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ABSTRACT 

Mutations in the KIAA1202 gene coding for the Shrm4 protein have been involved in  

intellectual disabilities (ID). However, its expression and role in the brain is still unknown. 

Our data revealed that Shrm4 is present in both cortical and hippocampal primary cultured 

neurons and localizes at the pre- and post-synapse. ShRNA-mediated Shrm4 knock-down 

leads to a dramatic reduction in spine density and length. Furthermore, we detected a 

significant decrease in the expression level of synaptic markers compared to scrambled 

control. Using different biochemical and imaging approaches, we showed that the N-terminal 

PDZ domain of Shrm4 interacts directly with the C-terminal tail of GABAB receptor subunit 

isoforms 1 (GABAB1) (both GABAB1a and GABAB1b subunits). We observed for the first time 

that Shrm4 regulates GABABRs transport in dendrites by modulating its association with the 

microtubule-dependent dynein/dynactin motor complex. According to our hypothesis, in vivo 

and in vitro Shrm4 knockdown reduces GABAB receptor-mediated K+ currents induced by 

baclofen application. These results supported the presence of a trimeric complex, necessary 

for the correct targeting of GABAB receptors to dendrites and for its physiological role in 

brain transmission. These observations raised evidences that symptoms observed in Shrm4 

deficient human patients such as epilectic seizures could arise from reduced level of 

functional GABAB receptors. 
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ABBREVIATIONS 
 
ID: Intellectual disability 

XLID: X-linked intellectual disability 

shRNA: short hairpin RNA 

PDZ: PSD-95/Disc-large/ZO-1 

GABA: γ-‐Aminobutyric	  acid 

IQ: intelligent quotient 

EVH1: WH1, RanBP1-WASP, or enabled/VASP homology 1 domain 

GABABRs:	  GABAA	  receptors	  

GABAARs:	  GABAB	  receptors	  

VGCCs:	  voltage-‐gated	  Ca2+	  channels	  

GIRKs:	  G	  protein-‐activated	  inwardly	  rectifying	  potassium	  channels	  

GPCRs: G protein coupled receptors 

GABAB1a: GABAB receptors subunit isoform 1a 

GABAB1b: GABAB receptors subunit isoform 1b 

GABAB1: GABAB receptors subunits 1 

KCTD: K+ channel tetramerization domain-containing 

SNARE: soluble N-ethylmaleimide-sensitive (NSF) factor attachment protein (SNAP) 

receptor 

cAMP: cyclic Adenosine Monophosphate   

LTP: Long Term Potentiation 

IPSPs: inhibitory postsynaptic potentials 

Ba2+: Barium (ii) 

NMDAR: N-methyl-D-aspartate receptor 

AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

PKA: Protein Kinase A 

ER: Endoplamic Reticulum  

ERGIC: ER to Golgi Intermediate Compartment 

GFP: Green Fluorescence Protein  

RFP: Red Fluorescence Protein  

ASDs: Autism spectrum disorders 

N-‐KIFs:	  N-‐terminal	  motor	  domain	  KIFs	  
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M-‐KIFs:	  middle	  motor	  domain	  KIFs	  

C-‐KIFs:	  C-‐terminal	  motor	  domain	  KIFs	  

HAP1: huntingtin-associated protein 1	  

CRMP-2: Collapsin-response mediator protein-2 

Pi:	  inorganic	  phosphate	  

p50: dynamitin 

CC1: first coiled-coil domain  of p150Glued 

BDNF: Brain-derived neurotrophic factor 

ORF: Open reading frame 

GST: Glutathione S-transferase 

HEK293 cells: Human Embryonic Kidney 293 cells 

MAP2: Microtubule-associated protein 2 

PSD95: postsynaptic density protein 95 
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1. INTRODUCTION 
	  
1.1 X-linked intellectual disability (XLID) 
 
Intellectual disability (ID) is a developemental brain disorder characterized by an 

intelligent quotient (IQ) below 70. The severity of ID is not measurable, however it is 

generally evaluated through the variation in the IQ. ID is defined as mild when the IQ 

is comprised between 55 and 70, moderate between 35 and 55 and severe when lower 

than 20 according to the Diagnostic and Statistical Manual of Mental Disorder, 

Fourth Edition. ID can originate from environmental causes and/or genetic 

abnormalities, and its incidence in children is around 1% to 2% (Ellison et al., 2013; 

Leornard et al., 2002; Piton et al., 2013; Bassani et al., 2013). X-linked Intellectual 

disability (XLID) grouped various disorders arising from mutations in X-chromosome 

genes. They are involved in 5% to 10% of all the intellectual disabilities in males and 

affects 1% to 3% of the population (Bassani  et al., 2013).  

XLID is subdivided in two groups: syndromic forms, in which ID is only one of a 

large set of symptoms such as microcephaly and facial dysmorphisms; and non-

syndromic forms, in which ID is the principal manifestation of the pathology. 

Different approaches have been established to identify genes and associated 

mutations, however the validation of a gene newly associated with XLID requires 

functional and/or genetic analyses (Piton et al., 2013). It has been recently published a 

list of 106 genes proposed to be associated with XLID (Figure 1). The XLID genes 

mostly encode for proteins that are highly expressed in the brain, particularly in the 

hippocampus, region that is important for learning processes and memory formation 

(Boda et al., 2002; Bassani et al., 2013).   

Mutations in XLID genes frequently involved loss of function, affecting neuronal 

functions by impairing both inhibitory and excitatory pathways. One of the principal 

hallmark of XLID is the alteration of dendritic spines (Purpura, 1974; Bassani et al., 

2013) (Figure 2). Dendritic spines are tiny protrusions on dendrites processes where 

the majority of excitatory synapses are localized. They are highly dynamic structures 

and their stabilization and morphology are modulated by synaptic activity. Impaired 

dendritic spines lead to abnormal synaptic function, which interferes with the balance 

between excitatory and inhibitory circuits necessary for the central nervous system to 

respond correctly to external and internal stimuli. 
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Figure 1: Representation along the X chromosome of the 106 genes in which mutations have been 
reported in XLID and classification according to both the type and number of mutations reported in 
OMIM (Figure from Piton et al., 2013 with permission). 
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Figure 2: Dendritic spine defects associated with X-linked intellectual disability (XLID). Dendritic 
spine defects include spine number and spine shape abnormalities. Reduced spine density is observed 
in Rett syndrome and following IL1RAPL1 knockout. Fragile X syndrome (FXS) is characterized by 
both spine density increase and spine width reduction. Also PAK3, ARHGEF6, and TSPAN7 loss of 
function is associated with immature, narrow spines. OPHN1 knockdown impairs spine length (Figure 
from Bassani et al., 2013). 
 
