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Abstract 

Background: During development, axon guidance molecules direct axonal pathfinding, organize 

neuronal connectivity, neuronal function, transmitter release, and, ultimately, behavior. In the 

course of preparing the current thesis, I have had the rare opportunity to investigate these effects 

due to (1) the previous identification of a four-generational Quebec family, half of whom are 

haploinsufficient (+/-) for the axon guidance molecule receptor gene, DCC, and (2) well-

characterized DCC-deficient transgenic mouse models. Previous work indicates that transgenic 

mice with impaired DCC function exhibit (i) a mirror-type hopping gait, (ii) failure of 

interhemispheric crossing of commissural and corticospinal axons, and (iii) increased dopamine 

pathway innervation to the medial prefrontal cortex coupled with blunted striatal dopamine 

release and diminished sensitivity to stimulant drugs. Among the members of the aforementioned 

Quebec family, two-thirds of the DCC+/- mutation carriers exhibit "mirror movements". In these 

individuals, voluntary movements on one side of the body elicit simultaneous, involuntary 

movements on the contralateral side. Given DCC’s role in axon guidance, it was first 

hypothesized that DCC+/- mutation carriers with mirror movements would exhibit evidence of 

multiple connectivity alterations including atypical motor activations in the “mirroring” 

hemisphere, reduced interhemispheric inhibition, a greater functional ipsilateral corticospinal 

tract, and altered commissural white matter integrity. Secondly, it was hypothesized that DCC+/- 

mutation carriers would exhibit altered mesocorticolimbic features affecting connectivity, 

volumes, and associated behaviors. Finally, it was predicted that DCC mutation carriers would 

have reduced DCC mRNA expression. 

Methods: Fifty-six participants were tested, including 13 DCC+/- mutation carriers with mirror 

movements, 7 DCC+/- mutation carriers without mirror movements, 16 DCC+/+ relatives, and 20 
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unrelated healthy volunteers (UHV). Neuroimaging modalities included functional magnetic 

resonance imaging (fMRI), structural MRI, diffusion tensor imaging (DTI), transcranial 

magnetic stimulation (TMS), and resting state fMRI. Employing a translational approach, 

automated morphometric analyses of mesocorticolimbic regional brain volumes were conducted 

in DCC haploinsufficient humans and mice.  

Results: As anticipated, DCC+/- mutation carriers with mirror movements exhibited functional 

ipsilateral corticospinal tracts, more bilateral motor representations, reduced interhemispheric 

inhibition, and reduced DCC mRNA expression. Both DCC+/- mutation carrier subgroups 

exhibited reductions in white matter integrity of the corpus callosum and one DCC+/- mutation 

carrier without mirror movements exhibited partial agenesis of the corpus callosum. Within the 

mesocorticolimbic system, both DCC+/- mutation carrier groups exhibited reductions in 

anatomical connectivity between the midbrain and target sites in both the striatum and prefrontal 

cortex, as well as reduced novelty seeking and cigarette smoking. Finally, striatal volumetric 

reductions were observed in both DCC+/- haploinsufficient humans and mice.  

Conclusions: The translational investigations described here provide evidence that the axon 

guidance molecule receptor, DCC, alters brain connectivity, structure, function, and behavior in 

humans. The findings have implications for our understanding of differential susceptibility to 

putative mesocorticolimbic and brain connectivity related neuropsychiatric disorders.  
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Résumé 

Contexte: Au cours du développement, les molécules de guidage axonal dirigent la détection des 

axones en organisant la connectivité et la fonction neuronale, la libération du transmetteur et, 

finalement, le comportement. J'ai eu la rare occasion d'étudier ces effets au moyen (1) de 

l'identification d'une famille québécoise de quatre générations, dont la moitié des individus est 

haploinsuffisante (+/-) pour le gène du récepteur de la molécule axonale DCC et (2) des modèles 

de souris transgéniques déficients en DCC. Des travaux antérieurs indiquent que les souris 

transgéniques avec la fonction du gène DCC altérée présentent (i) une allure de saut du type 

miroir, (ii) une défaillance du croisement interhémisphérique des axones commissuraux et 

corticospinaux et (iii) une augmentation de l’innervation de la voie dopaminergique vers le 

cortex frontal médial associée à une réduction de la libération de la dopamine dans le striatum et 

à une diminution de la sensibilité aux médicaments stimulants. Parmi les membres identifiés de 

la famille québécoise, les deux tiers des porteurs de la mutation DCC+/- présentent des 

«mouvements en miroir». Chez ces individus, les mouvements volontaires d'un côté du corps 

provoquent des mouvements involontaires simultanés du côté controlatéral. On a d'abord 

supposé que les porteurs de la mutation DCC+/- présentant des mouvements en miroir 

montreraient aussi : des altérations de connectivité multiples incluant des activations motrices 

atypiques dans l'hémisphère "miroir", une inhibition interhémisphérique réduite, une 

augmentation de la fonctionnalité de la voie corticospinale, et une altération de l’intégrité de la 

substance blanche commissurale. Deuxièmement, on a formulé l'hypothèse que les porteurs de la 

mutation DCC+/- présenteraient des caractéristiques mésocorticolimbiques altérées affectant la 

connectivité, les volumes et les comportements associés. Enfin, on a prédit que les porteurs de la 

mutation DCC auraient une expression réduite de l'ARNm DCC. 
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Méthodes: Cinquante-six participants ont été testés, dont 13 étant porteurs de la mutation DCC+/- 

avec mouvements en miroir, 7 étant porteurs de la mutation DCC+/- sans mouvements miroir, 16 

étant porteurs DCC+/+ dans la famille et 20 étant volontaires sains sans relation familiale. Les 

modalités de neuro-imagerie ont compris l'imagerie par résonance magnétique fonctionnelle 

(IRMf), l'IRM structurelle, l'imagerie du tenseur de diffusion, la stimulation magnétique 

transcrânienne (SMT) et l'IRMf au repos. Des analyses morphométriques automatisées des 

volumes cérébraux régionaux mésocorticolimbiques ont été effectuées chez des souris et des 

humains haploinsuffisants en DCC.  

Résultats: Les porteurs des mutations DCC+/- présentant des mouvements en miroir ont montré 

des voies corticospinales ipsilatérales fonctionnelles, des représentations motrices plus 

bilatérales, une inhibition interhémisphérique réduite et une expression réduite de l'ARNm DCC. 

Les deux sous-groupes de porteurs de mutations DCC+/- ont présenté des réductions dans 

l'intégrité de la substance blanche du corps calleux et un seul porteur de la mutation DCC+/- sans 

mouvements en miroir a présenté une agénésie partielle du corps calleux. Dans le système 

mésocorticolimbique, les porteurs de mutations DCC+/- ont présenté des réductions dans la 

connectivité anatomique, une réduction dans la recherche de nouveauté et dans le tabagisme. 

Finalement, des réductions volumétriques striatales ont été observées chez les humains et les 

souris présentant un DCC+/- haploinsuffisant.  

Conclusions: Les recherches translationnelles décrites ici montrent que le récepteur de la 

molécule à guidage axonal, le DCC, modifie la connectivité, la structure, la fonction et le 

comportement du cerveau chez l'homme. Ces résultats ont des implications pour la 

compréhension de la susceptibilité différentielle aux troubles neuropsychiatriques associées à la 

connectivité cérébrale et mésocorticolimbique. 
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Contributions to Original Knowledge 

 Prior to the studies in the present manuscript-based PhD thesis dissertation, studies of 

human DCC mutation carriers focussed on the motor system, and particularly of participants who 

expressed mirror movements. The factors driving the partial penetrance of mirror movements 

among mutation carriers had not been explored. In Chapter II, the neurophysiology of the motor 

system is characterized in DCC mutation carriers, both with and without mirror movements. By 

employing generalized estimating equations, it was possible to examine which effects were 

attributable to mirror movements and which were best accounted for by the DCC mutation. 

Moreover, we identified a plausible candidate explanation for the partial penetrance of mirror 

movements, whereby decreased peripheral levels of DCC mRNA were seen in DCC mutation 

carriers with MM but not in those without MM. This first manuscript is currently under revision 

at the journal, Annals of Neurology (Impact factor: 10.2; ID: ANA-18-0177.R2).  

 In chapter III, I present the first investigation of the mesocorticolimbic system in humans 

carrying a mutation to DCC, guided by hypotheses that were based on the rapidly growing 

literature in Dcc mutant mice (Flores, 2011; Hoops and Flores, 2017). For the first time, I 

identified alterations in the connectivity of mesocorticolimbic pathways, the volumes of 

mesocorticolimbic terminal structures, and associated personality traits and behaviors. The 

human findings strikingly parallel the previously reported connectivity and behavioral findings 

in Dcc mutant mice. Moreover, the study includes evidence of reductions in striatal volume in 

DCC haploinsufficient humans and mice. Finally, by characterizing how alterations to DCC 

affect the mesocorticolimbic system, it may help elucidate the associations between genetic 

polymorphisms in DCC and psychiatric disorders long hypothesized to reflect disturbances to 

these pathways (Grant et al., 2012; Manitt et al., 2013; Dunn et al., 2016; Okbay et al., 2016; 
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Yan et al., 2016; Torres-Berrío et al., 2017; Ward et al., 2017; Zeng et al., 2017; Leday et al., 

2018; Smeland et al., 2018; Wray et al., 2018). This second manuscript was published in the 

Journal of Neuroscience (Impact factor: 5.9) (Vosberg et al., 2018).



1 
 

Chapter I: General Introduction 

1.1 Overview 

Ten years ago, a Quebec family was identified, one-third of whom exhibited a 

neurological phenomenon known as mirror movements, whereby intentional movements on one 

side of the body elicited concurrent involuntary movements on the other side (Srour et al., 2009). 

The affected individuals were subsequently found to possess a haploinsufficient mutation in a 

gene that encodes for a receptor called DCC (deleted in colorectal cancer) (Srour et al., 2010). 

DCC receptors play a critical role in axon guidance in rodents (Sun et al., 2011). The goal of my 

PhD thesis was to determine whether DCC haploinsufficiency in humans leads to disturbances in 

axonal pathfinding and neuronal connectivity. First, I hypothesized that the mirror movements 

exhibited by DCC mutation carriers might reflect alterations in commissural (Keino-Masu et al., 

1996) and corticospinal pathways (Fazeli et al., 1997). Therefore, my first objective was to 

determine whether alterations to these pathways occur in humans.  

Second, based on the work by Flores and colleagues showing that DCC receptors 

orchestrate the development of the mesocorticolimbic dopamine system in rodents (Flores et al., 

2005; Flores, 2011; Hoops and Flores, 2017), I hypothesized that DCC mutation carriers might 

exhibit reorganization of mesocorticolimbic circuitry. Since mesocorticolimbic dopamine 

pathways are implicated in the regulation of mood and motivational states (Leyton 2010), and 

since a rapidly accumulating literature indicates that genetic variants and altered expression of 

DCC are associated with diverse psychiatric disorders (Grant et al., 2012; Manitt et al., 2013; 

Dunn et al., 2016; Okbay et al., 2016; Yan et al., 2016; Torres-Berrío et al., 2017; Ward et al., 

2017; Zeng et al., 2017; Leday et al., 2018; Smeland et al., 2018; Wray et al., 2018), the second 

main objective of my thesis was to determine whether DCC haploinsufficiency in humans affects 
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mesocorticolimbic connectivity and whether these alterations associate with changes in 

dopamine-mediated behaviors. 

1.2 Mirror movements  

             Mirror movements can occur in children but they do not normally persist beyond age 10 

(Rasmussen, 1993). These age-linked and quite subtle movements are potentially explained by 

low levels of interhemispheric inhibition resulting from incomplete maturation of the corpus 

callosum (Mayston et al., 1999). Mirror movements that persist into adulthood are more rare, and 

can be a consequence of neurological and developmental disorders including Klippel-Feil 

syndrome (Gunderson and Solitare, 1968; Farmer et al., 1990), Kallmann syndrome (Krams et 

al., 1997; Mayston et al., 1997; Krams et al., 1999), agenesis of the corpus callosum (Lepage et 

al., 2012), and Parkinson’s disease (Espay et al., 2005; Cincotta et al., 2006; Li et al., 2007). 

Adult mirror movements occurring in the absence of obvious neurological disorders have been 

reported also, and some early reports hinted at the unusual neural regulation that they reflected. 

For example, when a patient with lifelong mirror movements experienced a hemiplegia inducing 

stroke, voluntary movements in his paralyzed right hand became impossible yet this same hand 

continued to exhibit mirror movements (Haerer and Currier, 1966). Since the patient’s daughter 

and granddaughter also had mirror movements, they were evidently of familial origin (Haerer 

and Currier, 1966).  

 Other instances of familial mirror movements occurring in the absence of frank 

neurological disorders have been reported. Typically these rare families exhibit a pattern of 

autosomal dominant inheritance with incomplete penetrance, although recessive inheritance and 

sporadic cases have been identified (Srour et al., 2009; Depienne et al., 2012; Ahmed et al., 

2014; Méneret et al., 2014; Marsh et al., 2017). A 1967 review, summarizing articles published 
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between 1891 and 1966, identified congenital mirror movements in 14 families (59 affected 

individuals, twice as many males as females) (Regli et al., 1967). Since then, numerous 

additional cases and families have been identified, including the Quebec family of the present 

investigations (Srour et al., 2009), as well as families in Iran (Sharafaddinzadeh et al., 2008), 

Pakistan (Ahmed et al., 2014), France, Italy, Germany (Depienne et al., 2011; Depienne et al., 

2012), North Africa, Australia (Marsh et al., 2017), and Mexico (Jamuar et al., 2017).  

Mirror movements are primarily observed in the hands and fingers and, less frequently, in 

muscles of the feet, toes, and face. Mirror movements may be complete or fractionated compared 

to the voluntary movements, such as mirroring a subset of the muscles or having smaller 

amplitudes (Franz et al., 2015). The degree to which mirror movements are disruptive to daily 

functioning varies across cases but generally they are not incapacitating. However, since those 

with mirror movements cannot perform asymmetric movements, they may experience difficulties 

climbing ladders or ropes, running, sewing, shoe tying, typing, playing musical instruments, and 

crawl (but not breast stroke) swimming (Haerer and Currier, 1966; Regli et al., 1967; Cohen et 

al., 1991).  

              Within the Quebec family, the following characteristics were identified during their 

initial assessment. The penetrance of mirror movements is higher among males, the movements 

are not dependent on handedness, and all affected individuals present them in the forearms, 

hands, and fingers, while a subset exhibit mirror movements in the feet and toes. Commonly 

affected tasks include writing, tapping, and typing. Half of those with mirror movements report 

the capacity to partially suppress mirror movements. Generally, the mirror movements are not 

experienced as disabling, although some individuals report social difficulties stemming from 

self-consciousness of their condition (Srour et al., 2009).   
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1.3 Neurophysiology of congenital mirror movements  

             Voluntary fine motor movements, particularly of the muscles of the distal extremities, 

are subserved by the corticospinal tract. Of the axons composing this tract, 40% project from the 

motor cortex, via the internal capsule and cerebral peduncle, to the medullary pyramids. The 

fibers then cross the midline at the pyramidal decussation, and, finally, terminate in the motor 

neurons of the ventral horn of the spinal cord (Kandel et al., 2012) (Figure 1). In primates, 87% 

of the corticospinal axons decussate at the medullary pyramids, and, among those that do not, the 

majority cross the midline at the level of the spinal cord while a small proportion remain 

ipsilateral (Rosenzweig et al., 2009). Similarly, in rats, 96-98% of corticospinal axons innervate 

the contralateral spinal cord (Rouiller et al., 1991). In humans, neuroimaging studies have 

demonstrated that unilateral hand movements are primarily associated with increased activations 

in the contralateral hemisphere (primary motor cortex, supplementary motor area, premotor 

cortex, and basal ganglia), while the cerebellum is primarily activated in the ipsilateral 

hemisphere (Shibasaki et al., 1993; Turner et al., 1998).  

The ability to perform exclusively unilateral movements (something that people with 

mirror movements cannot do) is normally regulated by inhibitory interhemispheric pathways of 

the corpus callosum (Beaulé et al., 2012). This interhemispheric inhibition can be assessed using 

transcranial magnetic stimulation (TMS) of the motor cortices and electromyographic (EMG) 

recordings of muscles in the hands. In healthy individuals, if TMS is applied to the motor cortex 

in one hemisphere immediately prior to stimulating the contralateral one, then the EMG activity 

following the test stimulus will be inhibited (Ferbert et al., 1992). In further support of  
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Figure 1. Recreated and adapted with permission from Jaspers et al. (2016). Diagram depicting 

trajectory of descending corticospinal tracts (red and blue) from the motor cortex to the spinal 

cord, decussating at the medullary pyramids in the medulla oblongata. (Jaspers et al., 2016) 
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interhemispheric inhibition in motor pathways in healthy individuals, unilateral hand movements 

are associated with increased activations of the contralateral motor cortex and decreased 

activations in the ipsilateral motor cortex, assessed using functional magnetic resonance imaging 

(fMRI) (Newton et al., 2005).  

 1.3.1 Ipsilateral corticospinal tract   

 In individuals with mirror movements, EMG recordings of the voluntary and mirroring 

muscles indicate that the onset times, durations, and magnitudes of responses are highly 

correlated (Forget et al., 1986). These observations raised the possibility that, in addition to 

reduced interhemispheric inhibition, people with mirror movements also have more ipsilateral 

corticospinal tracts. TMS provides one strategy to investigate this possibility. 

 The first TMS study, conducted in a single individual, found that direct stimulation of the 

primary motor cortex elicited bilateral EMG responses in the abductor pollicis brevis and 

abductor digiti minimi muscles, which occurred effectively simultaneously (within 0.1-0.7 ms) 

(Konagaya et al., 1990). Strikingly, the ipsilateral EMG responses were of a greater amplitude 

than the contralateral EMG responses, suggesting an ipsilateral corticospinal tract with greater 

connectivity than the contralateral corticospinal tract (Konagaya et al., 1990). A subsequent TMS 

study of three individuals with mirror movements found that EMG onset times were delayed by 

1-4 ms in the ipsilateral, compared to the contralateral, hand muscles (Capaday et al., 1991). 

These responses are still temporally close. Indeed, TMS-induced physiological mirror 

movements in normal children occur after a delay of 12-200 ms (Reitz and Müller, 1998). As 

further evidence that abnormal corticospinal tract decussation underlies mirror movements, 

bilateral hypertrophy of the corticospinal tract was identified in Kallmann syndrome patients 

with mirror movements (Krams et al., 1999). 
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  1.3.2 Bilateral motor representations  

            Cohen et al., (1991), like Capaday et al., (1991), also reported TMS-EMG evidence of an 

ipsilateral corticospinal tract in two mirror movement participants. Moreover, Cohen and 

colleagues also found evidence that voluntary ipsilateral movements elicited bilateral 

premovement potentials. Intriguingly, these premovement potentials originated only in the 

hemisphere contralateral to the voluntary movement, and after 10 ms were observed in both 

hemispheres, suggesting a spread of the motor activation to the ipsilateral “mirroring” 

hemisphere (Cohen et al., 1991). The authors also found evidence of bilateral blood flow 

increases in motor cortices induced by unilateral movements, as measured with positron 

emission tomography (PET). This effect, however, was only observed in one of the two mirror 

movement participants. This mirror movement participant demonstrated an ipsilateral to 

contralateral motor cortex activation ratio of 1.09, markedly greater than the ratios observed in 

the control subjects (mean: 0.11, range: -0.27 to 0.24) (Cohen et al., 1991). The other mirror 

movement participant was excluded due to a failure of unilateral movements to reliably induce 

blood flow increases to the contralateral motor cortex (Cohen et al., 1991). Despite the 

shortcomings, these findings provided the first demonstration that mirror movements are 

associated with bilateral motor representations, suggesting abnormalities in callosal 

interhemispheric pathways.  

