by affecting the processing of linguistic units and rules per se, but rather by damaging the manipulation of these units and rules and promoting the default form, when available, in conflicting situations. In ecological situations, during real-life exchanges, ambiguous situations often occur with mispronounced words, truncated sentences, syntactic errors, ambiguous context (for a review see [START_REF] Fedorenko | The role of do ma in-general co gnitive co nt rol in langua ge C co mprehe nsion[END_REF]. Presumably, the striatum is involved in language, whatever the task, through its role in executive control which participates in the efficiency and fluidity of language from simple to more complex linguistic situations,. This explains why in PET and fMRI imaging studies, various parts of the striatum are activated in tasks assessing phonetics, phonology, morphology, and syntax whatever the complexity of the target items (Giraud et al., 2008;Mestres-Misse et al., 2012;Teichmann et al., 2008). This involvement follows a gradient from simple linguistic situations requiring low executive demand and activating caudal regions to more complex situations requiring higher executive demand processed in more rostral regions (Mestres-Misse et al., 2012).

A further question is whether the role of the striatum in executive control is specific to language processing. Executive control is not limited to language processing and the striatum may be involved in executive control regardless of the domain. Executive control is often viewed as a domain-general process regulating not only language but also visual processing, arithmetic, and motor processing among others [START_REF] Fedorenko | The role of do ma in-general co gnitive co nt rol in langua ge C co mprehe nsion[END_REF]. Indeed, executive abilities in the non-verbal domain correlate with performance in demanding language tasks in healthy participants (Shao, Roelofs, & Meyer, 2012;Ta ler, Aaron, Steinmetz, & Pisoni, 2010). Children with SLI displaying low nonverbal executive abilities are impaired in complex sentence processing (Im-Bolter, Johnson, & Pascual-Leone, 2006;van der Lely, 2005). Multilinguism has advantages not only in verbal tasks (Bialystok & Feng, 2009;Filippi et al., 2015;Filippi, Leech, Thomas, Green, & Dick, 2012), but also in non-verbal tasks requiring executive control (Bialystok, Craik, & Luk, 2012). Higher capacity of executive control mechanisms allows for filtering out verbal interference or compensating for weaker language proficiency (i.e., smaller vocabulary size of bilinguals as compared to the vocabulary size of monolinguals) and confers nonlinguistic skills too (Bialystok et al., 2012). The striatum is also involved in domain-general processes of response selection, response inhibition, and conflict monitoring (Botvinick, Cohen, & Carter, 2004;Grahn, Parkinson, & Owen, 2008). Both the right and left striatum are integrated into a network including the prefrontal, dorsal anterior cingulate, the superior parietal lobe, and the supramarginal gyrus dedicated to general executive control (Cocchi, Zalesky, Fornito, & Ma ttingley, 2013;Monchi, Petrides, Strafella, Worsley, & Doyon, 2006;Niendam et al., 2012;Provost, Petrides, Simard, & Monchi, 2012). This network is altered in HD patients (Pini et al., 2020;Pini et al., 2020).

Here, we propose that some aspects of executive control are specific to language and that the striatum is a major node of this verbal executive control network. First, the advantage of multilingualism has been questioned in a growing number of studies showing similar performance between monolingual and multilingual participants in nonverbal reasoning (Duñabeitia et al., 2014;Filippi, Ceccolini, Periche-Tomas, Papageorgiou, & Bright, 2020;[START_REF] Paap | There is no co he rent evidence fo r a bilingua l ad vant age in execut ive proc essing[END_REF]Paap, Johnson, & Sawi, 2014); fa ctors not included in previous studies such as socio-economic status, for example, may have confounding effects [START_REF] Lehtonen | Is bilingua lism associat ed with enha nced execut ive function ing in ad ults? A meta -an alytic review[END_REF]. In addition, verbal and non-verbal executive control can be impaired or spared independently in patients (Jacquemot & Ba choud-Levi, 2021, in revision;Murray, 2017). When available, anatomical data of patients with executive deficit specific to language tasks, show lesions that include the left caudate nucleus (Jacquemot & Ba choud-Levi, in revision). This suggests that even if verbal and non-verbal executive control processes overlap in many cases, they can partially dissociate. Furthermore, Chan, Ryan, and Bever (2013) identified separate networks dedicated to verbal and nonverbal executive control and showed that the striatum is part of a language-specific executive control network. They contrasted verbal and non-verbal conditions in the same material in experiments assessing executive control and the expected responses were the same in the two conditions. The only difference wa s the rule governing reordering: in the verbal condition, material had to be re-ordered according to syntactic or lexico-semantic rules while in the non-verbal one it had to be re-ordered following switching rules order. The verbal condition showed higher activation of the left-lateralized frontal-subcortical network encompassing the anterior striatum (putamen and caudate nucleus), the dorsolateral and ventrolateral prefrontal cortex, and the supplementary motor area extending to the left anterior cingulate than the non-verbal condition (Chan et al., 2013).