 
 

The vast majority of the XLID genes now identified are involved in synaptic plasticity 

and the formation and maturation of dendritic spines. Indeed, XLID genes are 

implicated both in spine morphology (through the regulation of actin cytoskeleton 

remodelling) and spines function. In addition, the proteins encoded by XLID genes 

could also provide the correct localization and activity of surface receptors and 

intracellular signalling molecules (Humeau et al., 2009; Bassani et al., 2013). 

The aim of our study was to analyse the subcellular localization and function of 

Shrm4 in the brain, protein in which mutations have been involved in XLID (Hagens 

et al., 2006). 
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1.2 Shrm4 and the Shroom family of proteins 
 
1.2.1 The Shroom family of proteins 
 
The Shroom (Shrm) family of proteins is a small group of actin binding proteins 

involved in  cytoskeletal organization and cell shape. Four Shrm proteins have been 

described in vertebrates formerly called Apx (Staub et al., 1992), Apxl (Schiaffino et 

al., 1995), Shroom (Hildebrand and Soriano, 1999) and KIAA1202 (Hagens et al., 

2006; Yoder et al., 2007) and more recently named Shrm1, Shrm2, Shrm3 and Shrm4, 

respectively (Hagens et al., 2006) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: New nomenclature for Shroom-related proteins (Table from Hagens et al., 2006). 

  

The Shroom family has been assembled based on the conservation of specific 

structures: an N-terminal PDZ domain, a central domain called ASD1 domain 

(formely Apx/Shrm Domain 1) and a C-terminal ASD2 domain. Only Shrm4 differs 

from the other member of the Shroom family and lacks the ASD1 motif. It has been 

observed that Shrm2 and Shrm3 required the conserved ASD1 motif for their 

targeting to actin (Hildebrand and Soriano, 1999; Haigo et al., 2003; Hildebrand, 

2005; Dietz et al., 2006) while their PDZ domains have been involved in other 

functions. Indeed, the PDZ domain is required for the proper function of Shrm3 while 

it is involved in the subcellular targeting of Shrm2 (Haigo et al., 2003; Hildebrand, 

2005; Dietz et al., 2006). A recent study has demonstrated that the structure of the 

ASD2 motif of Shrm3 is composed by an arrangement of three coiled-coil segment 
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required for the interaction with the Rho-associated coiled-coil kinase (Rock) (Mohan 

et al., 2012).  

Proteins from the Shroom family have been involved in distinct cellular functions as 

cytoskeletal organization, adaptors, cell shape and have been detected in a various 

range of polarized cell types and tissues (Hildebrand et al., 1999; Fairbank et al., 

2006; Nishimura and Takeichi, 2008;  Taylor et al., 2008; Lee et al., 2009; Plageman 

et al., 2010). 

 

1.2.2  Shrm4 structure and association with XLID 
 
1.2.2.1 Shrm4 structure 
 
Characterization and cloning of Mus musculus Shrm4 (mShrm4) revealed an open 

reading frame of 4425 bp encoding a predicted protein of 1475 aminoacids. mShrm4 

contains an N-terminal  PDZ domain and a C-terminal ASD2 motif (Yoder et al., 

2007). As the Homo sapiens Shrm4 (hShrm4) (Figure 4), mShrm4 contains  putative 

binding sites for EVH1 (poly-proline rich domain-FPPPP) and PDZ (SNF) domains 

(Gertler et al., 1996; Songyang et al., 1997; Yoder et al., 2007). Moreover, a stretch of 

glutamines and glutamic acids residues that precedes the ASD2 motif  is conserved in 

hShrm4 but not in other Shroom proteins (Yoder et al., 2007). Using real-time PCR 

(RT-PCR), it has been observed that mShrm4 transcripts are expressed ubiquitously in 

adult and embryonic mouse tissues and in all brain regions (Hagens et al., 2006) 

(Figure 5). 

 

 

 

 
 
 
Figure 4: hShrm4 and mShrm4 structures. Shrm4 contains an N-terminal PDZ domain and a C-
terminal ASD2 motif. A poly-proline rich domain (EVH1 domain; orange) and polyQ (glutamines and 
glutamic acids residues; red) precede the ASD2 motif.  
 

Additionally, western blot analyses using purified polyclonal antibodies anti-Shrm4 

have shown that the protein is expressed in all adult and whole E12,5 embryo mouse 

tissues (Figure 6). Interestingly, endogenous mShrm4 colocalizes with F-actin in non-
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neuronal cells and binds directly to F-actin as shown by actin co-sedimentation assay 

experiments (Yoder et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: RT-PCR assays show a ubiquitous expression of mKiaa1202 in adult mouse tissues (top 
panel) and in all brain regions analysed (middle panel). The bottom panel shows mKiaa1202 
expression during mouse development. mHprt was used as an internal control (Figure from Hagens et 
al., 2006). 
 

 

 

 

 

 

 
 
 
 
Figure 6: Western blot analysis of lysates from a whole e12.5 mouse embryo and the indicated adult 
tissues. Equal amounts of protein lysate were resolved by SDS-PAGE, transferred to nitrocellulose, and 
probed with affinity purified rabbit anti-mouse Shrm4 antibody (UPT114). Lysate from untransfected 
cells serves as a negative control (Figure from Yoder et al., 2007). 
 
 
1.2.2.2 Shrm4 is involved in XLID 
 
Disruptions of the KIAA1202 gene coding for Shrm4 have been associated with 

XLID. Indeed, two balanced (X; autosome) translocations found in unrelated female 
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patients with moderate ID have been shown to disrupt the KIAA1202 gene. 

Importantly, severe seizures were observed in one patient (Hagens et al., 2006). These 

findings supported the implication of Shrm4 in brain disorders and analysis of Shrm4 

localization and function in the brain is needed to better define this pathology.  

 

1.3 Metabotropic GABAB receptors 
 
The following section will provide a brief explanation of the structure and function of 

metabotropic GABAB receptors as, in our study, we identified this receptor as a new 

Shrm4 direct interactor. 

 
γ-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central 

nervous system and plays a key role in the modulation of neuronal activity. GABA 

mediates its effect via distinct types of receptors: the ionotropic GABAA (GABAARs) 

and metabotropic GABAB receptors (GABABRs). Unlike GABAARs that produce fast 

inhibitory (< 10 ms) synaptic conductances, GABABRs address second messenger 

systems through the coupling and activation of guanine nucleotide-binding proteins 

(G proteins) that modulate calcium (Ca2+) and potassium (K+) channels and 

subsequently elicit presynaptic and slow postsynaptic inhibition (sub-seconds to 

minutes). GABABRs activate Gi/o-type G proteins, that inhibit Adenylate cyclase and 

cAMP production through the Gαi/o subunit while the released Gβγ inhibits voltage-

gated Ca2+ channels (VGCCs) or opens dendritic G protein-activated inwardly 

rectifying potassium channels (GIRKs) (Benarroch, 2012; Gassmann and Bettler, 

2012).  