 In contrast to the observations reported by Cohen et al., (1991), a subsequent PET study 

with two mirror movement participants performing unilateral voluntary movements identified 

sensorimotor blood flow increases only in the contralateral cortex (Kanouchi et al., 1997). 

Moreover, in a third PET study, mirror movement participants exhibited bilateral motor 

representations, but similar ipsilateral motor cortex activations were produced by passive 
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movements alone (Krams et al., 1997). This raised the possibility that the ipsilateral motor cortex 

activations might not be contributing to the expression of mirror movements but, instead, might 

be explained by sensory feedback from the ipsilateral “mirroring” hand (Krams et al., 1997). 

These observations noted, the low spatial resolution of PET, rendering localization of the motor 

hand area challenging, might have contributed to the discrepant findings.  

 fMRI offers superior anatomical and temporal resolution (1-1.5 mm, 3-5 sec) compared 

to PET (4 mm, 45 sec) (Volkow et al., 1997). The first fMRI study of individuals with mirror 

movement found bilateral activations in the hand area during unilateral voluntary finger 

movements, with the ipsilateral hand area activations in the same location but of a smaller 

magnitude compared to the contralateral hand area (Leinsinger et al., 1997). However, as 

proposed by Krams et al. (1997), the ipsilateral activations are potentially explained by sensory 

feedback from the mirroring hand.  

             The above foundational studies leave some key questions open but provide evidence that 

individuals with mirror movements exhibit a functional ipsilateral corticospinal tract, as 

demonstrated by nearly simultaneous ipsilateral motor evoked potentials in the hand induced by 

unilateral TMS (Capaday et al., 1991; Cohen et al., 1991; Kanouchi et al., 1997; Cincotta et al., 

2002). The reduced crossing of corticospinal projections may consequently innervate ipsilateral 

muscles, and functionally produce movements that mirror the activity of the contralateral 

muscles. Additionally, despite the caveats noted above, individuals with mirror movements 

exhibit more bilateral motor cortex activations during unilateral movements (Cohen et al., 1991; 

Krams et al., 1997; Leinsinger et al., 1997; Cincotta et al., 2002), which may be a consequence 

of decreased transcallosal inhibitory pathways (Hübers et al., 2008).  
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 1.3.3 Mirror movement genes   

  In addition to DCC (Srour et al., 2010), two other genes have been implicated in mirror 

movements, RAD51 (Depienne et al., 2012) and DNAL4 (Ahmed et al., 2014). Some of the 

mirror movement features appear to be common across the genetic etiologies, while others differ. 

The best-studied of these are RAD51 mutation carriers, and they have been the focus of at least 

one multimodal neuroimaging investigation. These individuals exhibit evidence of ipsilateral 

corticospinal tracts, bilateral motor representations during unilateral movements, and reduced 

interhemispheric inhibition (Gallea et al., 2013). Each of these alterations is hypothesized to 

occur in DCC mutation carriers. This noted, there are some motor differences in the gene defined 

populations. Whereas RAD51 mutation carriers exhibit full mirror movements, such that the 

mirroring hand completely mirrors the intended hand, DCC mutation carriers exhibit 

“fractionated” mirror movements, such that the mirroring hand movements are more fragmented 

and saccadic (Franz et al., 2015). In both groups, though, some DCC and RAD51 mutation 

carriers who do not display visually-evident mirror movements do exhibit subtler mirror 

movements that have been detected using accelerometer gloves (Franz et al., 2015).  

1.4 Axon guidance 

             During neurodevelopment, the navigation of axons towards their targets is directed by 

extracellular axon guidance cues, which attract or repel growing axons by inducing molecular 

changes in their growth cones (Dickson, 2002). Growth cones are versatile structures with actin-

based finger-like extensions (filopodia) and protruding sheets (lamellipodia) in their peripheral 

domains and microtubules in their central domains. Growth cones elongate, retract, or turn based 

on the dynamics of cytoskeletal proteins, including actin filaments and microtubules. These 

effects of guidance cues are accomplished by inducing alterations in the relative rates of 
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polymerization and depolymerization in actin filaments as well as changes in microtubule 

stabilization (Kalil and Dent, 2005; Dent et al., 2011). These processes play a critical role in 

organizing brain connectivity, and the human brain comprises up to 180,000 km of myelinated 

axons (Drachman, 2005). Remarkably, this staggering complexity of the nervous system is 

organized by comparatively few guidance cue families, including the netrins, slits, semaphorins, 

and ephrins (Dickson, 2002).  

 1.4.1 DCC is an axon guidance molecule receptor for Netrin-1 

             DCC is a transmembrane receptor for the laminin-related extracellular molecule, Netrin-

1 (Keino-Masu et al., 1996). The name, deleted in colorectal cancer, is based on DCC’s initial 

discovery as a potential tumor suppressor gene, due to the loss of heterozygosity identified in 

human colorectal cancers (Duman-Scheel, 2012). Since the 1990s, the role of DCC as a tumor 

suppressor gene has been the subject of ongoing debate, with some evidence in non-human 

animals implicating DCC in tumor suppression (Duman-Scheel, 2012).  

 DCC is a member of the large immunoglobulin superfamily, and its extracellular 

domains are composed of four immunoglobulin domains, in addition to six fibronectin type III 

repeats (Hedrick et al., 1994) (Figure 2). The fourth, fifth, and sixth fibronectin type III repeats 

constitute the binding sites for Netrin-1 (Finci et al., 2014; Xu et al., 2014). In humans, the DCC 

gene is located on chromosome 18 and comprises 29 exons (Cho et al., 1994). While attractive 

effects of Netrin-1 are mediated by DCC alone, repulsive actions are mediated by 

DCC/uncoordinated 5 homologues (UNC5H) receptor complexes (Keino-Masu et al., 1996; 

Manitt and Kennedy, 2002; Barallobre et al., 2005; Finci et al., 2014). The role of DCC in axon 

guidance is evolutionarily conserved, with homologous proteins and functions in C. elegans 

(Chan et al., 1996), Drosophila (Kolodziej et al., 1996), and Xenopus (de la Torre et al., 1997).   
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Figure 2. Adapted with permission from Springer Nature Customer Service Centre GmbH: 

Springer Nature © (Marsh et al., 2017). Structure of the human DCC gene, comprising 29 exons 

and depicting protein domains. IgC2: immunoglobulin-like type C2 domain; FN3: fibronectin 

type III–like domain; TM: transmembrane domain; P1–3: proline-rich conserved motifs. Netrin-

binding site comprises the 4th, 5th, and 6th FN3.  
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Other Netrin-1 receptors that interact with DCC in axon guidance include Down's syndrome Cell 

Adhesion Molecule (DSCAM) (Ly et al., 2008) and Neogenin (Mawdsley et al., 2004; De Vries 

and Cooper, 2008).   

             In the developing neural tube, DCC is expressed by commissural axons that are attracted 

to Netrin-1 (Kennedy et al., 1994; Keino-Masu et al., 1996; Livesey, 1999). Across development, 

DCC is highly expressed throughout the nervous system (Gad et al, 1997; Harter et al, 2010; 

Livesey and Hunt, 1997). Brain regions expressing DCC include the commissural pathways: the 

corpus callosum, hippocampal commissure, and anterior commissure (Shu et al., 2000). DCC 

and Netrin-1 are also expressed in dopamine cell bodies and terminal regions (Osborne et al., 

2005; Manitt et al., 2010; Manitt et al., 2011), and this includes the substantia nigra, ventral 

tegmental area, striatum, cerebellum, hippocampus, and cerebral cortex (Gad et al., 1997; 

Livesey and Hunt, 1997; Osborne et al., 2005; Grant et al., 2007; Harter et al., 2010; Manitt et 

al., 2010; Reyes et al., 2013).  

             1.4.2 Commissural and corticospinal tracts in DCC mutant mice 

 Dcc homozygous mice with targeted deletions of exon 3 do not survive beyond 24 

hours. However, examination of their brains post-mortem identified profound perturbations in 

commissural pathway development, including absences of the corpus callosum and hippocampal 

commissure (Fazeli et al., 1997; Finger et al., 2002), and Probst bundles (i.e., longitudinal white 

matter fibers that fail to cross the midline) (Fazeli et al., 1997). A separate strain of Dcc 

homozygous mice survives to adulthood carrying a spontaneous mutation that deletes exon 29 

(Finger et al., 2002). These mutant mice are named “kanga” because they exhibit a symmetric 

hopping gait (Finger et al., 2002), a parallel to the mirror movements observed in humans 
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carrying a DCC mutation. Consistently, there are failures of corticospinal tract crossing in Dcc 

homozygous “kanga” mice (Finger et al., 2002).  

              1.4.3 Human DCC mutations and mirror movements  

  In the Quebec family, mirror movements are due to an abnormal skipping of exon 6 

leading to a premature stop codon that encodes a truncated DCC protein that fails to bind to 

Netrin-1 (Srour et al., 2010). Bolstering support for this association, Srour and colleagues (Srour 

et al., 2010) also identified a DCC frameshift mutation (a guanine insertion into exon 3) in an 

Iranian family with congenital mirror movements. More recently, both heterozygous (Marsh et 

al., 2017) and homozygous (Jamuar et al., 2017) DCC mutations in humans were reported to 

underlie partial and complete agenesis of the corpus callosum, features that are also seen in DCC 

homozygous mice (Fazeli et al., 1997; Finger et al., 2002). Moreover, DCC mutation carriers in 

some families lack a hippocampal commissure (Jamuar et al., 2017; Marsh et al., 2017), a feature 

again seen in Dcc homozygous mice (Fazeli et al., 1997; Finger et al., 2002). In addition to these 

neurobiological alterations, the human DCC homozygous mutation carriers exhibit scoliosis, 

horizontal gaze palsy, and intellectual disability (Jamuar et al., 2017). In comparison, the IQ of 

DCC heterozygous mutation carriers identified by Marsh and colleagues ranged from normal to 

borderline intellectual impairment (Marsh et al., 2017).  

 To calculate the penetrance of these DCC mutation-related features, Marsh et al. (2017) 

analyzed data from their own study (9 families) and previous reports (Srour et al., 2009; Srour et 

al., 2010; Depienne et al., 2011; Méneret et al., 2014; Franz et al., 2015), and determined that, 

among 88 DCC mutation carriers, mirror movements and agenesis of the corpus callosum were 

seen in 42% and 26%, respectively. Mirror movements were more common in males and 

agenesis of the corpus callosum was more common in females, as observed in the Quebec 
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family, suggesting a role for gonadal hormones. The location of the mutation appears to be 

critical. Among the DCC missense mutations, all 8 were associated with agenesis of the corpus 

callosum, while two were additionally associated with mirror movements. Moreover, five of 

these missense mutations occurred in the Netrin-1 binding regions, the fourth, fifth, and sixth 

fibronectin type III-like domains (Marsh et al., 2017). In comparison, among the two DCC 

mutations resulting in a truncated DCC protein, both were associated with mirror movements and 

callosal agenesis, and these occurred in the immunoglobulin-like type C2 domain (Marsh et al., 

2017). Modelling of the DCC/Netrin-1 interactions predicted that the mutations of DCC in the 

Netrin-1 binding regions would induce the greatest disturbances to the ligand’s binding, as well 

as DCC’s dimerization and axon guidance (Marsh et al., 2017). Interestingly, Marsh et al. (2017) 

reported tentative evidence that testosterone administration increases DCC expression, while 

acknowledging that other genetic and environmental factors must be implicated as well. Indeed, 

testosterone levels alone do not explain why callosal agenesis cases are more prevalent among 

females and mirror movements are more prevalent among males. 

 Using TMS and diffusion tensor imaging tractography, it was demonstrated that DCC 

haploinsufficient humans exhibit increased ipsilateral corticospinal projections (Marsh et al., 

2017; Welniarz et al., 2017). Whole-brain diffusion tensor imaging investigation of one DCC 

homozygous individual confirmed the absence of commissural fibers as well as the presence of 

Probst bundles adjacent to the lateral ventricles (Jamuar et al., 2017). Broad reductions in non-

commissural fibers were also identified, particularly in the anterior-posterior orientation; those 

that remained were markedly disordered and characterized by strikingly diminished axonal 

integrity, as assessed with fractional anisotropy (Jamuar et al., 2017).  

 Strikingly, it was recently discovered that, in four out of ten DCC mutation carriers with 
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mirror movements, painful sensations on one side of the body were induced by noxious 

mechanical stimulation of the contralateral side of the body (da Silva et al., 2018). These 

bilateral somatosensory sensations in DCC mutation carrier humans are congruent with the 

increased ipsilateral spinothalamic connectivity and somatosensory representations observed in 

mice with Dcc selectively knocked out in the spinal cord (da Silva et al., 2018). 

 Finally, mutations in DCC and Netrin-1 have recently been identified in patients with 

Kallmann syndrome, which is often associated with mirror movements (Bouilly et al., 2018).  

1.5 Mesocorticolimbic system

 The mesocorticolimbic dopamine system comprises two main ascending pathways 

arising from the ventral tegmental area (VTA) in the upper brainstem: (i) the mesolimbic 

pathway that primarily innervates the nucleus accumbens (NAcc), in addition to the olfactory 

tubercle, septum, hippocampus, and amygdala, and (ii) the mesocortical pathway that projects 

most densely to the prefrontal, cingulate, and perirhinal cortices (Arias-Carrión et al., 2010) 

(Figure 3). In comparison, the nigrostriatal dopaminergic pathway projects from the VTA 

adjacent substantia nigra pars compacta (SNc) to the dorsal striatum (Arias-Carrión et al., 2010). 

This mesolimbic and nigrostriatal dopamine distinction is readily dissociable in rodents, but is 

more complex in primates, such that mesocorticolimbic dopamine fibers project from both the 

VTA and SNc (Düzel et al., 2009). Compared to rodents, the primate cortical dopamine 

projections are also more widespread, innervating the entire cortical mantle, albeit more so to 

anterior than posterior regions (Lewis et al., 2001; Taber et al., 2012).  

 1.5.1 Personality traits 

 In humans, variability in mesocorticolimbic dopamine function is implicated as a 

contributing factor to differences in personality traits and susceptibility to a wide range of  
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Figure 3. Human (left) and mouse (right) mesocorticolimbic systems, adapted with permission 

from Arias-Carrión et al. (2010) and Flores (2011). mPFC: medial prefrontal cortex; NAcc: 

nucleus accumbens; SN: substantia nigra; VTA: ventral tegmental area.  
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psychiatric disorders (Hutchison et al., 1999; Yasuno et al., 2001; Chau et al., 2004; Whitton et 

al., 2015; Leyton, 2017). For instance, in PET imaging studies individual differences in 

amphetamine-induced dopamine release in the ventral striatum are positively associated with 

novelty seeking (Leyton et al., 2002) and impulsivity related traits (Buckholtz et al., 2010). 

These findings were not unanticipated. In laboratory rodents, it has been reported that the degree 

of exploration of novel environments correlates positively with cell firing rates of midbrain 

dopamine cells (Marinelli and White, 2000) and the magnitude of stimulant-induced dopamine 

release in the NAcc (Hooks et al., 1991). These associations are thought to reflect dopamine’s 

influence on the salience of emotionally and motivationally relevant stimuli (Leyton, 2010). For 

example, in people with Parkinson’s disease on vs. off L-DOPA (high vs. low dopamine state), 

the high dopamine state is associated with increased sensitivity to reward and decreased 

sensitivity to punishment; the opposite pattern is observed when patients are in a low dopamine 

state (Frank et al., 2004).  

 1.5.2 Psychiatric disorders  

Many psychiatric disorders appear to reflect, in part, alterations to the organization of 

mesocorticolimbic circuitry, as evidenced by alterations in the functional connectivity in these 

pathways in people with schizophrenia (Horga et al., 2016), psychostimulant addiction (Gu et al., 

2010; Konova et al., 2013; Kohno et al., 2014; Lu et al., 2014), and depression (Harrison et al., 

2009; Furman et al., 2011; Felger et al., 2016). Alterations to the mesocorticolimbic system are 

also implicated in an influential animal model of substance use disorders whereby repeated drug 

use induces sensitization of mesolimbic dopamine pathways, such that the drug-induced 

behavioral and dopamine responses progressively increase over time; since there are individual 
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differences in the magnitude of sensitization that animals develop, those that exhibit little 

sensitization might be less susceptible to excessive drug intake (Kalivas and Stewart, 1991; 

Vezina, 2004; Robinson and Berridge, 2008). Preliminary studies raise the possibility that 

multiple features of this model are relevant in humans too (Leyton & Vezina 2014; Leyton 

2017). 

1.6 The role of DCC in mesocorticolimbic circuitry  

 DCC receptors play a critical role in the development of the mesocorticolimbic dopamine 

system. Adult Dcc or Netrin-1 haploinsufficient mice show alterations in mesocorticolimbic 

development, function, and associated behaviors (Grant et al., 2007; Flores, 2011; Auger et al., 

2013; Kim et al., 2013; Pokinko et al., 2015; Hoops and Flores, 2017). This includes reduced 

sensitivity to the rewarding properties of stimulant drugs. For example, Dcc haploinsufficient 

mice exhibit a decreased ability of amphetamine paired cues to acquire incentive value as 

measured by reduced conditioned place preferences to the drug (Grant et al., 2007; Kim et al., 

2013). Whereas cocaine administration increases intracranial self-stimulation behaviors in wild 

type mice, this effect is blunted in Dcc haploinsufficient mice (Reynolds et al., 2016). Upon 

repeated amphetamine administration, Dcc haploinsufficient mice fail to develop behavioral 

sensitization (Flores et al., 2005).  

 Adult Dcc haploinsufficient mice also exhibit disturbances in the function and 

connectivity of mesocorticolimbic dopamine pathways (Flores, 2011; Hoops and Flores, 2017). 

In the medial prefrontal cortex (mPFC), adult Dcc haploinsufficient mice exhibit increased 

baseline and amphetamine-induced dopamine release, relative to controls (Grant et al., 2007) 

whereas in the NAcc, they exhibit blunted amphetamine-induced dopamine release (Grant et al., 

2007). Dcc haploinsufficient mice or those with conditional Dcc haploinsufficiency in dopamine 
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neurons exhibit increased dopamine fiber innervation to the mPFC (Manitt et al., 2011; Reynolds 

et al., 2015; Reynolds et al., 2018) and decreased dopamine innervation to the NAcc (Reynolds 

et al., 2018). In the pyramidal neurons of layer V of the mPFC, a site that is densely innervated 

by dopamine axons, the dopamine connectivity changes lead to structural and functional 

modifications including reductions in dendritic spine density and dendritic arborisation, and 

reduced excitability (Grant et al., 2007; Manitt et al., 2011; Manitt et al., 2013). In comparison, 

the effects in the NAcc might result from the reduced dopamine innervation to this region 

(Reynolds et al., 2018), and, secondly, from the increased dopamine transmission in the mPFC 

since converging evidence indicates that dopamine activity in the mPFC inhibits dopamine 

activity in the NAcc (Carr and Sesack, 2000; Ventura et al., 2004; Pokinko et al., 2015). 