These data trigger a conceptual move from a modular model of language including only linguistic units and rules towa rd an interactive model of the language system which includes executive control, working memory, and attentional resources. Ullman's proposal reflects a rather encapsulated approach of language [START_REF] Fodor | The mo du larity of mind[END_REF] whereas further models endorse an interactive view of language involving both working memory, executive, and attentional resources (Civier et al., 2013;Friederici, 2006;Mestres-Misse et al., 2012) while focusing on specific levels of language processing -phonetics, phonology, or syntax all the while leaving apart the other levels of language. Here, we propose a model that integrates each step of language processing and the essential functions allowing for flaw less utilization.

In this model, the striatum is part of a verbal executive network that improves the efficiency and fluidity of language, enabling online processing of language at each level (phonetics, phonology, morphology, syntax, and lexico-semantics) by regulating, monitoring, and controlling the allocations of limited cognitive resources (verbal working memory and verbal attention) for processing linguistic units and rules (Fig. 3A). Its novelty is that rather than considering executive control, working memory, and attention as collaborating with language, we posit that they are part of the language system through their verbal component and that without them the language processes would not be efficient. Within the network linking the prefrontal cortex to the striatum, the left caudate would be required for the control of language processes, which refer to the allocation of resources for keeping track of verbal items selected and stored so fa r, to perform a linguistic task. The left putamen that shares both structural and functional connectivity with cortical areas involved in motor speech production may be more specifically related to the control of speech production to fa cilitate its motor execution (Fig. 2). In addition to this fronto-striatal loop, two networks provide an anatomical substrate of the language system that allows to reconcile data from different domains of cognition and pro- viding direction for future research: the ventrolateral prefrontal cortex, the supplementary motor area, the gyrus temporal superior, and the tempo-parietal junction are essential for the verbal working memory network, while the inferior parietal lobule, the dorsolateral and ventrolateral prefrontal cortex, and the tempo-parietal junction are central to verbal attention (Fig. 3B).

This might remind a proposition by Ben Shalom and Poeppel (Ben Shalom & Poeppel, 2008; see also Hagoort, 2013) which describes the processing of language according to three types of operations: "memorizing" (retrieval of stored items) in the temporal lobe, "analyzing" (processing of items) in the parietal lobe, and "synthesizing" (combinatory process) in the frontal lobe. In our proposal, we aimed to clarify and specify the interaction between executive functions and each level of language processing. Although the underlying model is not equivalent, making direct comparison difficult, the "memorizing" function may correspond to the semantic memory and lexical-semantic units in our model. The "analyzing" function relates to working memory and attention process that involve two separate networks in our model with mainly frontal and temporal regions for working memory and frontal and parietal regions for attention (Fig. 3B). The "synthetizing" function corresponds to the executive control of language processes, which we propose to be sustained by a network connecting the striatum to the frontal lobe (Figs. 2 and3B). We also posit that the resources required for language to be efficient: executive control, working memory, and attention contribute to the language system through a verbal component. Last but not least, in contrast with the cortical models, we integrate the striatum into our model, as an essential part of the language network connecting executive functions to language levels.