 

1.3.1 Structure of GABAB receptors 
 
1.3.1.1 Principal GABABR subunits 
 
GABABR subunits are G protein-coupled receptors (GPCRs). They are constituted of 

7 transmembrane helices and contain a large extracellular loop that forms the ligand 

binding site. GABABRs are physiologically obligatory heterodimers and are formed 

by two principal subunits: GABAB1 and GABAB2 (Bettler et al., 2004; Emson, 2007; 

Benarroch, 2012; Gassmann and Bettler, 2012) (Figure 7). The GABAB1 subunit 

contains the ligand-binding site while the GABAB2 subunit is coupled to G proteins. 



	   11	  

The GABAB1 subunit has two isoforms: GABAB1a and GABAB1b;  which differ by the 

presence of a tandem pair of sushi domains in the N-terminal extracellular region of 

GABAB1a. Sushi domains have been involved in the axonal targeting (Biermann et al., 

2010; Valdés et al., 2012) and cell surface stabilization of GABABRs (Hannan et al., 

2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: GABAB receptor subunit composition. The principal subunits of GABAB receptors 
(GABABRs)-GABAB1a, GABAB1b and GABAB2-have the prototypical seven transmembrane domains 
of G protein-coupled receptors and form two distinct core units: GABAB (1a, 2) and GABAB(1b, 2) 
(Marshall et al., 1999). GABAB1a and GABAB1b are subunit isoforms that differ by the presence of two 
amino-terminal sushi domains in GABAB1a. Whereas these subunits contain the GABA binding site, 
GABAB2  subunits couple to the G protein (Rondard et al., 2011) (Figure from Gassmann and Bettler, 
2012 with permission). 
 
 
Heteromerization and trafficking of GABABRs are dependent on the coiled-coil 

interaction between the C-termini of the GABAB1 subunit isoforms (GABAB1) and 

GABAB2. Indeed, it has been well described that GABAB1 contains an endoplamic 

reticulum (ER) retention motif [RXR(R)] in the coiled-coil region of the C-terminal 

tail. Through this interaction, the GABAB2 masks the retention signal present in 

GABAB1 thus leading to the surface expression of functional GABABRs (Couve et al., 

1998; Margeta-Mitrovic et al., 2000). In addition, it has been demonstrated that 

GABAB1/GABAB2 interaction, through the GABAB1 C-terminus is essential for the 

correct trafficking of GABABRs to the cell surface but not for receptor signalling 

(Pagano et al., 2001; Calver et al., 2001). 
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1.3.1.2 Auxiliary GABABR subunits 
 
Using unbiased proteomics approaches, it has been identified four cytosolic proteins 

of the K+ channel tetramerization domain-containing (KCTD) family as constituents 

of GABABR complex which have the capacity to modify GABABR responses (Bartoi 

et al., 2010; Schwenk et al., 2010) (Figure 7). Interestingly, KCTD8, KCTD12, 

KCTD12b and KCTD16 bind to the C-terminal domain of GABAB2 subunits. It has 

been observed that KCTD subunits determine the pharmacology and kinetics of 

GABABR-mediated responses (Schwenk et al., 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: GABAB receptor auxiliary subunits. Biochemical experiments demonstrated the association 
of principal with auxiliary GABABR subunits. The panel shows solubilized native GABABR complexes 
from rat brain that were size-fractionated on non-denaturing blue native PAGE and SDS–PAGE. 
Receptor subunits were detected with specific antibodies. KCTD16 was associated with high molecular 
weight receptor complexes, whereas KCTD12 was associated with low molecular weight complexes 
(molecular weights are indicated in kDa) (Figure from Gassmann and Bettler, 2012 with permission). 
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1.3.2 Presynaptic modulation by GABABRs 
 
Presynaptic GABABRs are present in both inhibitory and excitatory terminals. They  

function as autoreceptors to control GABA release at GABAergic terminals while 

they function as heteroreceptors at glutamatergic terminals and control glutamate 

release. Indeed, presynaptic GABABRs activation inhibits VGCCs via the release of 

Gβγ that reduce Ca2+ influx at the synaptic terminal and consequently inhibits 

neurotransmitters release (Figure 8) (Bettler et al., 2004; Bowery et al., 2002; Couve 

et al., 2000; Gassmann and Bettler, 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Presynaptic modulation by GABABRs. In presynaptic compartments, GABAB receptors 
(GABABRs) activate Gαi/o type G proteins that negatively couple to adenylyl cyclase to decrease the 
level of cyclic adenosine monophosphate (cAMP) in the cell. Downregulation of cAMP at the axon 
terminal prevents vesicle fusion and spontaneous neurotransmitter release (Rost et al., 2011; Sakaba et 
al., 2003). Released Gβγ inhibits voltage-gated Ca2+ channels (VGCCs) and hence inhibits evoked 
Ca2+-dependent neurotransmitter release. In addition, Gβγ directly binds to the SNARE (soluble 
N‑ethylmaleimide-sensitive factor attachment protein receptor) complex required for vesicle fusion, 
thereby limiting neurotransmitter release downstream of Ca2+ entry (Wells et al., 2012). The effects of 
Gβγ on VGCCs and the release apparatus may be additive or synergistic (Yoon et al., 2007). GABABR-
mediated inhibition of neurotransmitter release regulates long-term potentiation (LTP) processes 
(Davies et al., 1991) (Figure from Gassmann and Bettler, 2012 with permission). 
 
Moreover, Gβγ subunit released after GABABRs activation directly interacts with the 

C-terminal tail of SNAP25, a (soluble N-ethylmaleimide-sensitive factor attachment 

protein (SNAP) receptor) SNARE protein subsequently limiting vesicle fusion (Wells 

et al., 2012; Yoon et al., 2007) (Figure 8). Finally, it has also been demonstrated that 

GABABRs activation retards spontaneous neurotransmitters vesicles release by 

inducing a decrease in cAMP concentration (Chalifoux et al., 2011). 

More importantly, it has been observed that the genetic ablation of the GABAB1a 

subunit isoform at glutamatergic terminals (GABAB heteroreceptors) induced a loss of 
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LTP at CA3-CA1 synapses in the hippocampus (Vigot et al., 2006). These effects can 

be explained by a desinhibition of glutamate release that results in the saturation of 

synaptic potentiation (Gassmann and Bettler, 2012). In addition, induction of LTP has 

been previously shown to depend on GABAB autoreceptors at GABAergic terminals 

(Davies et al., 991). Consistently, Gabbr1-/- mice, which have a complete absence of 

GABAB autoreceptors, also fail to induce LTP (Vigot et al., 2006). These results 

suggest that without control of GABA release, an increase in phasic or tonic activity 

mediated by extrasynaptic GABAA could contribute to the loss of LTP.  