The above Dcc mutation-induced dopamine-related effects are age-dependent. The 

effects are observed in adult Dcc haploinsufficient mice but not in post-weanlings or adolescent 

mice (Grant et al., 2009). The emergence of the Dcc haploinsufficient phenotype in adulthood 

might reflect alterations in DCC and UNC5H levels across development. In developing embryos 

and pre-adolescent mice, DCC levels are high and UNC5H levels are relatively low (Manitt et 

al., 2010). In comparison, between adolescence and adulthood, DCC levels decrease and 

UNC5H levels increase, such that the ratio of DCC to UNC5H shifts from predominantly DCC 

to predominantly UNC5H (Manitt et al., 2010). This developmental shift in Netrin-1 receptors 

coincides with the marked increase of mesocortical dopamine fibers to the mPFC in adulthood, 

relative to adolescence (Hoops and Flores, 2017). Indeed, it has recently been demonstrated that 

dopamine axons continue to grow to the prefrontal cortex during adolescence, a developmental 

process that is mediated by DCC (Reynolds et al., 2018).  
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1.6.1 DCC and psychiatric disorders  

 Like the age-dependent effects of Dcc haploinsufficiency, many psychiatric disorders 

begin during adolescence (Paus et al., 2008). Recently, genetic and postmortem studies have 

linked DCC with psychiatric disorders, particularly those that are thought to reflect to varying 

degrees alterations in mesocorticolimbic system function, as discussed below.  

 1.6.2 Schizophrenia  

Two studies have linked polymorphisms in the DCC gene with schizophrenia. Genetic 

variation in DCC was investigated in a case-control sample comprising 556 unrelated 

schizophrenic patients and 208 healthy controls. A single nucleotide polymorphism (SNP) 

(rs2270954) in DCC was found to be associated with schizophrenia. The authors postulated that 

this SNP, in the 3’ untranslated region containing regulatory sequences, may lead to a reduction 

of translation efficacy and stability among schizophrenia patients, and consequently, increased 

translation of DCC mRNA (Grant et al., 2012).  

The above finding was bolstered by a more recent study of 454 schizophrenia patients 

and 486 healthy controls that associated another DCC SNP (rs2229080) with schizophrenia (Yan 

et al., 2016). The authors found evidence that rs2229080 may induce a protein structural change 

and alter splicing regulation, and postulated that this might change the mesocorticolimbic 

dopamine circuitry and ultimately lead to schizophrenia (Yan et al., 2016).  

 1.6.3 Depression 

 There is increasing evidence that alterations in genetic variants and expression of DCC 

affect susceptibility to mood dysregulation and suicide. Two studies have shown that depressed 

suicide completers exhibit elevated DCC mRNA expression in the prefrontal cortex (Manitt et 
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al., 2013; Torres-Berrío et al., 2017). Furthermore, a SNP (rs4542757) in an intron of DCC has 

been associated with depressive symptoms in a genome wide association study (GWAS) which 

comprised 3,138 Hispanic/Latina women (Dunn et al., 2016). Although this effect did not 

achieve genome-wide significance and was not identified in a replication sample, the GWAS 

study was likely underpowered (Dunn et al., 2016). Consistent with this assertion, a larger 

GWAS study (n = 161,460) identified an association between depressive symptoms and a SNP 

(rs62100776) in DCC (Okbay et al., 2016). Moreover, two independent GWAS samples (n= 

6455, n= 18,759) identified associations between major depressive disorder and the Netrin-1 

signaling pathway, comprising SNPs from multiple genes involved in Netrin-1 signaling, 

including DCC  (Zeng et al., 2017). Furthermore, a genome-wide investigation of differential 

gene expression identified 165 differentially expressed genes in major depressive disorder, 

including overexpression of DCC (Leday et al., 2018). Most recently, a GWAS meta-analysis of 

135,458 individuals with major depression and 344,901 controls identified 44 genomic loci 

significantly associated with depression, including DCC (rs11663393) (Wray et al., 2018).  

 The above associations might reflect an effect on mood instability, a clinical feature 

common to numerous psychiatric disorders (Broome et al., 2015). In a GWAS study of 60,443 

controls and 53,525 mood instability cases, genome-wide significance was detected for four 

independent genetic loci, including DCC (rs8084280) (Ward et al., 2017). Moreover, genetic 

correlations, which assess the degree of shared heritability between phenotypes, were identified 

between mood instability and three psychiatric conditions: major depressive disorder, 

schizophrenia, and anxiety disorder (Ward et al., 2017). 
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1.7 Objectives and hypotheses 

  As discussed here in chapter 1, the identification of the four generational Quebec family 

(n= 36), 20 of whom have a DCC mutation, has permitted investigation of the effects of DCC 

mutations on both the motor system and the mesocorticolimbic system, in living human brain. 

This presented an exceedingly rare opportunity to expand our knowledge of an axon guidance 

cue considered critical to the formation of commissural, corticospinal, and mesocorticolimbic 

pathways. These studies were also expected to help illuminate mechanisms mediating the 

lateralization of neural pathways. Finally, by investigating potential alterations in 

mesocorticolimbic pathway connectivity, structure, function, and associated behaviors, this work 

might also have implications for our understanding of a wide range of neuropsychiatric 

disorders. 

 Chapter 2 constitutes the first manuscript of the dissertation, and it presents multimodal 

neuroimaging and genetic investigations of the motor systems of DCC mutation carriers with and 

without mirror movements. A first objective was to determine, for the first time, the movement-

induced activations, resting state functional connectivity, and interhemispheric inhibition of the 

motor system in DCC mutation carriers. Moreover, we aimed to identify neurobiological factors 

that might account for the partial penetrance of mirror movements in DCC mutation carriers. 

Finally, we sought to characterize the neurophysiology of the motor system in DCC mutation 

carriers without mirror movements. Overall, it was hypothesized that DCC mutation carriers with 

mirror movements would exhibit greater “mirroring” motor representations, reduced 

interhemispheric inhibition, altered motor system functional connectivity, alterations in callosal 

fiber integrity, and reduced DCC mRNA expression. DCC mutation carriers without mirror 

movements might exhibit only some of these effects.  



  

23 
 

 Chapter three, the second manuscript of the dissertation, presents investigations of the 

mesocorticolimbic system in DCC mutation carriers. The following objectives and hypotheses 

were based on predictions from the anatomical, functional, and behavioral phenotypes of adult 

Dcc haploinsufficient mice (Flores, 2011; Hoops and Flores, 2017). For the first time, we sought 

to measure anatomical and functional connectivity in mesocorticolimbic circuitry in human DCC 

mutation carriers. It was predicted that DCC mutation carriers would exhibit alterations in 

mesocorticolimbic connectivity. It was hypothesized that DCC haploinsufficient humans would 

exhibit behavioral and personality traits consistent with diminished striatal dopamine 

transmission, including reductions in psychoactive substance use. Additionally, using automated 

volumetric MRI analyses, we tested whether there are striatal or cortical morphometric 

differences in DCC haploinsufficient humans and mice, allowing assessment of the 

translatability of these effects. Finally, we tested mice during adolescence and adulthood, 

allowing us to ask whether hypothesized volumetric effects precede or parallel the previously 

reported modifications observed in the mesocorticolimbic pathways of adult, but not adolescent, 

Dcc haploinsufficient mice.  
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ABSTRACT 

 

Objective: Recently identified mutations of the axon guidance molecule receptor gene, DCC, 

present an opportunity to investigate, in living human brain, mechanisms affecting neural 

connectivity and the basis of mirror movements, involuntary contralateral responses that mirror 

voluntary unilateral actions. We hypothesized that haploinsufficient DCC+/- mutation carriers 

with mirror movements would exhibit decreased DCC mRNA expression, a functional ipsilateral 

corticospinal tract, greater “mirroring” motor representations, and reduced interhemispheric 

inhibition. DCC+/- mutation carriers without mirror movements might exhibit some of these 

features.   

Methods: The participants (n=52) included 13 DCC+/- mutation carriers with mirror movements, 

7 DCC+/- mutation carriers without mirror movements, 13 relatives without the mutation or 

mirror movements, and 19 unrelated healthy volunteers. The multimodal approach comprised 

quantitative real time polymerase chain reaction, transcranial magnetic stimulation (TMS), 

functional magnetic resonance imaging (fMRI) under resting and task conditions, and measures 

of white matter integrity.  

Results: Mirror movements were associated with reduced DCC mRNA expression, increased 

ipsilateral TMS-induced motor evoked potentials, increased fMRI responses in the “mirroring” 

M1 and cerebellum, and markedly reduced interhemispheric inhibition. The DCC+/- mutation, 

irrespective of mirror movements, was associated with reduced functional connectivity and white 

matter integrity.    

Interpretation: Diverse connectivity abnormalities were identified in mutation carriers with and 

without mirror movements, but corticospinal effects and decreased peripheral DCC mRNA 
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appeared driven by the mirror movement phenotype. 
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INTRODUCTION 

 The axon guidance molecule receptor, DCC (deleted in colorectal cancer), plays a critical 

role in directing normal decussation of corticospinal tract (CST) and commissural pathways. In 

homozygous DCC mutant mice, the ensuing failure of axonal interhemispheric crossing is 

associated with a lack of asymmetric movements1. Similar to the murine motor phenotype, 

humans with DCC mutations exhibit mirror movements (MM); that is, voluntary actions on one 

side of the body elicit simultaneous involuntary movements on the contralateral side2.  

The human DCC mutation related MM are substantially more pronounced than the 

smaller mirror movements that are commonly exhibited by young children and then, at around 

age 10, disappear following maturation of the corpus callosum and the development of normal 

interhemispheric inhibition3. Also unlike healthy children, adults with severe congenital MM 

exhibit evidence of a pronounced ipsilateral CST4-8, and, among the recently identified DCC 

mutation carriers, some have agenesis of the corpus callosum, MM, both phenotypes, or neither 

phenotype8-10.  

A number of important features in DCC mutation carriers remain unknown. It is 

unknown whether they exhibit abnormal motor cortex activations, motor system connectivity, or 

interhemispheric function. The neurophysiological phenotype of DCC mutation carriers without 

MM is unknown. There is currently no explanation to account for the partial penetrance of MM 

among mutation carriers.  

 To map in detail the neurocircuitry of DCC mutation related MM, we have completed 

multimodal neuroimaging in 33 members of a large, four-generational Quebec family with a 

DCC frameshift mutation (NM_005215.3, c.1140+1G>A). This mutation results from abnormal 

skipping of exon 6, leading to a premature stop codon that encodes a truncated DCC protein that 
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fails to bind to its ligand, netrin2. Our a priori predictions were that, relative to controls, DCC 

mutation carriers with MM would exhibit an increased functional ipsilateral CST, increased 

“mirroring” motor representations, reduced interhemispheric inhibition, alterations in motor and 

interhemispheric anatomical and functional connectivity, and decreased DCC mRNA expression. 

Finally, we sought to determine the effects of the DCC mutation, potentially distinct from the 

effects of MMs.  
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METHODS 

Participants. Fifty-two volunteers participated in the study (Table 1; Figure 1). This included 13 

DCC haploinsufficient individuals with MM (DCC+/-/MM+), 7 DCC haploinsufficient 

individuals without MM (DCC+/-/MM-), and 13 relatives with neither the mutation nor MM 

(DCC+/+/MM-); 19 unrelated healthy volunteers (UHV) were tested to control for DCC familial 

features unrelated to the mutation. Participant safety screening procedures were completed prior 

to magnetic resonance imaging (MRI) and transcranial magnetic stimulation (TMS). All 

participants gave written informed consent, and the protocol was carried out in accordance with 

the Declaration of Helsinki and approved by the relevant research ethics committees.    

Genetics. Participants who had not been genotyped previously2 were characterized for DCC 

variants. Genotyping was unavailable for one UHV, who only completed the MRI, and excluding 

this individual did not alter the findings. Coding exons and the exon-intron boundaries of DCC 

were screened for mutations based on sequence (NM_005215) (UCSC March 2006 Assembly 

HG 18). Primers were the same as used previously2. PCR products were sequenced on the ABI 

3700 sequencer at the Genome Quebec Centre for Innovation according to the manufacturer’s 

recommended protocol (Applied Biosystems). Sequences were aligned and analyzed using 

SeqMan 4.03 (DNAStar, WI, USA) and Mutation Surveyor v.3.1 (SoftGenetics, PA, USA). 

Mirror movements (MM). Prior to testing, two self-adhesive electrodes were placed on the first 

dorsal interosseous (FDI) muscle bilaterally and a ground electrode was positioned on the right 

wrist. The electromyographic (EMG) signal was amplified using a Powerlab 4/30 system 

(ADInstruments, Colorado Springs, Colorado, USA), filtered with a band pass of 20-1000Hz and 

digitized at a sampling rate of 4KHz. First, seated participants were asked to relax their arms 

with their palms facing upward, supported by their legs. They were instructed to respond to an 
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auditory signal by pressing, then releasing, a small stress ball three times with one hand while the 

other hand was at rest. This protocol was performed for both hands and repeated five times. To 

assess more subtle MM, a protocol known to generate physiological mirror movements (pMM) 

in healthy participants was performed3. Participants were instructed to maintain a tonic 

contraction with one hand (using the minimal strength needed to hold a pencil without dropping 

it). Meanwhile, participants were required to respond to an auditory signal with their other hand 

by performing a voluntary phasic pinch contraction. This was performed 20 times for both hands. 

Physiological MM were defined as a significant increase in the background EMG activity of the 

hand maintaining the tonic contraction, starting at the moment of the phasic contraction and 

lasting 100ms, compared to 1000ms of background activity prior to the phasic contraction. Data 

were expressed as the ratio of EMG activity in the tonically contracting hand during phasic 

contraction of the contralateral hand over background activity preceding phasic contraction. The 

data from both hemispheres were averaged.  

Single-pulse TMS. TMS was delivered through an 8-cm figure-of-eight coil connected to a 

Magstim 200 stimulator (Magstim, Whitland, UK) with a monophasic current waveform in a 

posterior-anterior orientation. The coil was positioned flat on the scalp at an angle of 45 degree 

from the midline. Single pulse stimulation was performed over the hand area of M1 at the 

optimal position (hot spot) eliciting MEPs of maximal amplitude in the contralateral FDI muscle. 

The hot spot was marked on the scalp with a pen to ensure stable coil positioning throughout the 

experiment. Stimulation intensity was adjusted to elicit contralateral MEPs of 1mV amplitude. 

MEPs were recorded using Scope v4.0 software (ADInstruments). The EMG signal was filtered 

with a bandwidth of 20–1000 Hz and digitized at a sampling rate of 4 kHz. Single pulse 

stimulation was performed over the hand area of M1 while participants were at rest with eyes 
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open, ten times for each hemisphere and MEPs were recorded bilaterally in the FDI muscle to 

confirm the presence or absence of mirror MEPs in all participants. Peak-to-peak amplitudes of 

contralateral and ipsilateral MEP were measured and averaged off-line. Relative amplitudes of 

ipsilateral and contralateral MEPs were expressed as an ipsilateral coefficient (ipsilateral MEP 

amplitude/contralateral MEP amplitude). MEP traces were monitored online to ensure that no 

muscle activity in the 100 ms window prior to TMS was present. Trials with pre-stimulus 

activity were discarded and repeated, and were less than 1% of all trials. The data from both 

hemispheres were averaged. Contralateral and ipsilateral TMS-induced MEP latencies were also 

measured, from TMS pulse to MEP onset. 

Double-coil TMS. Interhemispheric inhibition (IHI) was measured using a protocol described by 

Ferbert and collaborators (1992) using two 50 mm custom-made coils connected to two Magstim 

200 stimulators (Magstim, Whitland, UK)11. Each coil was placed over their respective M1 hot 

spot over the right and left hemispheres. The intensity of each TMS pulse was adjusted to elicit 

MEPs of approximately 1 mV contralaterally. A test stimulus was preceded by a conditioning 

stimulus applied 40ms earlier. IHI was measured for left-to-right and right-to-left directions of 

inhibition. IHI was expressed as the ratio of double stimulation MEPs over single-pulse MEPs. 

The data for both directions were averaged.  

MRI parameters. Participants underwent an anatomical, diffusion weighted, resting-state 

functional, and two identical task functional MRI acquisitions in a scanning session using a 3T 

Siemens (Erlangen, Germany) Magnetom Trio MRI scanner (32 channel head coil). The high-

resolution, T1-weighted anatomical acquisition parameters were as follows: 

TI/TR/TE=900/2300/2.98 msec; flip angle=9 degrees; slice thickness=1.0 mm (1 mm isotropic 

voxel size), with a field of view (FOV) of 256 × 256 mm2, and duration of 9 min, 50 sec. 
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Participants underwent diffusion tensor imaging (DTI) using a single-shot spin-echo echo-planar 

pulse sequence with multi-directional diffusion weighting (MDDW; TR/TE = 12000/89 ms; 90 

contiguous axial slices with an isotropic 2-mm resolution, FOV=256 × 256 mm2, matrix 

size=128 × 128 with partial Fourier reconstructed to 6/8). Diffusion weighting was distributed 

evenly on the unit hemisphere using 64 non-collinear gradients and a b-value of 1000. One 

additional volume with no diffusion weighting (i.e. b-value=0) was acquired in the beginning of 

the acquisition. The task fMRI acquisition parameters were as follows: TR/TE=1500/30 msec; 

flip angle=90 degrees; slice thickness=4.0 mm (4 mm isotropic voxel size), slices=28, FOV=256 

× 256 mm2 and duration of 6 minutes, 08 sec. The resting state fMRI acquisition parameters were 

as follows: TR/TE=2000/30 msec; flip angle=90 degrees; slice thickness=4.0 mm (4 mm 

isotropic voxel size), slices=38, FOV=256 × 256 mm2, and duration of 6 minutes, 08 sec.  

Resting state functional connectivity MRI (rs-fcMRI). Rs-fcMRI data were processed as 

described previously12, 13 including slice-acquisition-dependent time shifts, head motion 

correction, atlas registration, spatial smoothing (6 mm FWHM), low-pass temporal filtering (f < 

0.08 Hz), and removal of confounding variables by linear regression including head-motion, the 

whole-brain (global) signal, and signals from the ventricles and white matter. A metric of overall 

movement was also computed for use as a covariate by computing the root mean square of the 

rotation, translation, and displacement of the brain relative to the time point before it, then 

averaging across all time points14. A priori ROIs (6 mm radius spheres) were generated in the left 

and right primary motor cortex (M1, MNI coordinates: -41, -20, 62 and 41, -20, 62) based on a 

prior fMRI study of hand movements15. A priori ROIs were also generated in the left and right 

cerebellum (MNI coordinates: -20, -52, -24 and 17, -52, -24), based on prior functional 

connectivity with left and right M115. Rs-fcMRI between motor ROIs (one comparison), between 
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motor and cerebellar ROIs (4 comparisons), and between motor ROIs and all other brain voxels 

were computed12. For statistical comparisons, correlation coefficients (r values) from each 

subject were converted to a normal distribution using Fisher’s r to z transform. For the fMRI 2nd 

level analyses, a full factorial using the same design described below in the Statistics section 

with the addition of total movement during the MRI as a covariate was run in SPM12. Since 

generalized estimating equations is not possible with SPM, family was instead entered as a fixed 

factor.  