Conclusion

By proposing a review of the literature about the striatum's impact on language, it appears that reconciling all the data, imposes the formulation of an integrative model of language including not only the linguistic rules and units, but also their executive control by the striatum. This striatal role in executive control also applies to both verbal working memory and verbal attention as integrated components of language processing. Our proposal might appear over-simplified. However, it remains clear that most experiments designed for language exploration often treat executive functions as a whole. Conversely, studies exploring executive functions rarely specify the linguistic component at play, even if they imply language processing. This precludes providing a full specification of the model. In addition, some of the brain imaging experiments did not integrate networks but rather focused on regions of interests with an a priori focus on one domain or one structure, giving little place on the balance between several structures or domains of the same network, and thus to the striatum. et al., 2003et al., Friederici et al., 2003 
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Fig. 1 .

 1 Fig. 1. Classical func tional and anatomical model of language processing. A: Classical func tional model of the language system includ ing ph onetics (repertoire of articulatory program ), ph onology (set of speech soun ds), morph ology (how the soun ds combine to form words), syntax (how words combine to form sentenc es) and lexico-sema ntics (words and their me aning) B. An atomical model of language areas in the left hemisphere. Phonetics is associated with PM C and SMA (Pu lvermu ller et al., 20 06 ) Phonology is associated with the STG/STS, IFG, SMA and the insula (Hickok & Poeppel, 20 04 ; Jacquemot et al., 20 03 ; Poeppel, 20 14 ). Morph ology and words are associated with the MTG, SMG and IFG (Devauc helle et al., 20 09 ; Pallier et al., 20 11 ; Price, 20 12 ). Syntax is associated with the IFG (Pattam adilok et al., 20 16 ). Lexico-sema ntics is associated with the anterior part of the temporal cortex, the AG, MTG and (Chatrchyan et al., 20 14 ; Hoffma n et al., 20 15 ; Patterson et al., 20 07 ; Vand enbe rghe et al., 19 96 ). AG: angular gyrus, DLPFC: dorsolateral prefrontal cortex, IFG: inferior frontal gyrus, ITG: inferior temporal gyrus, MTG: middle temporal gyrus, PCG: precentral gyrus, PM C: Premotor cortex, SMA: suppleme ntary motor area, SMG: suprama rginal gyrus, STG: superior temporal gyrus, STS: superior temporal sulcu s, VLPFC: Ventrolateral prefrontal cortex.

Fig. 2 .

 2 Fig. 2. Fronto-striatal network of verbal executive control over language levels. Phonetics is associated with premotor cortex and suppleme ntary motor area (BA 6) (Pu lvermu ller et al., 20 06 ), ph onology with a dorsal part (BA 44 /6) of the IFG, syntax with middle part (BA 45 /44 ) of the IGF, lexico-sema ntics with a more inferior part (BA 47 /45 ) of the IFG (Am un ts & Zilles, 20 06 ; Bookheimer, 20 02 ; Hagoort, 20 05 ) and morph ology with the IFG (Leminen et al., 20 19 . The caudate nu cleus is connected to the ventral lateral prefrontal cortex, wh ereas as the pu tame n is connected to the prima ry motor and premotor cortical regions (Leh et al., 20 07 ; Lehéricy et al., 20 04 ). BA for Broadma nn area.

Fig. 3 .

 3 Fig. 3. An atomico-func tional integrative model of language. A. Func tional model of language includ ing executive control, working me mory and attention resources. Executive func tions includ e a non-verbal and a verbal component. The verbal components of executive control, working me mory, and attention are part of the language system. The verbal executive control exerts control over the linguistic rules and un its, the verbal working me mory, and the verbal attention. B. An atomical model of language system in the left hemisphere includ ing verbal executive control associated with the dorsolateral and ventrolateral prefrontal cortex, and the suppleme ntary motor area (Chan et al., 20 13 ), verbal working me mory associated with posterior superior temporal sulcu s and suprama rginal gyrus, the left ventrolateral prefrontal cortex, the suppleme ntary motor area, and the insula (Jacquemot & Scott, 20 06 ; Lewis et al., 20 04 ) and verbal attention associated with the left intraparietal sulcu s, the temporo-parietal junc tion, the left inferior frontal gyrus, and middle frontal gyrus (Pu gh et al., 19 96 ; Shaywitz et al., 20 01 ).
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