 
1.3.3 Postsynaptic modulation by GABABRs 
 
GABABRs control postsynaptic excitability by releasing Gβγ that activate inwardly 

rectifying K+ channels (Kir3 channels; also called GIRK channels) (Gähwiler and 

Brown, 1985; Lüscher et al., 1997; Sodickson and Bean, 1996) (Figure 9). GIRK 

channels activation generates slow inhibitory postsynaptic potentials (IPSPs) (Dutar 

and Nicoll, 1988; Newberry and Nicoll, 1984; Tamás et al., 2003). Consistent with 

these observations, GABABR-induced slow IPSP can be inhibited by the Kir3 channel 

blocker Ba2+ (Jarolimek et al., 1994; Pitler et al., 1994; Thompson et al., 1994). 

Moreover, GABABRs through the GIRK activation are involved in the suppression of 

backpropagating antidromic spikes in hippocampal CA1 that induced a decrease in 

membrane depolarization and in Ca2+ influx (Leung et al., 2006).  

 

 

 

 

 

 

 

 

 

 
Figure 9: Post-synaptic intracellular GABABR signaling. GABA binding to GABABR heterodimers 
releases Gβγ subunits that locally diffuse to open K+ channels and close Ca2+ channels. In addition, 
released Gαi/Gαo subunits inhibit adenylyl cyclase (AC), which constitutively produces cAMP to 
activate PKA, with potentially many downstream targets including NMDA-Rs (Figure from Chalifoux 
et al., 2010). 
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Interestingly, recent studies have demonstrated that GABABRs directly inhibit NMDA 

receptors Ca2+ influx. This effect is mediated by Gαi/o	   subunits that inhibit the 

adenylate cyclase to decrease cAMP levels and suppress PKA activity that in normal 

condition enhances Ca2+ influx (Chalifoux et al., 2010) (Figure 9). 

 
1.3.4 Axonal and somatodendritic trafficking of GABAB receptors 
 
By a Golgi apparatus-dependent mechanism, most GABAB1 subunit isoform enter the 

somatodendritic compartment (Figure 10). However, a fraction of GABAB1a is 

selected in pre-Golgi compartments (ER and ERGIC) and targeted to axon. It has 

been found that kinesin-1 contributes to the axonal localization of GABAB1a (Valdés 

et al., 2012). Interestingly, GABAB1a contains a tandem of sushi domains in its 

extracellular region that could provide interaction with binding partners containing 

axonal sorting signals (Roos et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Schematic depiction of endogenous GABAB (1a,2) and GABAB (1b,2) receptor distribution 
in hippocampal neurons. Squares indicate the two in tandem arranged SDs at the N terminus of 
GABAB1a  (Figure from Biermann et al., 2010 with permission). 
 

The distribution of GABAB1a and GABAB1b differs also within the somatodendritic 

compartment. Indeed, using organotypic slices, it has been observed that GABAB1a-

GFP is mostly excluded from spines while GABAB1b-GFP is mostly expressed in 

dendritic spines (Vigot et al., 2006), a synaptic location where GABABRs are found 

with GIRK channels (Kulik et al., 2006).  
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However, it remains unknown how and by which mechanism GABAB receptors are 

transported toward dendrites. Because both GABAB1a and GABAB1b are found 

together in the somatodendritic compartment, targeting signals could reside in their 

identical C-terminus and be recognized by adaptor molecules and/or motor proteins. 

 

1.3.5 Implication of GABABRs in neurological disorders 
 
1.3.5.1 Epilepsy 
 
Epilepsy is a neurological disorder associated with transient, hypersynchronous 

neuronal discharges and characterized by spontaneous and recurrent epileptic sizures. 

Many disease-causing genes for epilepsy and epileptic encephalopathy have been 

identified and various genes implicated in the etilogy of epilepsy have been involved 

in neuronal functions such as synaptogenesis, pruning, neuronal migration, 

neurotransmitter synthesis and release, and functions of membrane receptors and 

transporters (Deng et al., 2013; Zupanc et al., 2009; Galanopoulou et al., 2009). 

GABABRs have been frequently associated with epilepsy. Indeed, seizures have been 

reported in a Girk2 null mutant mouse lacking the GIRK2 channel as well as in the 

weaver mice that has a mutated GIRK2 channel. These channels are postsynaptically 

activated by GABABRs and a loss in GABABR-activated GIRK current appears 

coincident with seizures (Slesinger et al., 1997).  

Consistently, adult GABAB1
-/- mice showed hyperactivity and displayed several 

episodes of spontaneous clonic seizures that could be explained by a loss of control 

over neuronal excitability (Schuler et al., 2001). Finally, it has been reported a rapid 

loss of GABABR-mediated respons in a mouse model of temporal lobe epilepsy after 

single unilateral injection of kainic acid into the dorsal hippocampus (Straessle et al., 

2003).  

 

1.3.5.2 Anxiety  
 
Anxiety is a psychiatric disorder with high morbidity and comorbidity (Pilc and 

Nowak, 2005). Deficiency in GABAergic transmission has been widely implicated in 

the physiopathology of anxiety. Indeed, the family of benzodiazepines, that are 

GABAA receptor modulators, are frequently used as anxiolytic drugs (Rowlett et al., 

2005). Interstingly, it has been observed that GABABRs are abundant in the lymbic 
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system, structure that controls the emotional behaviour (Cryan and Kaupmann, 2005), 

and mice deficient for GABABRs show anxiety in several behavioral tests 

(Mombereau et al., 2005; Kumar et al., 2013). 

Taken as a whole, these studies raise the possiblity of an implication of GABABRs in 

anxiety-related behaviors. However, additional studies are required to clearly define 

the mechanism by which GABABRs could influence anxiety.  

 

1.3.5.3 Autism spectrum disorders 
 
Autism spectrum disorders (ASDs) are developmental disorders that are commonly 

defined by the appearance of specific symptoms such as communication deficits, 

irritability and repetitive behaviors (Hampson et al., 2011; Nightingale, 2012; Kumar 

et al., 2013). Emerging evidence demonstrated abnormalities in the GABAergic 

system in ASDs, which likely contribute to developmental disorders (Oblak et al., 

2010). Indeed, a significant decrease in GABAB1 and GABAB2  subunits has been 

reported in the cerebellum, superior frontal and parietal cortical areas of patients with 

autism compared to matched controls (Fatemi et al., 2009). 

In addition, autistic patients show alteration in GABABRs amount in the anterior and 

posterior cingulate cortex, structures important for the socio-emotional and cognitive 

processing as well as in the fusiform gyrus, important for identification of faces and 

facial expressions (Oblak et al., 2010). 

More recently, GABABRs have also been used as clinical target for treatment of ASD 

and constitutive NMDAR-hypofunction (Gandal et al., 2012). Stimulation of 

GABABRs with baclofen, a GABABR agonist, has shown promising beneficial 

effects. 