Task fMRI. fMRI analyses were conducted using Statistical Parametric Mapping (SPM) 12 

software (Wellcome Department London). fMRI images were slice-time corrected, realigned, co-

registered to the T1 image, segmented, normalized to standardized MNI space, and spatially 

smoothed with an 8 mm FWHM Gaussian kernel. For each participant, a general linear model 

(GLM) was generated in SPM per task, consisting of the following conditions: a) motor activity 

and rest; b) somatosensory stimulation and rest, which were convolved with the hemodynamic 

response function. For group analyses, single-subject contrast images were entered into a random 

effect model. Block design motor and somatosensory fMRI tasks comprised 18 sec of activity 

(motor: opening and closing right index finger and thumb; somatosensory: tactile stimulation on 

distal phalanx of right index finger) followed by 18 sec of rest, for a total of 10 blocks per 

condition. The somatosensory stimulation was conducted using circular domes (25 mm 

diameter), fabricated from solid plastic with deep rectangular grooves cut into the surface (3 mm 

equidistant grooves and bars; JVP Domes, Stoelting Co.). The left arm, hand, and fingers were 

restrained throughout. For the motor task, as with the rs-fMRI analysis, a priori ROIs (6 mm 

radius spheres) were generated in the left and right M1 (MNI coordinates: -41, -20, 62 and 41, -

20, 62), as well as the left and right cerebellum (MNI coordinates: -20, -52, -24 and 17, -52, -24). 
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For the somatosensory task, a priori ROIs (6 mm radius spheres) were generated in the left and 

right somatosensory cortex (MNI coordinates: -42, -35, 65 and 42, -35, 65). Additionally, a 

single-blind investigator manually segmented the hand knob region of M1 using the McConnell 

Brain Imaging Centre (BIC) MINC tool, Display16. Following quality control, verifying the co-

registration of each participant’s T1 image, “default” left hand knob ROI, and right hand-induced 

motor task functional activation, two participants were excluded. Finally, mean beta-weights 

were extracted from ROIs using MarsBar 0.44. As for the rs-fcMRI data, a full factorial using 

the same design described below in the Statistics section was run in SPM12 for the fMRI 2nd 

level analyses, and family was entered as a fixed factor since generalized estimating equations is 

not possible with SPM.  

Diffusion weighted imaging (DWI) of corpus callosum (CC). Images were denoised using 

NLMEANS denoising17 as implemented in Dipy18. Magnetic field inhomogeneities were 

corrected using the N4 correction from Ants19. A brain mask was extracted using BET from the 

FSL toolkit20, 21, which was used in conjunction with the FSL Eddy tool to correct for motion, 

eddy currents, and susceptibility artefacts20, 22. The T1 images were also denoised using 

NLMEANS, field inhomogeneities were corrected (N4 correction), and a brain mask was 

extracted (BET). The DWI datasets were then upsampled to 1×1×1 resolution, and tensor based 

diffusion metrics were computed using Dipy. Fiber orientation distribution functions (ODFs) 

were estimated using a fixed response function, set to correspond to a pure myelinated axon 

response (15, 4, 4 × 10-4 mm2/second). The T1 image was registered to the upsampled DWI 

using ANTS. A white matter mask was segmented from the registered T1 using ANTS and was 

used for deterministic and probabilistic local tracking (as defined by 23), which was run using 5 

seeds per voxel of the WM mask, only keeping streamlines reaching the gray matter. Step size 
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was 0.5mm. Following generation of the whole brain tractogram, bundles composing the CC 

were automatically extracted using a modified version of the RecoBundles algorithm. In this 

algorithm, the whole brain tractogram was first registered to the atlas25, and bundles were 

individually extracted based on centroids and distances to the atlas26. The atlas comprises 20 

major WM bundles, presegmented on 4 different healthy subjects from the HCP dataset. Those 

segmentations were validated by 2 neuroanatomists for consistency to generally accepted 

anatomical definitions, and were used as references for the segmentation process. Subparts of the 

CC were segmented from the reference subject into 7 subparts as previously defined27. Fractional 

anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) values 

were extracted for each CC segment.  

Lymphoblastoid cell line (LCL) growth, RNA extraction, and quantitative real time PCR 

(qRT-PCR). DCC mRNA expression was measured by performing RNA extraction followed by 

qRT-PCR, as previously described28, using LCLs extracted from blood collected from the 

participants. LCLs established by transformation with Epstein-Barr virus were grown using 

standard protocols29. Total RNA was isolated from the lymphoblastoid cell lines with the 

miRNeasy Micro Kit protocol (Qiagen, Toronto, ON, Canada). All RNA samples were 

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

Scientific, Toronto, ON, Canada). Reverse transcription for DCC mRNA (2mg) was performed 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, ON, Canada). 

Real time PCR using TaqMan probes (Thermo Fisher, ON, Canada) was carried out with an 

Applied Biosystems QuantStudio™ 6-Flex Real Time PCR system. Data for DCC mRNA 

expression were analyzed by using the Absolute Quantitation (AQ) standard curve method. Real 

time PCR was run in technical triplicates. The LCL sample (n=37) included 10 DCC+/-/MM+, 6 



  

36 
 

DCC+/-/MM-, 11 DCC+/+/MM-, and 10 UHV. This included 4 previously-genotyped individuals 

(2 DCC+/-/MM- and 2 DCC+/+/MM-) who did not participate in the present neuroimaging study. 

Four outliers were removed, as identified by GraphPad Prism 7’s ROUT test for definitive 

outliers (Q=0.1%). 

Statistical analyses 

Using SPSS20, ipsilateral EMG data, physiological MMs, ipsilateral/contralateral MEP 

coefficients, IHI, fiber integrity of the corpus callosum, fMRI motor responses, and DCC mRNA 

expression were each analyzed using generalized estimating equations (GEE), with an 

exchangeable working correlation matrix. These analyses coded for the two fixed factors of 1) 

the presence of MM and 2) the presence of the DCC mutation. In order to control for the 

correlations among family members, driven by shared genetics and environments, we defined 

clusters by the branches within the Quebec family, descending from the earliest generation. 

Moreover, each unrelated healthy volunteer comprised their own cluster. Additionally, age was 

used as a covariate due to previously-reported age-related effects of DCC30-32 and of the motor 

system, as assessed with MRI and TMS33-35. For the EMG, ipsilateral/contralateral MEP 

coefficients, and physiological MM analyses, the data did not satisfy assumptions of normality 

and consequently, were log-transformed. Log transformations were not appropriate for the task 

fMRI or DCC mRNA data, due to negative values and the transformations rendering the data less 

Gaussian. However, sensitivity analyses and inspection of the residuals revealed that these data 

were approximately normal. The MD, RD, and AD of the corpus callosum values were highly 

non-normal, as indicated by normality tests and plots, and were unimproved by log 

transformations. Therefore, these data were not appropriate for GEE analyses and no significant 
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effects were detected following sensitivity analyses, comprising the removal of the most extreme 

outliers, identified using GraphPad Prism 7’s ROUT test for definitive outliers (Q=0.1%).  
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RESULTS 

TMS and Electromyography  

            GEE analyses revealed that increased EMG activity in the “mirroring” hand during 

voluntary unilateral contractions was associated with the presence of MM (β = 0.829, 95% CI 

[0.457, 1.201], p = 0.000013) but not with the DCC mutation (β = 0.156, 95% CI [-0.134, 0.446], 

p = 0.293). Similarly, increases in the ratio of ipsilateral/contralateral motor evoked potentials 

(MEPs) induced by unilateral single-pulse TMS of the primary motor cortex (M1) hand area 

were associated with MM (β = 1.666, 95% CI [1.498, 1.833], p < 0.00001) but, again, not the 

DCC mutation (β = -0.024, 95% CI [-0.290, 0.243], p = 0.862).  

The ipsilateral MEPs detected among the DCC+/-/MM+ participants occurred in 100% of 

trials. There was no effect of MM on the size of contralateral MEPs (F(1,40)=0.0001; p=0.99). 

Among the DCC+/-/MM+ participants, the amplitudes of ipsilateral MEPs, relative to 

contralateral MEPs, were smaller in 7 participants and larger in 5. Three participants presented 

ipsilateral MEPs that were more than 5 times larger than their contralateral counterpart. 

Ipsilateral (M=23.80, SD=3.05) and contralateral (M=23.50, SD=2.79) MEP latencies were 

nearly identical in the DCC+/-/MM+ group and not significantly different (F(1,11)=2.2; p=0.16), 

suggesting that the ipsilateral MEPs resulted from fast-conducting, ipsilateral CST projections 

(Figure 2).  

 Increased pMM were associated with MM (β = 0.437, 95% CI [0.402, 0.472], p < 

0.00001). Again, these effects were uniquely associated with MM, as there were no significant 

effects of the DCC mutation on pMM (β = -0.007, 95% CI [-0.044, 0.031], p = 0.735). Finally, 

reductions in interhemispheric inhibition, indicated by increased responses following double-coil 
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TMS, were associated with MM (β = 0.531, 95% CI [0.337, 0.724], p < 0.00001). There were no 

significant effects of the DCC mutation on IHI (β = -0.028, 95% CI [-0.291, 0.235], p = 0.833).  

Resting State and Task fMRI  

Functional connectivity was evaluated between our a priori ROIs (Figure 3). Between the 

right M1 and left M1, reduced functional connectivity was associated with the DCC mutation (β 

= -0.259, 95% CI [-0.517, 0.000], p = 0.0497). Moreover, between the right M1 and left 

cerebellum, decreased connectivity was associated with the DCC mutation (β = -0.245, 95% CI 

[-0.436, -0.054], p = 0.012) and increased connectivity was associated with MM (β = 0.245, 95% 

CI [0.062, 0.428], p = 0.009). See Table 2 for all pairwise connectivity values. A whole-brain 

voxelwise search found no significant abnormalities (after FWE correction) in right M1 or left 

M1 connectivity.  

 Consistent with the reduction in interhemispheric inhibition, increases in “mirroring” 

fMRI motor responses were associated with the presence of MM. Right-hand induced, right 

sphere-based M1 activations were associated with MM (β = 0.498, 95% CI [0.073, 0.922], p = 

0.0215) and not the DCC mutation (β = -0.174, 95% CI [-0.446, 0.099], p = 0.211) (Figure 4A). 

Similarly, in the right manually segmented hand area, increased right-hand induced activations 

were associated with MM (β = 0.462, 95% CI [0.101, 0.822], p = 0.012), and not with the DCC 

mutation (β = -0.138, 95% CI [-0.356, 0.079], p = 0.212) (Figure 4B). Moreover, in the left 

cerebellum, increased right-hand induced activations were associated with MM (β = 0.398, 95% 

CI [0.107, 0.689], p = 0.007), while decreased activations were associated with the DCC 

mutation (β = -0.185, 95% CI [-0.366, -0.004], p = 0.045) (Figure 4C). Small-volume corrected 

voxelwise analysis revealed a similar pattern of effects, whereby increased activation was 

associated with the presence of MM in the right M1 (t= 3.36, pFWE=0.009) and left cerebellum 
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(t=3.62, pFWE=0.005). Although these findings did not survive a whole-brain correction, the peak 

activation sites and largest clusters across the whole brain (p<0.001) were in the right motor 

cortex (t=4.21, MNI coordinates: 38, -16, 40) and left cerebellum (t=4.07, MNI coordinates: -26, 

-52, -16) (Figure 4D). As exploratory analyses, there were no significant effects identified in the 

analyses of the “default” left M1, left hand area, or right cerebellum (all p≥0.20) or for the 

somatosensory task (all p≥0.07).    

DTI and Corpus Callosum   

Subtle reductions in FA were associated with the DCC mutation in the anterior midbody 

(β = -0.023, 95% CI [-0.042, -0.003], p = 0.022), posterior midbody (β = -0.021, 95% CI [-0.036, 

-0.005], p = 0.0078), isthmus (β = -0.017, 95% CI [-0.033, 0.000], p = 0.048), and splenium (β = 

-0.016, 95% CI [-0.029, -0.002], p = 0.021). Following sensitivity analyses of non-normally 

distributed AD, MD, and RD data, no significant effects were identified in these measures. 

Partial agenesis of the corpus callosum with an absent rostrum was observed in one female 

DCC+/-/MM- participant, as evaluated by a board-certified neuroradiologist (Figure 5).  

DCC mRNA Expression  

Quantitative real time PCR using RNA extracted from LCLs identified a significant 

reduction in DCC mRNA expression associated with the presence of MM (β = -1.056, 95% CI [-

1.660, -0.451], p = 0.00062). There was no significant effect of the DCC mutation alone (β = 

0.265, 95% CI [-0.164, 0.694], p = 0.226) (Figure 6).  
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DISCUSSION 

            The present study demonstrates that DCC+/-/MM+ participants exhibit diverse functional 

and anatomical connectivity alterations, including increased “mirroring” activations in motor 

regions and reduced interhemispheric inhibition. Ipsilateral CSTs among the DCC+/-/MM+ 

individuals are strongly suggested by the similar latencies between TMS-induced ipsilateral and 

contralateral MEPs. Strikingly, for the first time, we show distinct alterations of the motor 

system among DCC+/- mutation carriers, independently of MM. We also provide a possible 

mechanism underlying the partial penetrance of MM, as a reduction in peripheral DCC mRNA 

expression was only associated with the presence of MM and not the DCC mutation.  

            Contrary to what has been observed in RAD51+/-/MM+ individuals7, where mirror MEPs 

were elicited in no more than one third of TMS trials using 1.2 RMT intensity, mirror MEPs 

were induced in 100% of trials among DCC+/-/MM+ participants using a similar stimulation 

intensity at rest (1mV MEP)36, consistent with recent reports10. Therefore, it appears that 

downregulating DCC, compared to RAD51, has a larger impact on the development and 

excitability of the ipsilateral CST. While DCC’s role in guiding commissural and corticospinal 

axons has been characterized in vitro and in vivo1, 10, 37, 38, RAD51 is less well understood but is 

expressed at the pyramidal decussation39. Further elucidation of the molecular mechanisms is 

needed to explain phenotypic differences in CST between DCC and RAD51 mutation carriers.  

            Previous studies have indicated greater “mirroring” motor representations among 

individuals with MM6, 7, 40, but our study restrained the mirroring arm, hand, and fingers, 

minimizing the possibility that the motor activation is simply an artifact of the movement in the 

mirroring hand. Instead, it appears that the reduced interhemispheric inhibition results in 

increased “mirroring” motor representations. Our findings strongly suggest that unilateral motor 
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control of the hand relies on selective corticospinal wiring between the motor cortex and 

contralateral hand, as well as on normal interhemispheric communication.  

             A previous report indicated that some DCC and RAD51 mutation carriers without 

visually-apparent MM nonetheless exhibited subtle MM41. In comparison, we did not detect any 

evidence of increased pMM in DCC+/-/MM- individuals. However, we did identify evidence of 

reduced functional connectivity and white matter integrity associated with the DCC+/- mutation 

(independent of mirror movements), suggesting a neurophysiologically altered motor system in 

individuals with an abnormal DCC gene.  

             Although only some DCC+/- carriers exhibit MM, both MM+ and MM- DCC+/- groups 

exhibit alterations in corpus callosum tract architectures, including one DCC+/-/MM- individual 

with partial agenesis of the corpus callosum. Thus, whereas decreased lateralization of the CST 

and movement-induced motor representations depend upon the presence of MM, callosal 

abnormalities depend upon the presence of the DCC+/- mutation. Similarly, Marsh et al. (2017)8 

observed independent expression of MM and callosal agenesis among DCC+/- individuals. These 

differential effects of the DCC mutation might reflect individual differences in the regionally 

specific expression of DCC; for example, suppression of DCC within CST neurons is not 

sufficient to disrupt CST crossing but selective inhibition of DCC within commissural neurons is 

sufficient to disrupt callosal decussation10. More generally, phenotypic differences between the 

two DCC+/- groups may be explained by more extensive and pervasive brain regional decreases 

in DCC expression, as suggested by the observation here that DCC mRNA reduction was 

associated with MM but not the DCC+/- mutation. Together, by identifying distinct phenotypes 

among DCC mutation carriers with and without MM, these findings affirm the critical role that 

DCC plays in the organization and function of commissural and CST fibers in humans.   
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Group DCC+/-/MM+ DCC+/-/MM- DCC+/+/MM- UHV 
Statistical test 

(4 groups) 

NTotal 13 7 13 19 

  

  

  

NMRI 11 7 12 19 

Ntask-fMRI 11 7 12 18 

Nrs-fcMRI 10 7 12 14 

NTMS 12 7 12 14 

Age  

(Mean ± SD) 
44.4±16.9 49.6±14.9 37.9±13.2 41.4±16.3 

F(3.48)= 0.96, 

p=0.42 

Sex (M:F) 9:4 2:5 5:8 10:9 
χ2

(3)= 3.95, 

p=0.27 

Handedness  11 right, 2 left 5 right, 2 left 10 right, 3 left 19 right 
χ2

(3)= 5.40, 

p=0.15 

 

Table 1: Participant Characteristics. DCC+/-/MM+: mutation carriers with mirror movements; 

DCC+/-/MM-: mutation carriers without mirror movements; DCC+/+/MM-: relatives without the 

mutation or mirror movements; UHV: unrelated healthy volunteers.  
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Table 2: Pairwise Connectivity Values. Average Fisher-Z score values between a priori 

regions of interest for DCC+/-/MM+, DCC+/-/MM-, DCC+/+/MM-, and UHV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Right M1 to 

Left 

Cerebellum 

Right M1 to 

Right 

Cerebellum 

Right M1 to 

Left M1 

Left M1 to 

Left 

Cerebellum 

Left M1 to 

Right 

Cerebellum 

DCC+/-/MM+ 0.098 -0.110 0.707 0.075 0.062 

DCC+/-/MM- -0.087 -0.208 0.514 -0.037 -0.030 

DCC+/+/MM- 0.173 -0.102 0.759 0.061 0.019 

UHV 0.014 -0.052 0.818 -0.124 0.024 
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Figure 1. Pedigree of Quebec family. Full red indicates DCC+/-/MM+; half red indicates DCC+/-/MM-, blue indicates DCC+/+/MM- 

relatives, white designates those who did not undergo genetic testing. Asterisks (*) indicate previously genotyped individuals who did 

not participate in the present study. Crossed lines designate deceased. Squares and circles are males and females, respectively. 
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Figure 2. TMS/EMG. (A) Raw EMG traces of TMS-induced MEPs in a DCC+/-/MM+ 

individual with larger MEPs in the hand contralateral to stimulation. Dashed lines indicate the 

onset of TMS-induced MEPs. (B) Raw EMG traces of TMS-induced MEPs and continuous 

EMG in a DCC+/-/MM+ individual with larger MEPs in the hand ipsilateral to stimulation. 
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Figure 3. rs-fcMRI. A priori regions of interest in the left and right somatomotor cortex (i) and 

the left and right cerebellum (ii). Functional connectivity with the left somatomotor cortex (iii) 

and right somatomotor cortex (iv) is shown averaged across all participants.  
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Figure 4. Task fMRI. Increased right-hand-induced activations associated with the presence of 

mirror movements in the ipsilateral (A) right M1 and (B) right M1 hand area, and in the 

contralateral (C) left cerebellum. (D) Peak activation sites in whole-brain voxel-wise analysis 

(p<0.001) in left cerebellum and right M1. Raw data are plotted.  
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Figure 5. Partial agenesis of the corpus callosum. (A) Partial agenesis of the corpus callosum 

in female individual with a DCC mutation and without mirror movements, revealing absence of 

the rostrum. (B) Female UHV without a DCC mutation or mirror movements, for comparison.  
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Figure 6. DCC mRNA. Decreased DCC mRNA (Quantity Mean: DCC/GAPDH) fold change, 

originating from both the functioning and mutated allele, is associated with the presence of 

mirror movements and not the DCC mutation. Raw data are plotted.  
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Connecting Statement between Manuscripts 

 The second chapter of the dissertation identified structural and functional 

neurophysiological alterations of the motor system among human DCC mutation carriers. The 

third chapter of the dissertation sought to determine whether DCC mutation carriers exhibit 

alterations to systems outside of the motor system, particularly the mesocorticolimbic pathways. 