 
1.4 Microtubule-based motor proteins 
 
The following section will provide a brief explanation of the two principal 

microtubule-based motor protein kinesin and dynein in neurons as in our study we 

identified the dynein/Dynactin as motor complex that specifically drives GABAB 

receptors toward dendrites.  

 
Neurons are highly polarized structures that receive and transmit information along 

dendrites and axons. In the axon and dendrites, microtubules and neurofilaments are 
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the major longitudinal cytoskeletal filaments while in synaptic regions; actin filaments 

form the major cytoskeletal architecture (Hirokawa et al., 2010; Kapitein et al., 2010).  

To establish and maintain this architecture, neurons use active transport driven by 

microtubules-based motor proteins to transport cargo proteins in dendrites and axons 

(Kapitein et al., 2010). Kinesins and dyneins are the two principal motor proteins that 

move along microtubules while Myosins steer cargo along actin filaments. Kinesins 

drive cargo transport by moving along microtubules to their plus end (the fast 

growing end), while dyneins to their minus end.  

Microtubule orientations established the correct cargo transport and vary with the 

localization in dendrites or axons. Indeed, in mature neurons, axonal microtubules 

have uniform orientations with all plus ends pointing outward. By contrast, 

microtubules in mature proximal dendrites have mixed orientations (Kapitein et al., 

2010). 

 

1.4.1 The kinesin superfamily 
 
The kinesin protein superfamily (called KIFs) is composed by three groups of proteins 

that differ for the position of the motor domain: N-terminal motor domain KIFs (N-

KIFs), middle motor domain KIFs (M-KIFs), and C-terminal motor domain KIFs (C-

KIFs). In mammals, the number of Kif genes is around 45. Most N-KIFs move toward 

microtubules plus end while C-KIFs move toward the minus end. N-KIFs and C-KIFs 

are composed of a motor domain, a stalk domain and a tail region (Figure 11). The 

motor domain binds to microtubules and moves by ATP hydrolysis while the tail 

region is important for binding to cargo (Hirokawa et al., 2010; Hirokawa and Noda, 

2008).  

 

1.4.1.1 kinesins and axonal transport 
 
There are two types of transport in the axon: a fast transport of membranous 

organelles and a slow transport of cytosolic proteins and cytoskeletal proteins. 

Concerning the fast transport (50-400 mm/day), various cargo vesicles such as 

synaptic vesicle precursors (KIF1A and KIF1Bβ), presynaptic membrane (KIF5), 

mitochondria (KIF1Bα/KIF5), and plasma membrane precursors (KIF3) are 

transported by kinesins (Figure 11).   
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Figure 11: Structure of kinesins. kinesin superfamily proteins. kinesin 1 consists of two KIF5s and two 
KLCs. KIF1A is a unique monomeric motor. KIF3A, KIF3B, and KAP3 form a tetramer (Figure from 
Hirokawa et al., 2010 with permission) 
 

In the other hand, the slow transport (less than 8 mm/day)  involves the transport of 

cytoplamic proteins such as tubulin and microtubules in the growing axon. Indeed, it 

has been shown that the Collapsin-response mediator protein-2 (CRMP-2) regulates 

tubulin transport by linking tubulin to KIF5 (Kimura et al., 2005). 

 
 
1.4.1.2 kinesins and dendritic transport 
 
In dendrites, NMDAR vesicles (KIF17) (Setou et al., 2000; Yuen et al., 2005), 

AMPAR vesicles (KIF5) (Setou et al., 2002), and GABAAR vesicles (KIF5) 

(Twelvetrees et al., 2010) are transported by kinesins. These selective transports are 

mostly mediated by distinct adaptors proteins such as the huntingtin-associated 

protein 1 (HAP1) that links GABAA receptors to KIF5 (Twelvetrees et al., 2010). 
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1.4.2 The dynein superfamily 
 
1.4.2.1 Structure and composition of the cytoplasmic dynein 
 
The cytoplasmic dynein is a complex of proteins (~ 1,5 MDa) that contains: two heavy 

chains (~ 520 KDa) with ATPase activity that generate movement along microtubules 

filament and belong to the AAA+ superfamily (Neuwald et al,, 1999), two 

intermediate chains (~ 74 KDa) and light chains (~ 10-14 KDa) (Karki and Holzbaur, 

1999; Pfister et al., 2005; Hirokawa et al., 2010; Roberts et al., 2013) (Figure 11). 

 
A                                                                                  B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Structure of cytoplamic dynein. (A) Linear representation of domains within the dynein 
heavy chain. The amino-terminal tail domain is involved in dynein oligomerization, cargo-binding and 
regulation, but is not part of the minimal motor domain capable of producing movement in vitro. The 
motor domain comprises the linker domain, six AAA+ modules (1–6), the coiled-coil stalk and strut, 
and the carboxy-terminal region. (B) A 3D model of the cytoplasmic dynein motor domain bound to 
the microtubule. This model is based on a 2.8 Å crystal structure of the D. discoideum dynein motor 
domain lacking the microtubule-binding domain93 (Protein Data Bank ID: 3VKG), joined to a 
cryo-electron microscopy-derived model of the mouse microtubule-binding domain bound to an 
α-tubulin–β-tubulin dimer112 (Protein Data Bank ID: 3J1T). Subdomains are shown in surface 
representation, with the two long α-helices in the stalk rendered separately to emphasize their coiled-
coil arrangement. The six AAA+ modules are numerically labelled (Figure from Roberts et al., 2013). 
 
 
The tail of cytoplasmic dynein (Figure 12A) is necessary for the binding with the  

associated subunits which in turn mediate the direct interaction through adaptor to the 

cargoes. Cytoplasmic dynein is involved in a great variety of cellular functions. In the 

yeast Saccharomyces cerevisiae, dynein positiones the nucleus during cell division 
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(Moore et al., 2009) while in filamentous fungi, dynein is involved in vesicular 

transport (Egan et al., 2012). In addition, cytoplasmic dynein steers organelles such as 

endosomes which regulates dendritic membrane supply (Driskell et al., 2007) as well 

as vesicles from the endoplamic reticulum (ER) to the Golgi apparatus (Presley et al., 

1997) towards microtubules minus ends. 
 

1.4.2.2 Mechanochemical cycle of the dynein motor domain 
 
The cytoplasmic dynein is a mechanoenzyme that moves along microtubules to their 

minus end by ATP hydrolysis. In this cycle, ATP induces a dissociation of the motor 

domain with microtubules. After detaching from them, a change in the structure of the 

motor domain generates force (also called powerstroke) and leads to the rebinding of 

the motor domain to a new site on microtubules and induces a release of ADP + 

inorganic phosphate (Pi) (Roberts et al., 2013).   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Model of the mechanochemical cycle of a cytoplasmic dynein motor domain (Figure from 
Roberts et al., 2013). 
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1.4.2.3 Dynactin: a dynein adaptor complex 
 
Dynein is associated with the dynactin complex that is composed by p150Glued, p62, 

dynamitin (p50), actin-related protein (Arp) 1, CAPZα and CAPZβ, p27 and p24 

(Figure 14). The dynactin complex regulates dynein localization, activity and the 

binding capacity of dynein for its cargo (Hirokawa et al., 2010; Schroer, 2004). 