This was the first study of mesocorticolimbic connectivity, volumes, and associated behavioral 

traits in humans with a DCC mutation, with hypotheses based on the findings of studies of Dcc 

haploinsufficient mice. Moreover, we sought to characterize the translatability of DCC-related 

effects in the mesocorticolimbic system by conducting volumetric studies of this system across 

species.  
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ABSTRACT 

The axon guidance cue receptor DCC (deleted in colorectal cancer) plays a critical role in 

the organization of mesocorticolimbic pathways in rodents. To investigate whether this occurs in 

humans, we measured (1) anatomical connectivity between the substantia nigra/ventral tegmental 

area (SN/VTA) and forebrain targets, (2) striatal and cortical volumes, and (3) putatively 

associated traits and behaviors. To assess translatability, morphometric data were also collected 

in Dcc-haploinsufficient mice.                  

The human volunteers were 20 DCC+/- mutation carriers, 16 DCC+/+ relatives, and 20 

DCC+/+ unrelated healthy volunteers (UHVs; 28 females). The mice were 11 Dcc+/- and 16 

wildtype C57BL/6J animals assessed during adolescence and adulthood. 

 Compared with both control groups, the human DCC+/- carriers exhibited: (1) reduced 

anatomical connectivity from the SN/VTA to the ventral striatum [DCC+/+: p= 0.0005, r(effect 

size)= 0.60; UHV: p= 0.0029, r= 0.48] and ventral medial prefrontal cortex [DCC+/+: p= 0.0031, 

r= 0.53; UHV: p= 0.034, r= 0.35]; (2) lower novelty seeking scores (DCC+/+: p= 0.034, d= 0.82; 

UHV: p= 0.019, d= 0.84); and (3) reduced striatal volume (DCC+/+: p= 0.0009, d= 1.37; UHV: 

p= 0.0054, d= 0.93). Striatal volumetric reductions were also present in Dcc+/- mice, and these 

were seen during adolescence (p= 0.0058, d= 1.09) and adulthood (p= 0.003, d= 1.26). 

 Together these findings provide the first evidence in humans that an axon guidance gene 

is involved in the formation of mesocorticolimbic circuitry and related behavioral traits, 

providing mechanisms through which DCC mutations might affect susceptibility to diverse 

neuropsychiatric disorders.  
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SIGNIFICANCE STATEMENT 

Opportunities to study the effects of axon guidance molecules on human brain 

development have been rare. Here, the identification of a large four-generational family that 

carries a mutation to the axon guidance molecule receptor gene, DCC, enabled us to demonstrate 

effects on mesocorticolimbic anatomical connectivity, striatal volumes, and personality traits. 

Reductions in striatal volumes were replicated in DCC-haploinsufficient mice. Together, these 

processes might influence mesocorticolimbic function and susceptibility to diverse 

neuropsychiatric disorders. 
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INTRODUCTION 

 What guides the alignment of mesocorticolimbic pathways in humans? The processes are 

poorly understood, but the axon guidance molecule receptor, DCC (deleted in colorectal cancer), 

might play an important role (Flores, 2011; Hoops and Flores, 2017). DCC is expressed 

throughout most of the nervous system during embryonic development (Gad et al, 1997; Livesey 

and Hunt, 1997; Harter et al, 2010), and continues to be expressed in adulthood in some regions, 

including the substantia nigra/ventral tegmental area (SN/VTA), striatum, hippocampus, and 

cortex (Gad et al., 1997; Livesey and Hunt, 1997; Osborne et al., 2005; Grant et al., 2007; Harter 

et al., 2010; Manitt et al., 2010; Reyes et al., 2013).  

 Mice haploinsufficient for the Dcc gene develop diverse alterations to mesocorticolimbic 

anatomy and related behaviors during the adolescent expansion of mesocortical dopamine 

projections (Hoops and Flores, 2017). Dcc haploinsufficiency in dopamine neurons causes 

mesolimbic dopamine axons that would normally be retained in the striatum to continue to grow 

to the medial prefrontal cortex (mPFC) throughout adolescence (Reynolds et al., 2018). As a 

consequence, adult Dcc-haploinsufficient mice have increased mPFC dopamine innervation and 

dopamine release (Grant et al., 2007; Manitt et al., 2011; Pokinko et al., 2015). This is coupled 

with decreased spine density, dendritic arbor complexity, and excitability of mPFC layer V 

pyramidal neurons (Grant et al., 2007; Manitt et al., 2013). In the nucleus accumbens (NAcc), 

these same processes lead to reduced dopamine innervation and amphetamine-induced dopamine 

release (Flores et al., 2005; Grant et al., 2007; Pokinko et al., 2015; Reynolds et al., 2018). 

Behaviorally, adult Dcc-haploinsufficient mice exhibit blunted stimulant drug-induced 

responses, including reductions in locomotor activity, sensorimotor gating, conditioned place 

preference, and intracranial self-stimulation (Flores et al., 2005; Grant et al., 2007; Kim et al., 
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2013; Reynolds et al., 2016).   

 In the present study, we tested whether DCC-haploinsufficient humans exhibit 

mesocorticolimbic connectivity alterations and associated behavioral traits as have been 

identified in Dcc-heterozygous mice. The sample comprised a large four generational Quebec 

family, half of whom are carriers for an autosomal dominant mutation which induces DCC 

haploinsufficiency (Srour et al., 2009, 2010). Within the family, a genome-wide linkage analysis 

identified a DCC frameshift mutation (NM_005215.3, c.1140+1G>A) resulting from abnormal 

skipping of exon 6. This leads to a premature stop codon encoding a truncated DCC protein that 

fails to bind to its ligand, Netrin-1 (Srour et al., 2010).  

 To investigate alterations potentially associated with DCC related susceptibility to 

psychiatric pathology, we tested whether DCC-haploinsufficient humans, compared with DCC 

wild-type family relatives and unrelated healthy volunteers (UHVs), exhibit (1) altered structural 

and functional connectivity between the midbrain and projection sites in the ventral striatum 

(VS) and mPFC, and (2) a behavioral phenotype consistent with low striatal dopamine 

transmission comprising diminished novelty-seeking and reward-sensitivity traits, decreased 

substance use, and increased punishment sensitivity (Leyton et al., 2002; Frank et al., 2004). 

Finally, using a translational cross-species magnetic resonance imaging (MRI) approach, we 

tested whether these effects might be associated with alterations in striatal and cortical brain 

volume. Automated morphometric analyses were conducted in the DCC-haploinsufficient human 

volunteers and Dcc-haploinsufficient C57BL/6 mice. The rodents were tested in both 

adolescence and adulthood to determine whether volumetric effects preceded or coincided with 

the previously demonstrated changes to dopamine neurons.  
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METHODS 

Human participants and data acquisition 

Fifty-six volunteers participated in the study (28 males; age: 42.4 ± 15.3 years, from 19-72 

years old). Among them, 20 were DCC mutation carriers (DCC+/-; 11 males, age: 46.3 ± 16.1, 

from 20-72), 16 were age-matched relatives without the DCC mutation (DCC+/+; six males, 

37.9±13.0, 22-63 years old), and 20 were UHVs (11 males, age: 42.2±15.4, 19-60 years old). 

Four participants were not interested in completing the neuroimaging procedures and 3 were 

physically unable to fit into the MRI scanner. Detailed information regarding the participants and 

the number who completed each task are provided in Table 1. A pedigree of the Quebec family is 

provided in Figure 1. Recruitment of family members was solely based on interest and safety. 

UHVs were all neurologically intact and free of current major psychiatric disorders including 

substance use disorders except for one who met criteria for a possible mild mood disorder; 

excluding this individual did not change the results. All provided written informed consent to the 

study protocol, which was approved by the local research ethics committee. 

Genotyping 

All participants underwent genotyping either at assessment for the present study or 

previously (Srour et al., 2010). Genotyping was unavailable for one UHV and excluding this 

individual did not alter the findings. Coding exons and the exon-intron boundaries of the DCC 

gene were screened for mutations based on the sequence (NM_005215; UCSC (University of 

California, Santa Cruz) March 2006 Assembly hg18). Primers were determined in a previous 

study of the family (Srour et al., 2010). PCR products were sequenced on the ABI 3700 

Sequencer at the Genome Quebec Centre for Innovation according to the manufacturer’s 
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recommended protocol (Applied Biosystems). Sequences were aligned and analyzed using 

SeqMan 4.03 (DNAStar, WI, USA) and Mutation Surveyor v.3.1 (SoftGenetics, PA, USA). 

Personality and substance use measures 

Participants completed questionnaires assessing novelty seeking and sensitivity to 

punishment and reward. Novelty-seeking traits were measured using Cloninger’s 240-item 

Temperament and Character Inventory (TCI) (De Fruyt et al., 2000). Sensitivity to punishment 

and reward were measured with the Sensitivity to Punishment and Sensitivity to Reward 

Questionnaire (SPSRQ), a 48-item scale developed to assess temperamental correlates of Gray’s 

hypothesized behavioral activation and inhibition systems (Caseras et al., 2003). In a structured 

interview, self-reported weekly current substance use (e.g., drinks, cannabis, and tobacco 

cigarettes, etc.), lifetime substance use, and age of onset were evaluated for alcohol, cigarettes, 

and cannabis. Other substances were measured but not evaluated statistically because the number 

of self-reported users was too low. These comprised amphetamine, cocaine, 3,4-

methylenedioxymethamphetamine (MDMA), heroin, ketamine, gamma hydroxybutyrate (GHB), 

ephedrine, steroids, psilocybin, and lysergic acid diethylamide (LSD).  

            Human MRI 

Participants underwent anatomical, diffusion weighted and resting-state functional MRI 

(rs-fMRI) acquisitions in a scanning session using a 3T Siemens Magnetom Trio MRI scanner 

(12 channel head coil). Forty-nine participants underwent diffusion tensor imaging (DTI) using a 

single-shot spin-echo echo-planar pulse sequence with multi-directional diffusion weighting 

[repetition time (TR) = 12 s, echo time (TE) = 89 ms; 90 contiguous axial slices with an isotropic 

2 mm resolution, field of view (FOV) = 256 × 256 mm2, matrix size = 128 × 128 with partial 

Fourier reconstructed to 6/8]. Diffusion weighting was distributed along 64 different directions 
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using a b-value of 1000 s/mm2. One additional volume with no diffusion weighting (i.e. b = 0) 

was acquired in the beginning of the acquisition. Using a T1-weighted 3D magnetization-

prepared rapid acquisition with gradient echo sequence [200 axial slices; inversion time (TI) = 

0.9 s, TR = 2.3 s, TE = 2.98 ms, FOV = 256 × 256 mm2, flip angle = 9°, final voxel resolution: 1 

mm × 1 mm × 1 mm], a high-resolution anatomical scan was also acquired for each participant. 

Immediately after the DTI, participants underwent the rs-fMRI acquisition. Forty-three 

participants completed resting-state scans, including 17 DCC+/-, 12 DCC+/+, and 14 UHV. All 

participants were instructed to rest with their eyes closed, relax their minds, and remain as 

motionless as possible during the scanning. A total of 180 volumes, each covering the entire 

brain including the cerebellum with 38 axial slices, were acquired using gradient-echo echo 

planar imaging sequence (TR = 2000 ms, TE = 30 ms, FOV = 256 × 256 mm2, matrix, 64 × 64, 

slice thickness = 4 mm with no gaps, flip angle, 90°). Slices were acquired in a descending and 

interleaved manner.  

Human voxel-based morphometry analysis 

Anatomical scans were preprocessed in SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8) 

using the DARTEL (Diffeomorphic Anatomic Registration through Exponentiated Lie) and 

VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm8/). First, the structural MRI images were 

segmented into gray matter (GM), white matter (WM), CSF, bone, and soft tissue. The DARTEL 

algorithm registered these tissue segmentations back and forth with the default templates based 

on the ICBM152 brain, and finally generated population-specific tissue templates. GM and WM 

density images of all subjects were subsequently nonlinearly registered onto the corresponding 

template. In VBM8, all registered tissue images were modulated using the Jacobian determinants 

derived from the spatial normalisation step and corrected for individual head size. The modulated 

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
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GM and WM tissue images were then smoothed with an 8-mm full-width at half-maximum 

(FWHM) Gaussian kernel.  

The Harvard-Oxford subcortical atlas with a 25% threshold (Desikan et al., 2006) was used 

to define four a priori selected regions: the caudate, putamen, accumbens, and hippocampus. The 

ventral mPFC (vmPFC) and mPFC/anterior cingulate cortex (mPFC/ACC) were defined by 

drawing a 6 mm sphere around the coordinates (vmPFC: x = ±6, y = 45, z = -9; mPFC/ACC: x = 

±18, y = 42, z =9; as explained below). 

Human connectivity seed and target regions 

A substantia nigra (SN) seed mask was generated from a 7T MRI atlas of the basal ganglia 

based on high-resolution MP2RAGE and FLASH (fast low-angle shot) scans (Keuken and 

Forstmann, 2015) available at https://www.nitrc.org/projects/atag. The entire region of SN 

(Figure 2A) was extracted from the probabilistic atlas with a threshold of 33% of the population 

(i.e., ≥10 of 30 participants showing this nucleus) with an ~300 mm3 volume in each hemisphere. 

Considering the low spatial resolution of our functional and diffusion data [4-mm isotropic for 

rs-fMRI and 2-mm for DTI], the seed might also cover part of the adjacent VTA. Here, we 

designated this seed region as SN/VTA.   

Target regions comprised VS and vmPFC, defined by drawing a 6-mm sphere around the 

peak coordinates (VS: x=±12, y=15, z=-6; vmPFC: x=±6, y=45, z=-9), acquired from a recent 

fMRI meta-analysis of subjective value (Bartra et al., 2013) (Figure 2B, C). Other regions, 

including the hippocampus (x=±24, y=-9, z=-15) and the mPFC/ACC (x=±18, y=42, z=9), 

identified from the whole-brain functional connectivity analysis, were also included in the 

anatomical and functional connectivity analyses (Figure 2D-E). 
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Human diffusion weighted imaging preprocessing  

The diffusion MR data were preprocessed using the FMRIB’s Diffusion Toolbox [FMRIB 

(Oxford Centre for Functional MRI of the Brain) Software Library (FSL) version 5.0; 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL), including eddy current correction, calculation of the 

principal directions in diffusion tensors, and estimation of the probabilistic distribution of fiber 

orientations. Specifically, motion artifacts and eddy current distortions were corrected by using 

affine registration of diffusion-weighted images to the non-diffusion-weighted images (b = 0 

s/mm2). Then, a diffusion tensor model was fitted for each voxel to estimate the principal fiber 

directions and a fractional anisotropy (FA) and mean diffusivity (MD) map was calculated.  

 Next, the probabilistic distribution of fiber orientations was estimated using FSL’s 

BEDPOSTX with a maximum of two fiber directions per voxel (Behrens et al., 2007). The skull-

stripped T1-weighted image from each participant was then linearly registered into the diffusion 

space by using rigid-body alignment of the anatomical image to the FA image. This coregistered 

T1-weighted image was further nonlinearly registered to the ICBM152 brain template 

(http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009) using FNIRT (FMRIB’s 

Nonlinear Image Registration Tool) from the FSL package. The reverse transformation was then 

obtained and used to nonlinearly register the seed region from MNI standard space to native 

diffusion space.  

           Human anatomical connectivity profile  

We mapped the anatomical connectivity profile of SN/VTA by performing probabilistic 

tractography with 10,000 streamline fibers per voxel within the seed region using FSL’s 

PROBTRACKX. The number of fibers passing through each target region represents the strength 

of connectivity between the seed and target region. The resulting connectivity maps were first 
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normalized by the size of seed region and total number of streamlines (i.e., 10,000) to generate 

the relative tracing strength from the seed to the rest of the brain. The resulting individual 

tractograms were combined to generate a population map of the major fiber projections from 

SN/VTA. The relative connection probability from SN/VTA to each target area was then 

calculated by averaging the tractography values of the population fiber-tract maps.  

In addition to the tractography analysis, we also investigated group differences in FA and 

MD in the whole-brain WM skeletons, including tracts between the SN/VTA and the target 

regions, using Tract-Based Spatial Statistics (TBSS) from FSL (Smith et al., 2006). Threshold-

Free Cluster Enhancement was used to correct for multiple comparisons (Smith and Nichols, 

2009). The mean FA and MD values within SN/VTA and other target areas were also calculated. 

Human resting state functional connectivity preprocessing  

The rs-fMRI datasets were preprocessed using the script revised based on the 1000 

Functional Connectome Project (www.nitrc.org/projects/fcon_1000) (Biswal et al., 2010) using 

both FSL and AFNI (Automated Functional NeuroImaging; http://afni.nimh.nih.gov/afni). The 

preprocessing steps included: 1) discarding the first 10 volumes in each scan series for signal 

equilibration, 2) performing slice timing correction and motion correction, 3) removing the linear 

and quadratic trends, 4) band-pass temporal filtering (0.01 Hz < f < 0.08 Hz), 5) spatial 

smoothing using a 6-mm full-width at half-maximum (FWHM) Gaussian kernel, 6) performing 

nuisance signal regression (including WM, CSF, the global signal, and six motion parameters), 

and 7) resampling into Montreal Neurological Institute (MNI) space with the concatenated 

transformations, including rigid transformation from the mean functional volume to the 

individual anatomical volume via FLIRT (FMRIB’s Linear Image Registration Tool) (Jenkinson 

and Smith, 2001) followed by spatial normalization of the individual anatomical volume to the 



  

67 
 

MNI152 brain template (3 mm isotropic resolution) using FNIRT (Andersson et al., 2007). 

Finally, a four-dimensional time-series dataset in standard MNI space with 3 mm isotropic 

resolution was obtained for each participant after preprocessing. 

Human resting-state functional connectivity 

The mean time-course of the seed SN/VTA was extracted individually to calculate the 

whole-brain functional connectivity using Pearson’s correlation along with normalization by 

Fisher’s z-transform. As a result, a z-score connectivity map was generated for each individual. 

To detect the effect of the DCC mutation on projections from the SN/VTA, a two-sample t-test 

in SPM was performed on these connectivity maps (DCC+/- vs. DCC+/+) and additionally 

corrected for multiple comparisons using false discovery rate (FDR) corrected p=0.05 with 

cluster size ≥ 540 mm3. The functional connectivity between SN/VTA and our predefined target 

areas (including VS and vmPFC) were also calculated using Pearson’s correlation and 

transformed into z-scores.  

Experimental design and statistical analyses of human data 

Group differences in personality traits, substance use, GM volume, and connectivity 

measures were examined with χ2 analyses and one-way ANOVAs followed by t-test planned 

comparisons, comparing each control group to the DCC+/- group using both MATLAB15b for 

Linux and Graphpad Prism 7 for Windows. For non-parametric data, Kruskal-Wallis followed by 

Mann-Whitney U tests were conducted, comparing each control group to the DCC+/- group. 

Effect sizes were computed, specifically Cohen’s d for parametric pairwise comparisons and 𝑟 =

𝑍

√𝑁
 for non-parametric pairwise comparisons (Fritz et al., 2012).  

To investigate associations between SN/VTA connectivity and personality traits, we 

performed Pearson and Spearman partial correlation analyses, as appropriate to the data, between 
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both functional and anatomical connectivity and novelty seeking, sensitivity to punishment, 

sensitivity to reward, and lifetime substance use. Age and gender were used as covariates of no 

interest. For Pearson correlation analyses, outliers were removed prior to calculating the 

correlation coefficients, which were identified based on robust regression weights (Rousseeuw 

and Hubert, 2011). Additionally, for lifetime substance use, log transformations were performed 

prior to the correlations due to a large non-linear range in the values. Participants who reported 

zero or one current or lifetime substance use were removed from these group and correlation 

analyses because these values skewed the distributions.        

Dcc haploinsufficient mice  

 Male Dcc-haploinsufficient mice were originally obtained from Dr. Susan Ackerman. 

They were maintained on a C57BL/6J (BL/6) background and bred with female BL/6 mice from 

The Jackson Laboratory. Volumetric differences were characterized between male Dcc-

haploinsufficient (n = 11) and wild-type (n = 16) mice during adolescence [postnatal day (P) 

33±2], and, again, in the same animals, in adulthood (P75±15). Mice were kept on a 12h 

light/dark cycle with ad libitum access to food and water. They were weaned at P20 and housed 

with same-sex littermates. In Dcc haploinsufficient mice, the Dcc gene was inactivated using 

homologous recombination by the insertion of a neomycin resistance cassette into exon 3, which 

encodes most of the second Ig-like domain of the protein. The proper targeting of the gene and 

complete loss of DCC expression were validated by Southern and Western blot analyses, 

respectively (Fazeli et al., 1997). Mouse genotypes were verified by PCR amplification of 

genomic DNA at an annealing temperature of 54°C for 30 cycles with the primers DCC code 

(GGT CAT TGA GGT TCC TTT), DCC reverse (AAG ACG ACC ACA CGC GAC), and DCC 

Neo (TCC TCG TGC TTT ACG GTA TC). All experiments and procedures were performed in 
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accordance with the guidelines of the Canadian Council of Animal Care and the McGill 

University/Douglas Mental Health University Institute Animal Care Committee.  

           Mouse magnetic resonance imaging (MRI) 

MRI acquisition  

Magnetic resonance imaging (MRI) was performed using a 7 tesla Bruker Biospec 70/30 

USR at the Douglas Brain Imaging Center (Montreal, Canada) using a transmit circularly 

polarized resonator and a dedicated mouse brain receive-only circularly polarized surface coil 

(Bruker Canada). Mice were immobilized in a prone position on a water-heated mat. Anaesthesia 

was induced with 5% isoflurane for 2 minutes, and maintained with 2% isoflurane for the 

duration of the experiment. Anatomical images of brains within skulls were acquired using the 

standard Bruker 3D-TrueFISP pulse sequence with the following parameters: TE = 2.6 ms, TR = 

5.2 ms, number of excitations = 2, effective bandwidth = 50,000 Hz, FOV = 1.80 cm x 1.80 cm x 

0.9 cm, matrix size = 128 x 128 x 64, final spatial resolution =141 um isotropic voxels. To 

reduce banding artifacts, eight radio frequency phase advance values were used: 180, 0, 90, 270, 

45, 225, 135, and 315°, resulting in 16 averages overall. Final images were root mean square 

averages of these phase advances. The total scan time for each animal was <40 min.  

Segmentation of regions of interest  

The a priori selected regions of interest were four mesocorticolimbic terminal regions: the 

medial prefrontal cortex (mPFC), dorsal striatum, NAcc, and hippocampus (Figure 3A-C). 

Within the inner layers of the mPFC three regions were analyzed: the cingulate 1, the prelimbic, 

and the infralimbic cortices. An anatomical template was generated from the non-linear average 

of the 54 scans. A single rater performed manual segmentation of the structures of interest on the 

group template using the Display software package 
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(http://www.bic.mni.mcgill.ca/software/Display/Display.html; Montreal Neurological Institute, 

Montreal, Canada). Structures were delineated in the coronal orientation slice by slice while 

comparing the other two orientations and the adjacent slices to the Mouse Brain Atlas (Paxinos 

and Franklin, 2004). As the template was symmetric, tracings of the left hemisphere of the 

template brain were flipped to the right hemisphere. The third and lateral ventricles were 

segmented first to define the boundaries of the dorsal striatum and NAcc. After each structure 

was labeled, its boundaries were checked again and corrections were made in reference to all 

three orientations. The volumes of each structure were determined for every animal via fully 

automated, volume-based morphometry using the NIGHTWING software (Biospective).   

Experimental design and statistical analyses of mouse data  

Differences in volume were analysed using two-way ANOVAs with genotype and age as 

between- and within-group variables, respectively. Statistical analyses were performed using 

GraphPad Prism 7 for Windows.   
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RESULTS 

Human participant characteristics 

The groups were well matched for age, sex, and handedness (Table 1). As hypothesized, 

the novelty seeking data analysis yielded a main effect of group (F2,43= 3.74, p= 0.032) reflecting 

decreased scores among DCC+/- participants, compared to the DCC+/+ relatives (T43=2.19, p= 

0.034, effect size(d)= 0.82) and UHV (T43=2.44, p= 0.019, effect size(d)= 0.84) (Figure 4A). 

Intriguingly, DCC+/- participants, compared to DCC+/+ relatives, also reported significantly 

lower lifetime cigarette smoking (U= 17, p= 0.026, effect size(r)= 0.51) and trends for decreased 

current cigarette use (T11= 1.87, p= 0.089, effect size(d)= 1.04) as well as a later age of onset for 

cigarette use (T21= 2, p= 0.059, effect size(d)= 0.83) (Figure 4B-D). Tobacco use in the DCC+/- 

participants did not differ from the UHV (age of onset: T18= 1.27, p= 0.22; current use: T7= 0.98, 

p= 0.36; lifetime use: U= 48, p= 0.94), but this was not unexpected given that their stricter 

selection criteria included an absence of tobacco and other substance use problems (see Human 

participants and data acquisition). Indeed, compared to DCC+/+ relatives, the UHV also 

exhibited significantly reduced lifetime use (U= 15, p= 0.046) and increased age of onset 

(T19=2.77, p= 0.012) of cigarette smoking. There were no statistically significant group effects 

for sensitivity to punishment, sensitivity to reward, alcohol use, or cannabis use.   

Human anatomical connectivity 

Main effects of group were found for anatomical connectivity between the SN/VTA seed 

and its target regions, the VS (χ2
(2)= 13.46, p= 0.0012) and vmPFC (χ2

(2)= 8.72, p= 0.013) 

(Figure 5A-B). These effects reflected connectivity reductions in DCC+/- carriers compared to 

both control groups; i.e., compared to DCC+/+ (VS: U= 30, p= 0.0005, effect size(r)= 0.60; 

vmPFC: U= 40, p= 0.0031, effect size(r)= 0.53) and UHV (VS: U= 75, p= 0.0029, effect size(r)= 
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0.48; vmPFC: U= 101.5, p= 0.034, effect size(r)= 0.35). Exploratory analyses identified a 

negative correlation between SN/VTA-hippocampus anatomical connectivity and lifetime 

cannabis (rho= -0.44, p= 0.019) (Figure 5C), though this association was not predicted a priori.  

A main effect of group was detected for FA in the hippocampus (F(2, 46)= 3.66, p= 0.034), 

such that FA was reduced among DCC+/- carriers compared to DCC+/+ relatives (T46= 2.70, 

p=0.0096, effect size(d)= 1.02) but not compared to UHV (T46= 1.32, p=0.19, effect size(d)= 

0.46) (Figure 5D). In order to investigate whole brain group differences in FA and MD, TBSS 

was performed among DCC+/- carriers, DCC+/+ relatives, and UHV. No significant group 

alterations in FA or MD skeletons were detected. Similarly, no significant group differences 

were detected in mean FA (all ps ≥ 0.16) or mean diffusivity (all ps ≥ 0.26) within the SN/VTA, 

ventral striatum, vmPFC, or mPFC/ACC.  

Human functional connectivity  

The functional connectivity analyses did not yield statistically significant main effects of 

group for the SN/VTA with the a priori target sites. However, exploratory whole brain analyses 

tentatively identified other group differences within the DCC+/- family (FDR corrected p<0.05, 

and cluster size ≥540 mm3), including decreased functional connectivity from the SN/VTA seed 

to the left mPFC/ACC (T27= 5.02, pFDR= 0.014, effect size(d): 1.93, peak: x= -18, y= 42, z= 9) 

and increased functional connectivity from the SN/VTA to the left hippocampus (T27= 4.74, 

pFDR=  0.047, effect size(d): 1.82, peak: x= -24, y= -9, z= -15) in DCC+/-participants, compared to 

DCC+/+ relatives (Table 2).  

Human morphometry 

 Main effects of group were detected in the putamen (F(2, 46)= 7.35, p= 0.0017), reflecting 

reduced volume in DCC+/- carriers compared to both control groups (DCC+/+: T46= 3.54, p= 
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0.0009, effect size(d)= 1.37; UHV: T46= 2.92, p= 0.0054, effect size(d)= 0.93) (Figure 6A). No 

significant volumetric alterations between groups were detected in the nucleus accumbens, 

caudate nucleus, or hippocampus (Figure 6B-D).  

A significant main effect of group was also observed in the vmPFC (F(2, 46)= 3.59, p= 

0.036), with increased volume among DCC+/- carriers compared to UHV (T46= 2.53, p= 0.015, 

effect size(d)= 0.94), but there were no differences between DCC+/- carriers and DCC+/+ relatives 

(T46= 0.36, p= 0.72, effect size(d)= 0.12) (Figure 6E). In comparison, a significant main effect of 

group was detected in the mPFC/ACC (F(2, 46)= 4.87, p= 0.012), a region detected in the 

functional connectivity whole-brain analysis, with the DCC+/- carriers exhibiting significantly 

increased volume, compared to both DCC+/+ relatives (T46= 2.43, p= 0.019, effect size(d)= 1.10) 

and UHV (T46= 2.85, p= 0.0065, effect size(d)= 0.88) (Figure 6F).  

Mouse morphometry 

The two-way ANOVA of NAcc volumes yielded main effects of genotype and age without 

a genotype x age interaction (F(1,25)= 0.04, p= 0.85). Compared to wild-type mice, Dcc 

haploinsufficient mice exhibited reduced NAcc volumes (F(1,25)= 12.66, p= 0.0015), and this was 

apparent both at adolescence (T50= 2.88, p= 0.0058, effect size(d)= 1.09) and at adulthood (T50= 

3.09, p= 0.003, effect size(d)= 1.26). The main effect of age reflected increased NAcc volumes in 

adulthood, relative to adolescence, for both genotypes (F(1,25)= 16.61, p= 0.0004) (Figure 7A). 

There was not a significant effect of genotype in dorsal striatum (F(1,25)= 0.84, p= 0.37), but there 

was an effect of age (F(1,25)= 46.77, p< 0.0001) reflecting increased volume in adulthood, relative 

to adolescence (Figure 7B). 

As with the NAcc, a volumetric reduction in hippocampus was detected among Dcc 

haploinsufficient, relative to wild-type mice, as evidenced by a main effect of genotype (F(1,25)= 
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6.77, p= 0.015), with significant effects at adolescence (T50= 2.78, p= 0.0077, effect size(d)= 

1.05) and adulthood (T50 = 2.17, p= 0.035, effect size(d)= 0.88). Hippocampal volumes also 

exhibited a main effect of age (F(1,25) = 21.55, p< 0.0001), whereby volumes were increased in 

adulthood, relative to adolescence, for both genotypes. The genotype x age interaction was not 

significant (F(1,25)= 0.97, p= 0.33) (Figure 7C).  

There were no statistically significant effects of genotype in the cingulate-1, prelimbic, or 

infralimbic regions of the mPFC. However, main effects of age were identified in cingulate-1 

where volumes were reduced in adulthood, relative to adolescence, for both genotypes (F(1,25) = 

28.56, p < 0.0001). Similar trends for effects of age were detected in the prelimbic (F(1,25)= 3.69, 

p= 0.066) and infralimbic (F(1,25)= 3.55, p= 0.071) cortices (Figures 7D-F).  

 

 

 

 

 

 

 

 

 

 

 

 

 



  

75 
 

DISCUSSION 

The study’s primary findings are that humans who are haploinsufficient for the axon 

guidance molecule receptor gene, DCC, exhibited decreased mesocorticolimbic anatomical 

connectivity, decreased striatal volume, lower novelty seeking personality trait scores, and, more 

tentatively, less use of at least one addictive substance, cigarettes. Volumetric reductions seen in 

striatum were paralleled by strikingly similar findings in Dcc haploinsufficient mice.  

Alterations in human mesocorticolimbic connectivity 

To our knowledge, the present study provides the first evidence that DCC haploinsufficient 

humans have decreased anatomical connectivity between the SN/VTA and forebrain projection 

sites. This finding is consistent with results from a recent DTI study of a single individual with 

homozygous DCC-/- mutations. That study identified broad disorganization and axon reduction, 

including a decrease in anterior-posterior fibers (Jamuar et al., 2017). Of greater relevance for 

the current study, the more extensive literature with DCC-deficient mice has identified direct 

evidence of mesocorticolimbic specific connectivity disturbances. During adolescence, DCC 

receptors in mesolimbic dopamine neurons promote their targeting in the NAcc, preventing them 

from growing ectopically to the mPFC (Manitt et al., 2011; Manitt et al., 2013; Reynolds et al., 

2018). In conditional Dcc haploinsufficient mice, the mesolimbic dopamine neurons are rerouted 

to the cingulate 1 and prelimbic portions of the pregenual mPFC (Manitt et al., 2011; Reynolds et 

al., 2018), concomitantly reduced dopamine varicosities in the NAcc (Reynolds et al., 2018), and 

diminished amphetamine-induced NAcc dopamine release (Flores et al., 2005; Grant et al., 

2007). The effects of Dcc haploinsufficiency on non-dopamine corticolimbic-midbrain 

connectivity have not been explored in detail.  

 Functional connectivity changes between the SN/VTA and its targets in the mPFC/ACC 
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and hippocampus were also identified when contrasting DCC+/- carriers and their DCC+/+ 

relatives. However, these same alterations were not observed between DCC+/- carriers and UHV. 

This could reflect that the DCC+/+ relatives constituted a better-matched control group with 

shared genetic and environmental features. Moreover, the selection criteria were stricter for 

UHV, compared to both family groups, with volunteers excluded on the basis of psychiatric 

disorders including substance use disorders. This noted, since the functional connectivity 

alterations in the DCC+/- carriers differed from one of the two control groups only, these 

particular results should be interpreted with caution. 

Volumetric alterations  

Striatal volumetric reductions were seen in DCC haploinsufficient humans and mice. These 

striatal effects occurred ventrally in mice and more dorsally in humans. The different locus of 

effect might plausibly be explained by anatomical and functional differences between the 

species. First, in rodents there is a clear dissociation between mesolimbic (VTA to ventral 

striatum) and nigrostriatal (SN to dorsal striatum) pathways (Düzel et al., 2009) whereas, in 

humans, mesolimbic pathways originate from both VTA and SN (Düzel et al., 2009). Second, 

the ventral striatum comprises the NAcc and olfactory tubercle in rodents, whereas in primates it 

also includes ventral aspects of the putamen and caudate nucleus (Haber et al., 1990; Holt et al., 

1997). Finally, the dorsal striatum, comprising the unified caudate-putamen in rodents, exists as 

two structures in humans (caudate nucleus and putamen) separated by the internal capsule, a 

bundle of fibers richly expressing DCC (Shu et al., 2000).  

The NAcc volumetric reductions identified in adolescent and adult Dcc+/- mice are 

interesting in light of the previously reported NAcc findings including reduced dopamine fiber 

innervation, blunted amphetamine-induced dopamine release, and disrupted amphetamine-
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induced behaviors (Hoops and Flores, 2017). Since the striatal volumetric reductions are present 

in adolescence, they precede the dopamine pathway alterations observed in adult, and not 

adolescent, Dcc+/- mice (Hoops and Flores, 2017). Since the precise etiology of these volumetric 

effects is unknown, they may be driven by DCC-induced alterations to either dopaminergic or 

non-dopaminergic neurons. Moreover, developmental changes between adolescence and 

adulthood were identified: striatal and hippocampal volumes increased while mPFC volumes 

decreased, and these effects were independent of genotype.  

The human putamen effect might not be restricted to rare DCC mutations. Indeed, a recent 

large genome-wide association study in the general population (n= 30,717) found that putamen 

volume was influenced by four genes, including a single nucleotide polymorphism (SNP) in an 

intronic locus of DCC (Hibar et al., 2015). To our knowledge, the consequence of this SNP on 

the expression or function of the DCC protein is unknown. In comparison, in the present a priori 

hypothesis guided study, knowing that the mutated allele results in non-functional DCC protein 

(Srour et al., 2010), we have strengthened the evidence for and identified the direction of this 

DCC-associated effect on human putamen.  

Personality traits, substance use, and associations with mesocorticolimbic connectivity  

The low novelty seeking trait scores and low tobacco use findings among DCC+/- humans 

are remarkably consistent with the phenotype of adult Dcc+/- mice, which exhibit blunted 

stimulant drug-induced behavioral responses and reduced intracranial self-stimulation reward 

(Grant et al., 2007; Yetnikoff et al., 2007; Flores, 2011; Kim et al., 2013; Reynolds et al., 2016). 

Novelty seeking scores in the DCC+/- mutation carriers were reduced as compared to both control 

groups, whereas cigarette use was reduced as compared to DCC+/+  relatives only. Although the 

lack of differences in cigarette use between DCC+/- and UHV groups diminishes the robustness 
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of the finding, the result is not unanticipated given that problematic tobacco and other substance 

use were exclusion criteria for UHV. Finally, lifetime cannabis use was negatively correlated 

with anatomical connectivity between the SN/VTA and hippocampus. This finding was not 

hypothesized a priori, though it might have some bearing with respect to previously reported 

evidence of anatomical connectivity reductions in hippocampal pathways among long-term 

cannabis users (Zalesky et al., 2012).  

Limitations 

The present study should be considered in light of the following. First, there are general 

limitations of diffusion MRI tractography to infer fiber pathways, including indirect 

measurement of axonal orientations and the challenge of resolving crossing fibers (Jones et al., 

2013; Jbabdi et al., 2015). However, the tractography maps from SN/VTA accord closely with 

tract tracing studies in macaques (Haber, 2014) with main projections to striatum, prefrontal and 

limbic areas. Second, functional and diffusion MRI cannot discern the direction or 

neurochemistry of axonal projections, but postmortem DCC mapping studies (Harter et al., 2010; 

Manitt et al., 2013; Reyes et al., 2013) and the growing animal literature (Osborne et al., 2005; 

Manitt et al., 2010; Flores, 2011; Hoops and Flores, 2017) suggest that dopamine neurons and 

their post-synaptic targets are likely prominent contributors. Third, our sample size is modest (20 

DCC mutation carriers and 36 controls). This noted, the a priori hypotheses were guided by an 

in-depth animal literature (Flores, 2011; Hoops and Flores, 2017), the haploinsufficient DCC 

mutation is known to produce non-functional DCC protein (Srour et al., 2010), and the sample 

size is the largest DTI study of DCC mutation carriers reported to date. Previous studies 

evaluated corticospinal pathways in seven (Marsh et al., 2017) and two carriers in another 

(Welniarz et al., 2017). A third study evaluated whole-brain connectivity in one carrier (Jamuar 
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et al., 2017). Thus, though caution is warranted as with any novel observation, we propose that 

the clear a priori hypotheses, the carefully matched samples, and the general robustness of the 

core findings provide some confidence.  