Indeed, it has been demonstrated that intermediate chains of cytoplamic dynein 

directly bind to the dynactin complex through the interaction with p150Glued, 

interaction that regulates cargo binding to the tail domain of dynein (Vaughan et al., 

1995). 

 

 

 
 
 
 
 
 
 
 
 
Figure 14: Structure of the dynein/dynactin complex. Cytoplasmic dyneins consist of heavy chains, 
light intermediate chains, intermediate chains, and light chains. To transport cargos, cytoplasmic 
dynein binds to the dynactin complex (Figure from Hirokawa et al., 2010 with permission). 
 

In addition, overexpression of both p50/dynamitin and the first coiled-coil domain  of 

p150Glued (CC1) results in a strong inhibition of dynein activity and reduces the flux of 

dense core vesicles in both directions in the axon and dendrites of cultured 

hippocampal neurons. These findings support a pivotal role of these two proteins in 

regulating organelle movement at the level of motor-cargo binding (Burkhardt et al., 

1997; Kwinter et al., 2009). 

 
1.4.2.4 Axonal and dendritic transport by the dynein/dynactin complex 
 
In neurons, cytoplasmic dynein drives various cargo proteins. Brain-derived 

neurotrophic factor (BDNF) vesicles (Gauthier et al., 2004; Colin et al., 2008), the 

piccolo/bassoon complex (Fejtova et al., 2009) and mitochondria (Van Spronsen et 

al., 2013) are transported by dynein in the axon while in dendrites, cargos include 

glycine receptor vesicles (Maas et al., 2009), Rab5 and Rab7 endosomes (Satoh et al., 

2008; Johansson et al., 2007) and more recently AMPA receptors (Kapitein et al., 
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2010).   

In dendrites, where microtubule orientations are mixed, dynein-driven cargo transport 

moves bidirectionaly indicating that dynein does not selectively recognize a subset of 

uniformly oriented microtubules. These bidirectional transports maintain a constant 

density of available cargo into dendrites (Kapitein et al., 2010). 

Furthermore and to conclude, dynein has been also involved in the subcellular 

localization of Golgi outposts in dendrites. Indeed, expression of dynein mutant 

induces mislocalization of Golgi outposts in axons and impaired dendrites branching 

in neurons (Zheng et al., 2008). In contrast, Golgi outposts have not been found in 

axon (Horton and Ehlers, 2003). These findings raised the importance of dynein 

transport in maintaining transport polarity but also in the correct development of 

neurons. 
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2. AIM OF THE WORK 
 
Intellectual disability (ID) is a developemental brain disorder that originate from 

environmental causes and/or genetic abnormalities. Its incidence in children is around 

1% to 2% (Ellison et al., 2013; Leornard et al., 2002; Piton et al., 2013; Bassani et al., 

2013). X-linked Intellectual disability (XLID) is involved in 5% to 10% of all the 

intellectual disabilities in males and affects 1% to 3% of the population (Bassani  et 

al., 2013). Mutations in XLID genes frequently involved loss of function, affecting 

neuronal activity by impairing both inhibitory and excitatory transmission. The 

KIAA1202 gene (Xp11.2) encodes for Shrm4, a protein that belongs to the Shroom 

familly and disruptions of this gene have been associated with XLID (Hagens et al., 

2006). 

Interestingly, previous studies have reported high expression of Shrm4 in various 

brain regions. However, its subcellular localization and function in neurons remain 

unknown. Therefore, the purpose of this study was to investigate the biological 

function of Shrm4 in the brain. 

The first part of the project was aimed at Shrm4 localization in the rat brain. We 

explored Shrm4 expression level in different adult rat brain regions and analysed  the 

subcellular localization of endogenous Shrm4 in cultured cortical and hippocampal 

neurons.  

The target of the second part aimed to investigate the effect of Shrm4 loss in cultured 

hippocampal neurons. We used a small hairpin RNA (shRNA) strategy that induces 

Shrm4 knockdown and more importantly mimic the Shrm4 loss of function present in 

patient with XLID. 

In a third part of the project, we looked for Shrm4 interactors by using a yeast two-

hybrid screening combined with biochemical experiments that validated interactions. 

Shrm4 contains an N-terminal PDZ domain, important for protein-protein interaction 

that was consequently used to screen a human adult brain library. 

Surprisingly, we found that Shrm4 interacts with the C-terminal tail of the 

metabotropic GABAB receptors and that this interaction is important for receptors 

trafficking in neurons. 

Given that GABAB receptors have been involved in various neurological disorders, 

we took advantage of viral vectors delivery to carry out an in vivo model of Shrm4 

knockdown that we characterized in the last part of our study. 
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Our results identify Shrm4 as a new key molecule for GABAB receptors targeting in 

neurons and raised evidences that an impaired receptors transport could lead to 

cognitive disorders. 
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3. MATERIALS AND METHODS 
 
3.1 cDNA Constructs, shRNAs  
 
The Homo sapiens KIAA1202 open reading frame 1 (ORF 1) was subcloned in 

pcDNA4/V5-HisB (Invitrogen) using HindIII/KpnI restriction enzymes to obtain 

Shrm4-V5 and in pEGFP-C1 (Clontech) using EcoRI/SalI restriction enzymes to 

obtain GFP-Shrm4 (gift from Vera Kalscheuer). Flag-tagged GABAB2, Myc-tagged 

GABAB1a-full length, GABAB1a-Δ859-961, GABAB1a-Δ922-961; GABAB1a-Δ870-961 

in pRK5 were used to define the minimal sequence of interaction with Shrm4 (Couve 

et al., 1998; Hannan et al., 2011) (Gift from Saad Hanaan). GW1-GFP was used as 

control. GW1-GFP-p150-cc1 and bactin-HA-p50 was kindly donated by Casper 

Hoogenraad. To analyse the distribution of both GABAB1a and GABAB1b subunit 

isoforms, pCl-myc-GABAB1a and pCl-myc-GABAB1b constructs were used (Pagano et 

al., 2001) (gift from Martin Gassmann). The pCl-HA-GABAB2 construct was used for 

the co-immunoprecipitation with Shrm4 (Pagano et al., 2001) (gift from Martin 

Gassmann). GalNAcT2-mcherry used to localize the Golgi apparatus was kindly 

donated by R.Pepperkok (EMBL, Heidelberg, Germany) (Girod et al., 1999). The 

GABAB1a-mRFP construct was used for FRAP experiments (Ramirez et al., 2009) 

(kindly donated by Andrés Couve).  