Conclusions 

 We have identified in humans for the first time the effects of a mutated axon guidance 

receptor gene on mesocorticolimbic connectivity, terminal region volumes, and 

mesocorticolimbic related behaviors. Strikingly, the striatal volume reductions were seen in both 

DCC-haploinsufficient humans and mice. Together these effects of DCC haploinsufficiency 

might have implications for understanding recently reported associations between genetic 

variations in this axon guidance receptor and neuropsychiatric disorders (Grant et al., 2012; 

Manitt et al., 2013; Dunn et al., 2016; Okbay et al., 2016; Yan et al., 2016; Leday et al., 2017; 

Torres-Berrío et al., 2017; Ward et al., 2017; Zeng et al., 2017).  
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 UHV  DCC+/+ relatives DCC+/- ANOVA or χ2  

p-value  

N (Total) 20 16 20  

N (MRI) 19 12 18  

Age (Mean±SD) 41.8±16.0 38.3±13.2 46.2±16.0 p= 0.31 

Sex (M:F) 11:9 6:10 11:9 p= 0.50 

Handedness  19 right, 1 left 11 right, 3 left, 2 

ambidextrous 

15 right, 4 left, 1 

ambidextrous 

p= 0.25 

Sensitivity to 

Punishment 

(Mean±SD) 

6.8±4.6  

(n=19) 

6.9±5.5  

(n=14) 

8.4±5.2  

(n=19) 

p= 0.59 

Sensitivity to 

Reward 

(Mean±SD)  

9.7±3.8  

(n=20) 

8.1±3.1  

(n=14) 

9.4±4.6  

(n=19) 

p= 0.48 

Novelty Seeking 

(Mean±SD)  

104.8±12.3*  

(n=15) 

104.2±11.2*  

(n=13) 

94.9±11.2  

(n=18) 

p= 0.03 

 

Table 1: Participant characteristics. Sample sizes, demographic characteristics, and 

personality traits for DCC+/- mutation carriers, DCC+/+ relatives, and UHV. Asterisks (*) 

indicate p ≤ 0.05 compared to DCC+/- participants. 
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Contrasts             

Hemisphere 

Brain 

Region 

Cluster-

size (mm3) 

T-score p-value 

FDR-corr. 

Cohen’s 

D 

 

  x    y z 

DCC+/- > 

DCC+/+ 

L/R ITG 1188 5.55  0.014 2.14 45 -12 -39 

L/R SFG/MFG 1755 5.10  0.014 1.96 18 63 30 

L Hippocampus 540 4.74  0.047 1.82 -24 -9 -15 

DCC+/- < 

DCC+/+ 

L         mPFC/ACC 729 5.02  0.014 1.93 -18 42 9 

L/R SPL/IPL 972 4.75  0.047 1.83 21 -75 51 

R PCG 567 4.69  0.047 1.81 3 -24 72 

  

Table 2: Whole-brain functional connectivity differences between DCC+/- carriers and 

DCC+/+ relatives, using the SN/VTA seed. ITG: inferior temporal gyrus; SFG/MFG: superior 

frontal gyrus/middle frontal gyrus; mPFC/ACC: medial prefrontal cortex/anterior cingulate 

cortex; SPL/IPL: superior parietal lobule/inferior parietal lobule; PCG: precentral gyrus. DCC+/- 

> DCC+/+ : increased connectivity among DCC+/-, compared to DCC+/+. DCC+/- < DCC+/+ : 

decreased connectivity among DCC+/-, compared to DCC+/+.  p values are false discovery rate 

(FDR) corrected and cluster size ≥540 mm3. 
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Figure 1. Pedigree of the Quebec family. Red indicates DCC+/-; blue indicates DCC+/+; white designates those who did not undergo 

genetic testing. Crossed lines designate deceased. Squares and circles are males and females, respectively. * indicates previously 

genotyped (Srour et al., 2010) individuals who did not participate in the present study. 
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Figure 2. Depiction of human regions of interest (ROIs): (A) substantia nigra/ventral 

tegmental area (SN/VTA) (black), (B) ventral striatum (VS) (red), (C) ventral medial prefrontal 

cortex (vmPFC) (green), (D) medial prefrontal cortex/anterior cingulate cortex (mPFC/ACC) 

(blue), and (E) hippocampus (purple).  
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Figure 3. Depiction of mouse regions of interest (ROIs): (A) striatum including the nucleus 

accumbens (NAcc) (green) and dorsal striatum (red), (B) hippocampus (purple), (C) medial 

prefrontal cortex (mPFC) subregions comprising the cingulate-1 (orange), prelimbic (blue), and 

infralimbic (yellow). 
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Figure 4. Personality traits and cigarette Use. Group differences in (A) novelty seeking, and 

three measures of cigarette smoking: (B) age of onset, (C) current weekly use, and (D) lifetime 

use. Because the UHV selection criteria were stricter, excluding on the basis of psychiatric 

disorders including tobacco and other substance use disorders, they were excluded from the 

cigarette analyses. * p ≤ 0.05 
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Figure 5. Diffusion tensor imaging (DTI). Group differences in anatomical connectivity with 

seed in SN/VTA and targets in (A) VS and (B) vmPFC. (C) SN/VTA-hippocampus anatomical 

connectivity is negatively correlated with lifetime cannabis use. (D) Mean fractional anisotropy 

(FA) in the hippocampus is reduced in DCC+/- carriers. Red circles are DCC+/-, blue circles are 

DCC+/+, and green circules are UHV. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 
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Figure 6. Human morphometry. Regional grey matter (GM) volume in DCC+/- carriers, 

DCC+/+ relatives, and unrelated healthy volunteers (UHV). Targets identified in whole-brain 

voxel-based morphometry (VBM) and regions of interest comprised the (A) putamen, (B) 

nucleus accumbens, (C) caudate nucleus, (D) hippocampus, (E) ventromedial prefrontal cortex 

(vmPFC), and (F) medial prefrontal cortex/anterior cingulate cortex (mPFC/ACC). * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001 
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Figure 7. Mice morphometry. Regional brain volumes in Dcc haploinsufficient and wild-type 

mice, measured at adolescence and again, in the same animals, at adulthood. Regions of interest 

comprised the (A) nucleus accumbens (NAcc), (B) dorsal striatum, (C) hippocampus, and three 

subregions of the medial prefrontal cortex (mPFC): (D) cingulate-1, (E) prelimbic, and (F) 

infralimbic. * p ≤ 0.05, ** p ≤ 0.01 
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Chapter IV: General Discussion 

 The studies described in this dissertation investigated the effects of DCC on the structure, 

connectivity, function, and associated behaviors of the motor and mesocorticolimbic systems of 

the human brain. The first human DCC mutation was identified in the Quebec family (Srour et 

al., 2009; Srour et al., 2010) that has been the focus of the present neuroimaging, genetic 

expression, psychological, and behavioral investigations.  

4.1 Summary of primary findings 

In the motor system, mirror movements were associated with a dramatically increased 

ipsilateral corticospinal tract, increased “mirroring” motor representations, alterations in motor 

system functional connectivity, reduced interhemispheric inhibition, and reduced peripheral 

DCC mRNA expression. Intriguingly, both DCC mutation carrier subgroups, independently of 

mirror movements, exhibit a wide range of functional connectivity changes, in addition to 

reductions in corpus callosum fiber integrity. One female DCC mutation carrier without mirror 

movements exhibited partial agenesis of the corpus callosum. 

The DCC haploinsufficient participants also exhibited multiple mesocorticolimbic 

alterations including strikingly reduced anatomical connectivity between the midbrain and 

projection sites in the ventral striatum and mPFC. These neurobiological changes were 

accompanied by reductions in novelty seeking traits and tobacco cigarette smoking. Applying a 

translational approach, both DCC haploinsufficient humans and mice exhibited reductions in 

striatal volumes. Indeed, the other findings too are in line with results from studies with 

transgenic Dcc haploinsufficient mice, which exhibit altered mesocorticolimbic connectivity, 

function, and related behaviors (Hoops and Flores, 2017). The present studies represent the first 

demonstration of these effects in humans.  
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4.2 Human DCC mRNA expression  

 Only mirror movements, and not the DCC mutation, was associated with decreased 

peripheral DCC mRNA expression, originating from both the mutated and normal alleles. These 

reductions might explain the partial penetrance of mirror movements. Nonetheless, neither the 

presence of mirror movements nor the level of peripheral DCC mRNA expression was related to 

corpus callosal white matter integrity, mesocorticolimbic anatomical connectivity, striatal or 

cortical volumes, tobacco cigarette smoking, or novelty seeking personality traits. In interpreting 

these findings, there are at least three factors worth considering. First, peripheral levels of DCC 

mRNA were measured, not brain levels. Secondly, whether reduced DCC mRNA levels translate 

into a similar reduction in functional protein remains to be established. Thirdly, DCC mRNA 

expression was measured at one time point only (adulthood), whereas DCC expression varies 

across the lifespan and is highest in the first two trimesters of embryological development (Kang 

et al., 2011; Hibar et al., 2015).  

4.3 Mirror movements and agenesis of the corpus callosum in DCC mutation carriers  

 In the Quebec family, approximately half (20/36) of the participating family members 

carried a DCC mutation. Among the mutation carriers, approximately two-thirds (13/20) 

exhibited mirror movements. Moreover, 9 out of 13 of those with mirror movements were male, 

while only 2 out of 7 DCC mutation carriers without mirror movements were male. Furthermore, 

the only mutation carrier in the Quebec family with partial agenesis of the corpus callosum was 

female, and she did not express mirror movements. The increased prevalence of mirror 

movements among males and increased prevalence of corpus callosum agenesis among females 

in DCC mutation carriers is consistent with other reports (Marsh et al., 2017). As a possible 

explanation for these sex associated prevalence rates, Marsh et al. (2017) demonstrated dose-
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dependent testosterone increases of DCC mRNA expression in neural stem cells. However, 

although the data appear positively skewed in 2 of the 3 groups, the authors used parametric 

statistics and assumed equality of variance between groups. It is unclear if non-parametric tests 

or data transformations to reduce positive skew would have produced the same results. 

Moreover, while Marsh et al. (2017) proposed that the increased agenesis of the corpus callosum 

among female DCC mutation carriers was due to decreased testosterone, resulting in diminished 

DCC expression, it begs the question of why mirror movements are more prevalent among 

males. 

 More broadly, the frequency of agenesis of the corpus callosum in the general population 

is 1 in 4000 (Paul et al., 2007), compared to 1 in 18 DCC mutation carriers in the present study 

who underwent an MRI. Although a single case must be treated cautiously, the finding is 

consistent with reports of agenesis of the corpus callosum in humans (Jamuar et al., 2017; Marsh 

et al., 2017) and mice (Fazeli et al., 1997; Finger et al., 2002) with DCC mutations. Additional, 

unknown genetic and environmental variables must be contributing to both callosal agenesis and 

mirror movements, due to the partial penetrance of these phenomena among DCC mutation 

carriers.   

4.4 Neurophysiology of mirror movements 

 In the present investigations, unilateral TMS of the primary motor cortex induced 

ipsilateral movements in DCC mutation carriers with mirror movements in 100% of trials. The 

statistically simultaneous movements on the contralateral and ipsilateral sides suggest an 

ipsilateral corticospinal tract in DCC mutation carriers with mirror movements. The present 

findings are consistent with the extensive evidence that mirror movement individuals, across a 

range of precipitating causes, exhibit an ipsilateral corticospinal tract (Capaday et al., 1991; 



  

96 
 

Cohen et al., 1991; Kanouchi et al., 1997; Cincotta et al., 2002; Gallea et al., 2013). Moreover, 

evidence that DCC mutation carriers with mirror movements exhibit a functional and structural 

corticospinal tract has recently been reported as well (Marsh et al., 2017; Welniarz et al., 2017).  

 While the DTI data at the level of the pyramidal decussation in the present investigations 

were not of sufficient quality to assess the structural corticospinal tracts, other investigators have 

reported laterality coefficients by computing the difference between the number of crossed and 

uncrossed corticospinal fibers, relative to the total number of fibers (Marsh et al., 2017; Welniarz 

et al., 2017). Merging the results from these studies, a total of 8 control participants exhibited 

more crossed than uncrossed fibers, whereas 9 DCC mutation carriers with mirror movements 

exhibited more uncrossed than crossed fibers (Marsh et al., 2017; Welniarz et al., 2017). Some 

investigators have noted that this technique is likely to overestimate the number of uncrossed 

fibers, but the group comparisons remain informative since the overestimation applies equally to 

controls and to mutation carriers (Gallea et al., 2013). Our own data suggest that substantial 

individual variability is likely: approximately half of those with mirror movements exhibited 

greater TMS-induced contralateral MEPs, and half exhibited greater ipsilateral MEPs. Indeed, a 

subset of the latter individuals exhibited ipsilateral MEPs that were more than five times larger 

than the contralateral MEPs.   

 As predicted, DCC mutation carriers with mirror movements exhibited increased 

“mirroring” motor representations in the primary motor cortex and cerebellum. This is the first 

demonstration of these effects in DCC mutation carriers and the first report of greater 

“mirroring” cerebellar responses in those with mirror movements. In previous studies of people 

with mirror movements, there was evidence that passive hand movements can induce ipsilateral 

M1 representations similar to those observed during mirror movements (Krams et al., 1997). 
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These observations have raised the possibility that activations reflect sensory feedback from the 

unintended mirror movements rather than being the cause of the unintended movement. As a 

strategy to minimize this confound, in the present study each participant’s arm, hand, and fingers 

contralateral to the voluntary movements was tightly restrained. Despite this, “mirroring” 

activations were still seen. When combined with the TMS-identified reductions of 

interhemispheric inhibition, the results are at least consistent with the proposition that mirror 

movements are the consequence of disinhibited unilateral activations of motor cortex. 

 4.4.1 Transcallosal inhibition  

 The corpus callosum, comprising 200-800 million fibers and interconnecting homologous 

cortical regions, mediates both inhibitory and excitatory signals between the cerebral 

hemispheres (Bloom and Hynd, 2005). In humans, the fibers of the corpus callosum begin to 

appear by 11-12 fetal weeks, forming a callosal commissural plate by 12-13 weeks, and 

exhibiting a shape similar to the adult corpus callosum by 18-20 weeks (Rakic and Yakovlev, 

1968). The corpus callosum continues to expand throughout development until early adulthood, 

potentially reflecting continued myelination or increases in axonal size (Pujol et al., 1993; 

Keshavan et al., 2002). Transcallosal inhibition is absent or minimal in young children (Glocker 

et al., 1997; Heinen et al., 1998) and develops around age 10 (Müller et al., 1997), coinciding 

with the disappearance of the physiological mirror movements occasionally observed in children 

(Rasmussen, 1993). Consistently, in healthy adults lacking visually-apparent mirror movements, 

the magnitude of EMG-recorded physiological mirror movements is reduced when 

interhemispheric inhibition is increased (Hübers et al., 2008).  

 Human electrophysiological studies suggest that transcallosal inhibition is mediated by 

inputs to inhibitory interneurons in the primary motor cortex (Schnitzler et al., 1996). In rats, 
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cellular evidence indicates that the interhemispheric inhibition acts via dendritic GABAB 

receptors (Palmer et al., 2012). Moreover, by investigating patients with callosal lesions, it was 

found that the posterior third and anterior fourth segment of the corpus callosum mediate 

interhemispheric inhibition (Meyer et al., 1998).  

 The phenotype in individuals with mirror movements of reduced interhemispheric 

inhibition and increased ipsilateral M1 motor activations is observed in other neurological 

disorders. For instance, multiple sclerosis is characterized by axonal degeneration; affected 

individuals exhibit abnormal delays in interhemispheric inhibition, as assessed with TMS 

(Boroojerdi et al., 1998), and increased fMRI-measured activations in the hemisphere ipsilateral 

to voluntary movements, reflecting reduced inhibition of the ipsilateral motor cortex (Manson et 

al., 2006). Interestingly, experienced musicians, who demonstrate advanced bimanual motor 

coordination, exhibit reduced interhemispheric inhibition (Ridding et al., 2000) and less 

lateralized cortical motor outputs (Lin et al., 2002).  

 The motor systems of DCC mutation carriers without mirror movements had not been 

previously explored. In comparison to DCC mutation carriers with mirror movements, the DCC 

mutation alone was not associated with an ipsilateral corticospinal tract, reductions in 

interhemispheric inhibition, greater “mirroring” motor representations, or any evidence of 

increases in subtler, physiological mirror movements. However, DCC mutation carriers, 

regardless of mirror movement status, exhibited reductions in fractional anisotropy in regions of 

the corpus callosum that innervate motor and somatosensory areas. Fractional anisotropy 

alterations must be interpreted cautiously, since they could reflect changes in myelination, axonal 

diameter, or fiber density (Scholz et al., 2014). Nonetheless, a reduction in fiber density is 

plausible as reflected by the callosal agenesis in DCC mutation carriers (Fazeli et al., 1997; 
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Jamuar et al., 2017; Marsh et al., 2017) and DCC’s established role in guiding commissural 

axons (Keino-Masu et al., 1996; Livesey and Hunt, 1997). Moreover, interhemispheric inhibition 

between motor hand areas is positively correlated with fractional anisotropy in hand motor fibers 

(Wahl et al., 2007). This is concordant with the present findings of reduced interhemispheric 

inhibition and fractional anisotropy in DCC mutation carriers with mirror movements. The 

absence of interhemispheric inhibition changes in mutation carriers without mirror movements 

might reflect compensatory changes that remain to be elucidated.  

 The differential effects observed here in callosal compared to corticospinal tracts might 

be explained by differences in DCC’s function in these pathways (Welniarz et al., 2017). 

Surprisingly, in a mouse line bred to selectively delete DCC in the neocortex (including the 

corticospinal tract), there were no consequences on the crossing of the corticospinal tract, despite 

an absence of corticospinal tract crossing in Dcc “kanga” mice (Welniarz et al., 2017). This 

indicates that DCC expressed outside, rather than expressed within, the corticospinal tract, is 

critical for the development of this pathway. In contrast, DCC within commissural fibers is 

critical for the development of commissural pathways (Fazeli et al., 1997; Finger et al., 2002). 

Therefore, DCC’s role in the formation of the corpus callosum might be more direct than its role 

in the corticospinal tract; the latter appears to be dependent upon additional factors. However, the 

partial penetrance of mirror movements and callosal agenesis remains unclear, and further 

elucidation of DCC’s roles in corticospinal and callosal pathways is needed.  

 4.4.2 RAD51 mutation carriers with mirror movements 

 RAD51 plays an important role in the repair of DNA double-strand breaks (Kawabata et 

al., 2005). A RAD51 mutation is also associated with mirror movements (Depienne et al., 2012). 

Compared to non-carriers, RAD51 mutation carriers with mirror movements exhibit more 
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bilateral primary motor cortex representations, an ipsilateral corticospinal tract, and reduced 

interhemispheric inhibition (Gallea et al., 2013). As done here, Gallea et al., (2013) assessed 

interhemispheric inhibition using a relatively long interval of 40 ms between the conditioning 

stimulus and the test stimulus, in order to avoid confounding effects of the mirror movements. 

Moreover, the resting state functional connectivity between primary motor cortices was 

negatively correlated with the degree of interhemispheric inhibition (Gallea et al., 2013). While 

this does not establish causation, it suggests that abnormalities in interhemispheric inhibition 

may underlie bilateral motor cortex activations, thus contributing to the mirror movement 

phenotype. Whereas the DCC mutation carriers exhibited fractional anisotropy reductions in the 

motor and somatosensory regions of the corpus callosum, the RAD51 mutation carriers with 

mirror movements exhibited increased fractional anisotropy in the hand area of the corpus 

callosum (Gallea et al., 2013). The increased fractional anisotropy in RAD51 mutation carriers 

may represent a compensatory increase in white matter integrity, which nonetheless fails to 

restore normal interhemispheric inhibition or inhibit the mirror movements.   

4.5 DCC and regional brain volume  

 4.5.1 Striatal volume  

 Using a translational neuroimaging approach, striatal volumetric reductions were 

identified in both DCC haploinsufficient humans and mice. Whereas the effect was specific to 

the putamen within the dorsal striatum in humans, the effect was localized to the NAcc of the 

ventral striatum in mice. The differential striatal effects are credibly explained by interspecies 

anatomical differences. The mesolimbic/nigrostriatal dissociation in rodents is less apparent in 

humans, such that fibers projecting to the ventral striatum originate from both the substantia 

nigra and ventral tegmental area (Düzel et al., 2009). Moreover, as distinct from rodent ventral 



  

101 
 

striatum, the primate ventral striatum includes ventral aspects of the putamen and caudate 

nucleus (Haber et al., 1990; Holt et al., 1997). 

 The reduced NAcc volumes among Dcc haploinsufficient mice is intriguing given the 

recent demonstration that these rodents exhibit diminished mesolimbic dopamine innervation 

(Reynolds et al., 2018). Moreover, Dcc haploinsufficient mice exhibit blunted amphetamine-

induced dopamine release and reductions in reward-related behaviors known to depend on NAcc 

dopamine function (Grant et al., 2007; Flores, 2011; Pokinko et al., 2015; Hoops and Flores, 

2017). Since volumetric reductions of the NAcc are already present in adolescence, they precede 

the alterations in dopamine connectivity and function observed only in adult Dcc 

haploinsufficient mice. It is unclear if the volumetric, connectivity, and behavioral phenotypes 

are causally related to one another, or whether they are each a separate consequence of the Dcc 

mutation. In the current study, mesocorticolimbic connectivity features and various behavioural 

features occurred in both groups of DCC haploinsufficient volunteers irrespective of whether 

they exhibited mirror movements. Further elucidation of the mechanisms underlying each of 

these phenotypes is needed to address this question.  

 The effect of reduced putamen volume among human DCC mutation carriers is highly 

consistent with a series of recent GWAS investigations. As part of the Enhancing Neuro Imaging 

Genetics through Meta-Analysis (ENIGMA) initiative, a GWAS of 30,717 participants 

investigated genetic variants associated with the volumes of seven subcortical structures 

(putamen, nucleus accumbens, caudate, pallidum, amygdala, thalamus, and hippocampus) (Hibar 

et al., 2015). Approximately half of the participants comprised the discovery sample and the 

other half comprised the replication sample. Genetic loci associated with putamen volume were 

identified in four genes: KTN1, DCC, BCL2L1, and DLG2 in both the discovery and replication 
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cohorts. The locus identified in DCC (rs62097986) was in the intronic domain (Hibar et al., 

2015). These GWAS findings parallel those of the present investigations, with alterations in 

DCC specifically associated with putamen volume, and not volume of the other subcortical 

structures. Hibar et al. (2015) computed heritability estimates, including data from 148 

monozygotic and 202 dizygotic twin pairs, as well as additional siblings for a total of 1030 

participants. Among the seven subcortical structures, the putamen had the highest heritability 

estimate (h2= 0.89) while the heritability estimate of the nucleus accumbens was markedly lower 

(h2= 0.49). Shared environmental effects were not found to significantly contribute to the 

goodness-of-fit of the model (Hibar et al., 2015).  

 Interestingly, by searching for “putamen volume” in the UK Biobank Brain Imaging Data 

browser (http://big.stats.ox.ac.uk/), comprising neuroimaging GWAS data from 9,707 

participants (Elliott et al., 2017), a SNP (rs62098013; p= 1.6e-9) in DCC associated with 

bilateral putamen volume is detected. 

 Concurrent with these studies, an additional GWAS investigation identified that 

schizophrenia (n= 82,315) and putamen volume (n= 11,598) were both associated with an 

intronic locus of DCC (rs4632195) (Smeland et al., 2018). The risk allele for schizophrenia was 

associated with larger putamen volumes. Notably, by analyzing publicly available post-mortem 

tissue data, the authors reported that DCC mRNA expression was highest in the striatum, 

following the postnatal period. Earlier work had also identified larger putamen volumes among 

those with schizophrenia (Hokama et al., 1995; Okada et al., 2016). This is also consistent with 

genetic investigations that found associations between SNPs in DCC and schizophrenia (Grant et 

al., 2012; Yan et al., 2016). Furthermore, these authors predicted that schizophrenia was 

associated with increased DCC expression (Grant et al., 2012; Yan et al., 2016), which is 

http://big.stats.ox.ac.uk/variant/18-50863861-G-A


  

103 
 

associated with increased putamen volumes (Hokama et al., 1995; Okada et al., 2016). Our 

findings of decreased putamen volumes among DCC haploinsufficient individuals, who have 

reduced functional DCC protein, supports this rapidly growing literature.  

 4.5.2 mPFC volume 

 Volumes of the mPFC were increased among DCC haploinsufficient humans, but not 

mice. While translational studies reveal similar functions between the primate and rodent PFC, 

the evidence for homologous anatomical subregions of the PFC between primates and rodents is 

weak (Brown and Bowman, 2002). Therefore, interspecies differences in anatomical complexity 

and organization of the PFC are likely contributing factors. Moreover, the mPFC volumetric 

finding has not been identified, to the author’s knowledge, in human neuroimaging GWAS 

investigations. However, GWAS studies require conservative statistics given the large number of 

comparisons, and the effect of the DCC mutation on the volume of the cortex may be more 

pronounced than the effects of common population variants in the DCC gene. Therefore, caution 

is warranted given that the effect is not observed in GWAS studies or rodents, and efforts should 

be made to replicate the finding in similar human cohorts of DCC mutation carriers.  

 4.5.3 Hippocampal volume 

 Volumes of the hippocampus were decreased among Dcc haploinsufficient mice, but not 

humans. Although we do not have an explanation for this finding, the role of DCC in 

hippocampal development and function has been investigated at multiple levels of analysis. In 

rodents, using in situ hybridization, hippocampal areas CA1, CA2, and CA3 and dentate gyrus 

highly express Dcc mRNA (Livesey and Hunt, 1997; Volenec et al., 1997). Moreover, by 

assessing DCC protein using immunoreactivity, there is a signal in hippocampal neuronal cell 

bodies, although it is weak compared to the signal observed in dopamine neurons (Osborne et al., 
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2005). Using subcellular fractionation and immunohistochemistry, DCC is detected in 

hippocampal synapses and dendritic spines (Horn et al., 2013). Moreover, selective deletion of 

DCC from neurons results in reduced dendritic spine lengths, impaired spatial and novel-object-

recognition memory, and impaired long term potentiation (LTP) (Horn et al., 2013). DCC is 

implicated in hippocampal pathway development as well, such that the hippocampal commissure 

is absent in Dcc knockout mice (Fazeli et al., 1997; Finger et al., 2002) and humans with a DCC 

homozygous mutation (Jamuar et al., 2017). Moreover, both ipsilateral and contralateral 

hippocampal circuitry are altered in mice lacking Netrin-1 (Barallobre et al., 2000).  

  Although hippocampal volumetric effects were not detected among humans, increased 

functional connectivity between the SN/VTA and hippocampus was observed among DCC 

mutation carriers, compared to their relatives. Moreover, hippocampal white matter integrity 

reductions were observed among the human DCC mutation carriers, consistent with DCC’s role 

in hippocampal circuitry (Barallobre et al., 2000).   

 4.5.4 DCC and apoptosis 

  The volumetric changes we report might be related to the evidence that in the absence of 

Netrin-1, DCC induces apoptosis by serving as a caspase substrate (Mehlen et al., 1998). 

Consistently, in Netrin-1 knockouts in vivo, apoptosis is increased in DCC-expressing cells 

during neurodevelopment (Llambi et al., 2001). Interestingly, Dcc homozygous knockout mice 

also exhibit increased cell death in the locus coeruleus (Shi et al., 2008) and retina (Shi et al., 

2010), suggesting that DCC can also contribute to cell survival. Moreover, among adult Dcc 

haploinsufficient mice, there is a reduction of dopamine neurons in the VTA and SN (Flores et 

al., 2005). While consequences of human DCC mutations on apoptosis or cell survival have not 
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been directly demonstrated, this is a credible possibility given the role of DCC in these 

processes.  

4.6 DCC and mesocorticolimbic connectivity  

 For the first time, altered mesocorticolimbic anatomical connectivity has been identified 

in DCC haploinsufficient humans. This is strikingly in line with studies revealing 

mesocorticolimbic connectivity alterations in Dcc mutant rodents (Hoops and Flores, 2017). 

Whereas mesolimbic connectivity is diminished in humans and mice with a DCC mutation, 

mesocortical connectivity is increased in mice and reduced in humans with a DCC mutation. 

Importantly, the rodent work specifically examined dopamine fibers in these pathways whereas 

the MRI methodologies employed in the present human work cannot discern the underlying 

neurochemistry in these pathways. Since mesocorticolimbic pathways contain dopamine, 

gamma-Aminobutyric acid (GABA) and glutamate axons (Morales and Pickel, 2012), the human 

anatomical connectivity findings are plausibly the result of alterations to both dopaminergic and 

non-dopaminergic axons.  

 In rodents, dopamine axons express relatively high DCC expression in the NAcc and only 

rarely express DCC in the mPFC (Manitt et al., 2011). Conversely, Netrin-1 expression is low in 

the NAcc but relatively high Netrin-1 in the mPFC (Manitt et al., 2011). Therefore, dopamine 

axons expressing high levels of DCC appear more attracted to regions with lower levels of 

Netrin-1, and vice-versa. In the case of DCC haploinsufficiency, since DCC expression is 

reduced, dopamine axons originating in the VTA express lower levels of DCC, therefore failing 

to remain in the NAcc and instead, continue to grow ectopically into the mPFC during 

adolescence (Hoops and Flores, 2017). With regard to the human DCC mutation carriers with 

reduced mesolimbic and mesocortical anatomical connectivity, it may be that fewer axons are 
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innervating the ventral striatum, and these fibers are projecting ectopically, but to a wider range 

of brain regions, compared to the rodents.  

4.7 DCC, personality, and behaviors  

 The present investigations revealed that DCC haploinsufficient humans have a behavioral 

phenotype that is remarkably consistent with that of Dcc haploinsufficient mice. Adult Dcc 

haploinsufficient mice exhibit diminished sensitivity to stimulant drugs and fail to exhibit 

amphetamine-induced behavioral sensitization (Flores, 2011; Hoops and Flores, 2017). In 

comparison, there are no differences in conditioned place preference to morphine or ethanol 

between Dcc haploinsufficient mice and controls (Personal Communication; CF). As a potential 

parallel, the DCC haploinsufficient humans smoke less tobacco, but they do not use less alcohol 

or cannabis, consistent with the evidence in mice that DCC’s effects are specific to stimulant 

drugs.  

 The present work also identified reduced novelty seeking among DCC haploinsufficient 

humans. Although this was the only personality trait to differ in the DCC mutation carriers, the 

result was not unanticipated. DCC-deficient mice, compared to controls, exhibit reduced 

impulsivity (Reynolds et al., 2018) and attend less to a novel object in the presence of a familiar 

object (Horn et al., 2013). Diminished novelty seeking is associated with reduced stimulant drug-

induced dopamine release in the ventral striatum of humans (Leyton et al., 2002) and rodents 

(Hooks et al., 1991). These findings are in accordance with the blunted amphetamine-induced 

dopamine release in the NAcc of Dcc haploinsufficient mice (Grant et al., 2007).  

4.8 Neuropsychiatric disorders  

 There is growing evidence of associations between genetic variants in DCC and 

psychiatric disorders including schizophrenia and depression (Grant et al., 2012; Manitt et al., 
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2013; Dunn et al., 2016; Okbay et al., 2016; Yan et al., 2016; Torres-Berrío et al., 2017; Ward et 

al., 2017; Zeng et al., 2017; Leday et al., 2018; Smeland et al., 2018; Wray et al., 2018). The 

altered mesocorticolimbic connectivity in DCC mutation carriers is a potential explanation of 

these associations, given that mesocorticolimbic connectivity alterations are associated with 

schizophrenia (Horga et al., 2016) and depression (Harrison et al., 2009; Furman et al., 2011; 

Felger et al., 2016). Interestingly, whereas the human DCC mutation carriers exhibited increases 

in volumes of the prefrontal cortex and decreases in volumes of the putamen, patients with 

schizophrenia exhibit the converse: volumetric decreases in the prefrontal cortex (Breier et al., 

1992; Ohtani et al., 2014; Pillai et al., 2015) and increases in the putamen (Hokama et al., 1995; 

Okada et al., 2016). In depression, there are numerous reports of decreases in putamen volume 

(Parashos et al.; Husain et al., 1991; Koolschijn et al., 2009; Pan et al., 2009; Arnone et al., 2012; 

Sachs-Ericsson et al., 2017) although some other groups have failed to replicate this finding 

(Lenze and Sheline, 1999; Schmaal et al., 2016). Moreover, several studies have identified 

volumetric reductions among depressed patients in the prefrontal cortex (Botteron et al.; Frodl et 

al.; Koolschijn et al., 2009; Schmaal et al., 2017).  

 Recently, a UK Biobank study (n= ~6400) found that SNPs in the Netrin-1 signalling 

pathway, conferring risk for major depression, were associated with altered white matter 

microstructure in thalamic radiations, namely lower fractional anisotropy and higher mean 

diffusivity (Barbu et al., 2018). This might reflect a role of Netrin-1 in the development of 

thalamocortical circuitry, which projects from the dorsal thalamus to the neocortex (Braisted et 

al., 2000). Important for the interpretation of the present findings of altered mesocorticolimbic 

connectivity, tractography studies indicate that the thalamus and striatum are highly 

interconnected (Draganski et al., 2008).  
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 Moreover, given DCC’s role in the development of the corpus callosum, it is notable that 

patients with schizophrenia exhibit reductions in the size and fractional anisotropy of the corpus 

callosum (Woodruff et al., 1995; Foong et al., 2000; Balevich et al., 2015; Grazioplene et al., 

2017). Additionally, enlargement of the corpus callosum has been reported in depression (Wu et 

al., 1993), although one study only detected this effect in familial depression (Lacerda et al., 

2005). Finally, some authors have reported that patients with depression exhibit reduced 

fractional anisotropy of the corpus callosum (Nobuhara et al., 2006; Kieseppä et al., 2010; 

Korgaonkar et al., 2011), although others did not find these effects (Brambilla et al., 2004; Bae et 

al., 2006), while one group found a trend-level effect (p= 0.068) and was plausibly 

underpowered (patients: n= 31; controls: n= 15) (Yang et al., 2007).  

 4.8.1 Brain lateralization  

 Investigations of DCC mutation carriers and mirror movements have provided a rare 

opportunity to investigate altered brain lateralization, whereby corticospinal tracts and motor 

representations were more bilateral and accompanied by reduced interhemispheric inhibition. 

Given DCC’s association with schizophrenia and depression, it is worth considering studies of 

altered brain lateralization in these disorders. Intriguingly, there is evidence that patients with 

schizophrenia exhibit reduced interhemispheric inhibition (Fitzgerald et al., 2002), reduced 

lateralization of the sensory motor cortex (Bertolino et al., 2004) and of language processing 

(Sommer et al., 2001), as well as altered lateralization of subcortical regional brain volumes 

(Okada et al., 2016). Moreover, verbal and non-verbal perceptual tasks identified evidence of 

abnormal brain lateralization among groups with various diagnostic subtypes of depression, 

compared to control participants (Bruder et al., 1989). Therefore, while further investigations are 



  

109 
 

certainly required, DCC’s effect on brain lateralization might be important for the development 

of various psychopathologies. 

 4.8.2 Parkinson’s disease 

 The present findings might have implications for understanding Parkinson’s, a 

dopaminergic neurodegenerative disease that gives rise to both motor and neuropsychiatric 

symptoms. The motor features include tremor, rigidity, slowness of movement, and, in some 

cases, mirror movements (Espay et al., 2005; Cincotta et al., 2006; Li et al., 2007). In a study of 

asymmetric Parkinson’s disease, nearly 90% of patients exhibited mirror movements in the less 

affected limb, when voluntary actions were performed with the more affected limb (Espay et al., 

2005). Moreover, TMS investigations revealed that mirror movements among Parkinson’s 

disease patients were associated with increased motor output from the ipsilateral motor cortex 

and reduced interhemispheric inhibition, but not with an ipsilateral corticospinal tract (Cincotta 

et al., 2006; Li et al., 2007). Common neuropsychiatric symptoms of Parkinson’s disease, with 

respective prevalence rates among patients, include major depression (10-30%), hallucinations 

(40-50%), delusions (5-10%), apathy (17-70%), and anxiety disorders (30-40%) (Aarsland et al., 

2009). Moreover, Parkinson’s disease patients exhibit reductions in novelty seeking (Menza et 

al., 1993; Tomer and Aharon-Peretz, 2004). Novelty seeking in this patient population is 

negatively associated with dopamine D2 receptor availability (Kaasinen et al., 2004). This is 

similar to the reduced novelty seeking observed here among the human DCC mutation carriers, 

who are predicted to exhibit blunted striatal dopamine release, based on the Dcc mutant rodent 

findings (Grant et al., 2007).   

 Due to the expression of DCC and Netrin-1 in nigral and striatal dopamine neurons, 

researchers have previously proposed that these guidance cues may have an important role in the 
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etiology of Parkinson’s disease (Livesey and Hunt, 1997). Consistent with this, SNPs in DCC 

(rs17468382) are predictive of Parkinson’s disease susceptibility (Lesnick et al., 2007). Other 

Netrin-1 receptor genes belonging to the UNC5 family were also associated with these measures, 

in addition to being differentially expressed in the putamen and caudate nucleus (Lesnick et al., 

2007). Finally, variability in DCC expression may confer vulnerability for Parkinson’s disease 

by reducing putamen volume, a volumetric feature found among early and advanced Parkinson’s 

patients (Geng et al., 2006).  

4.9 Conclusions 

 The in vivo neuroimaging studies described here in human DCC mutation carriers have 

contributed two main findings. First and foremost, they have documented that an axon guidance 

receptor accounts for substantial variability in human brain neurodevelopment and wiring, 

including the guidance of callosal, corticospinal, and mesocorticolimbic pathways. Since 

mesocorticolimbic connectivity and striatal volumes are altered in psychiatric disorders, this 

work also potentially identifies neural mechanisms that underlie the association between variants 

in the DCC gene and neuropsychiatric disorders.  
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