The 21 base pair target sequence that was used to design Shrm4 small hairpin RNA 

(shRNA#3) is the following: ‘GCTCACGGTGTCGAAGATTGA’ (nucleotides: 22-45) 

and scrambled sequence: ‘GATTCTAGCCGGACGGTGTAA‘. ShRNA and scrambled 

sequences were subcloned in pLVTHM-GFP (in vitro) and pAAV-U6-ZsGreenGFP 

(in vivo) (Vectors from Penn Vector Core) create shRNA and scrambled. 

For GST pull-down assay, the PDZ domain of Shrm4 (amino acids: 1-91) was 

subcloned in pGEX-4T-1 to create GST-PDZ. 

For two-hybrid test, DNA fragments corresponding to different Shrm4 truncations: 1-

1492 (full length), aa 91-1492 (ΔPDZ), aa 1-91 (PDZ) and aa 1213-1492 (ΔASD2) 

were subcloned in pGBKT7 and used as bait. Potential prey were full-length Shrm4 

(1-1492), PDZ domain (1-91), and ΔASD2 (1213-1492). 
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3.2 Immunofluorescence, surface staining and antibodies 
 
Cultured Hippocampal, cortical neurons or HEK293 cells were fixed in 4% 

paraformaldeyde- 4% sucrose for 10 minutes at room temperature and incubated with 

rabbit anti: -Shrm4 (1:200, gift from Jeffrey Hildebrand), -Synapsin 1 (1:200, 

SYnaptic SYstems), -GABAAα1 (1:400, Millipore), -Giantin (1:200, gift from Prof 

Renz M), -V5 (1:500, Invitrogen), with mouse anti: -Ankyrin (1:400, Millipore), -

MAP2 (1:1000, SIGMA), -PSD95 (1:400, NeuroMab), -GluA2 (1:200, NeuroMab), -

Bassoon (1:100, Assay designs), -GABAB Receptor 1 (1:200, Abcam), -V5 (1:500, 

Invitrogen), -myc (1:1000, MBL) or with Guinea Pig anti: Brevican (1:500, BD 

transduction laboratories) in GDB1X solution (2X: gelatin 2%, Triton  X100 10%, 0.2 

M Na2HPO4 pH 7.4, 4 M NaCl) for 2 hours at room temperature. 

For surface staining, live DIV18-20 hippocampal neurons were incubated for 10 min 

at 37°C with GABABRs antibody. After washing (PBS supplement with 1mM MgCl2, 

and 0,1 mM CaCl2), neurons were fixed for 10 minutes at room temperature in 4% 

paraformaldehyde/ 4% sucrose without permeabilization.  

Cells were then washed and incubated with Alexa 488 (1:400, Invitrogen), Alexa 555 

(1:400, Invitrogen) or Cy5 (1:200, Jackson Laboratories) secondary antibodies diluted 

in GDB1X solution for 1 hour at room temperature.  

For intracellular staining, a second protocol of staining was used in permeabilization 

condition (as described above). 

 

3.3 Image acquisition, quantification and statistical analysis 
 
Confocal images were obtained using a Nikon 60x objective with sequential 

acquisition setting at 1024x1280 pixels resolution. Each image was a ‘z’ series 

projection of approximately 7 to 12 images taken at 0.75 µm depth intervals.  

Transfected neurons were chosen randomly for quantification from two to ten 

coverslips from three to five independent experiments.  

Morphometric and fluorescence intensity measurements were performed using 

MetaMorph images analysis software (Universal Imaging, West Chester, PA) and 

ImageJ. Statistical comparisons were performed with appropriate statistical test. Data 

are expressed as mean ± SEM.  
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3.4 GST pull-down, immunoprecipitation  
 
GST fusion proteins were prepared in E.coli strain BL21 and purified according to 

standard procedures. HEK293 cells and cultured neurons were lysed with a standard 

lysis buffer (PBS, 1% Triton X-100, 1mM EDTA, protease inhibitor cocktail, pH 7.4). 

The lysates were incubated with 30µg GST fusion protein immobilized on 

glutathione-Sepharose 4B beads (GE Healthcare) for 3 hours at 4°C, wash 3-5 times 

in lysis buffer and resuspended in 25µl 3X SDS sample buffer. GST alone was used 

as control. Samples were separated by SDS-PAGE followed by Western blotting with 

appropriate antibodies. For immunoprecipitation experiments, HEK293 cells, cultured 

neurons and rat brains homogenates (homogenization buffer: 50mM TRIS-HCl, 200 

mM NaCl, 1 mM EDTA, 1%NP40, 1% Triton X-100, pH 7.4, protease inhibitor 

cocktail) were centrifuged at 10.000 g for 30 min at 4°C and supernatants were 

incubated with appropriate antibodies at 4°C for 2 hours. Protein A-agarose beads 

(Santa Cruz Biotechnology, US) were then incubated with homogenates at 4°C for 2 

hours. The beads were washed three times with lysis buffer, resuspended in 3X 

sample buffer and separed by SDS-PAGE. The following antibodies and dilutions 

were used for immunoprecipitation: rabbit anti: -Shrm4 (1 :100, gift from Jeffrey 

Hildebrand), -GFP (1:1000, MBL International Corporation), -HA (1 :1000, 

Invitrogen) or mouse anti: - GABAB Receptor 1 (1:2000, Abcam), -V5 (1:400, 

Invitrogen), -DIC (1 :1000, Abcam). The secondary antibodies were horseradish 

peroxidase-conjugated anti-rabbit or anti-mouse (both from 1:2000 GE healthcare) 

(RT, 1 hour in 5% milk). Immunoreactive bands were visualized by enhanced 

chemiluminescence (GE Healthcare). 

	  

3.5 SDS-PAGE, western blot analysis 
 
Cellular lysis and brain homogenization were performed as previously indicated.  

Proteins were separated in 10% SDS-PAGE and electroblotted onto nitrocellulose 

membranes in buffer containing 0.025 M Tris-HCl, 0.192 M glycine, 20% methanol, 

pH 8.3 at 240 mA for 120 min. Immunoblotting reactions were performed by 

incubating with the primary antibodies (RT, 2-3h in 5% milk): -rabbit anti: -Shrm4 

(1:200, gift from Jeffrey Hildebrand), -GFP (1:2000, MBL), -GABAAα1 (1:1000, 

Millipore), -GAPDH (1:2000, Santa Cruz), -HA (1:1000, Invitrogen) or mouse anti: -
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αtubulin (1:10000, SIGMA), -GABAB Receptor 1 (1:2000, Abcam), -βactin (1:4000, 

SIGMA), -V5 (1:1000, Invitrogen), -myc (1:2000, MBL), -DIC (1 :1000, Abcam). 

Horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies (1:2000 GE 

Healtcare) were used as secondary antibodies (RT, 1h in 5% milk).  

Immunoreactive bands were visualized by enhanced chemiluminescence (ECL, 

PerkinElmer). 

 

3.6 Cell cultures, transfection and lentiviral infection 
 
Human Embryonic Kidney 293 cells (HEK293) at 50-70% confluence (24h after 

plating onto 6-well plates or onto glass coverslips in 12-well plates) were transiently 

transfected with cDNA expression constructs (0,5-1 mg DNA/well in optiMEM) 

using lipofectamine 2000 (Invitrogen) for 1 hour in 5% CO2 at 37°C.  The transfected 

cells were washed twice with PBS and grown for 48 hours in Dulbecco’s modified 

Eagle medium plus 10% fetal bovine serum and 1% penicillin/Streptomycin, before 

fixation for immunocytochemistry or lysis for coimmunoprecipitation and GST pull-

down. The 293FT cell line for generating lentivirus was grown in 1% G418, an 

aminoglycoside antibiotic. Primary hippocampal neurons were prepared from rat 

brains (Brewer et al., 1993) and plated on coverslips coated with poly-D-lysine 

(0,25mg/ml) at 75.000/well for immunochemistry and 300.000/well for GST pull-

down, coimmunoprecipitation and lentivirus infection. Cultured neurons were 

transfected using Lipofectamine 2000. Immature neurons were transfected or infected 

at DIV7-11 and fixed or lysed at DIV16-20. The cells were infected with Shrm4-

shRNAor scrambled as described by Lois et al., 2002. 

	  

3.7 Direct stochastic optical reconstruction microscopy 
(dSTORM) 
 
dStorm was performed on an optical setup based on an Olympus IX-81 (Olympus 

Imaging, Center Valley, PA, USA) inverted microscope equipped with a 100x 

1.49NA objective, a Photometrics Evolve 512 EM-CCD sensor (Photometrics, 

Tucson, AZ, USA) and 405nm 100mW, 488 nm 50mW and 561 nm 30 mW solid 

state lasers (405 nm and 488nm: Coherent Cube (Coherent Inc., Santa Clara, CA, 

USA) , 561 nm: Qioptiq iFlex Mustang (QiOptiq, Luxemburg)). A 1.5x magnifier in 
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the detection path provided a pixel size in the sample plane of 95nm. The sample was 

mounted on the stage and the medium was substituted prior to acquisition with a mix 

of glucose oxidase (560µg/ml), caltalase (400µg/ml) and Cysteamine HCl (10mM) in 

TN buffer with 10% glucose w/v at pH 8 to induce blinking of the fluorophores 

(Dempsey et al, 2011). 100nm gold nanoparticles (visible in both channels) were 

added to correct for stage/sample drift. Cultured hippocampal neurons were stained 

for endogenous Shrm4 and co-stained for MAP2. Secondary antibodies Alexa 568 

and Atto 488 were imaged sequentially (starting from the red channels) using the 

following filter sets from Semrock (Roechester, NY, USA) Alexa 568: dichroic 

FF562-Di03-25x36, emitter FF01-617/73-25, Atto 488 LF488-B-OMF filter set. 

30000 images were collected for each channel with 50 to 100ms exposure times and 

an increasing ramp of 405nm laser intensity with powers between 0 and 0.8mW was 

used to reactivate the molecules in long-lived dark states. The super-resolution images 

were reconstructed using the localization microscopy plugin in µ-Manager (Edelstein 

et al., 2010), discarding all the molecules localized with accuracy above 70nm and 

rendering all detected molecules as normalized gaussians with width corresponding to 

the localization accuracy. 

 

3.8 Transmission electron Microscopy  
 
Cultured rat cortical neurons at DIV14 were fixed with 4% paraformaldehyde in PBS 

for 30 minutes, post-fixed in the same fixative overnight at 4°C, washed three times 

with PBS and incubated with 50 mM Glycine in PBS for 10 minutes. 

Cells monolayer were incubated for 1 hour in blocking buffer (5% Normal Goat 

Serum, 0.1% Saponin in PBS) and then with primary antibody diluted in blocking 

buffer for 2 hours at room temperature. Cells monolayer were then incubated with 

secondary antibody with 1.4 nm gold-conjugated (Life technologiesTM, NANOGOLD 

conjugate of Fab' fragment of goat anti—rabbit IgG, N-24916) for 1h, washed in 

blocking buffer and fixed with 1% glutaraldehyde in PBS. After washing cells 

monolayer with 50 mM Glycine in PBS and with 1% BSA and 0,05% Tween in PBS, 

we proceeded with gold enhancement according to the GoldEnhanceTM EM kit 

(Nanoprobes, 2113). 

Neurons were subsequently postfixed with 0.2% osmium tetroxide in 0.1 M PO4 

buffer, en bloc stained with 0.25% uranyl acetate, dehydrated, embedded in Epoxy 
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resin (Epon 812; Electron Microscopy Science, Hatfield, PA) and baked for 48 hours 

at 60°C. Thin sections were obtained with an ultramicrotome (Reichert Ultracut E; 

Leica Microsystem, Vienna, Austria) and examined with a Philips CM10 transmission 

electron microscope. 

Image and Statistical Analysis 

The electron microscopy micrographs were analysed with a test for randomness 

(Mayhew et al., 2001) to estimate the gold particles distribution in cortical neurons 

incubated with Shrm4 or without (Control) the specific primary antibody against 

Shrm4. To evaluate the intracellular distribution of Shrm4 we identified in the images 

5 different compartments: synaptic boutons, post-synaptic terminal, thin dendrites, 

other non-determined structures and empty space.   

 

3.9 Time-Lapse Imaging 
 
Live time-lapse imaging was performed in an environmentally controlled chamber 

with 5% CO2 at 37°C, using an Axiovert 200M (Zeiss) confocal system equipped with 

spinning-disk (Perkin Elmer). The 100x objective, 488 nm laser line were used for 

acquisition. Cultured hippocampal neurons (DIV18-20) were imaged every 5 min for 

a total period of 40 min. Z-space slices (0,75 µm) were captured and flattened by 

maximum intensity projection. Image analysis was performed with the volocity High-

performance Image system. 

 

3.10 Yeast Two-Hybrid Screening 
 
For two-hybrid experiments, a fragment corresponding to the Shrm4 N-terminal PDZ 

domain (aa 1-91) was cloned in frame with the GAL4 DNA-binding domain 

(pGBKT7 vector), and used as bait to screen a human adult brain cDNA library 

(Clonetech, Mate and Plate Library). Positives clones (3+) grew on plates containing 

X-α-GAL and Aureobasidin A (QDO/X/A plates) and expressed all four integrated 

reporter genes: HIS3, ADE2, AUR1C and MEL1 under the control of three distinct 

Gal4-responsive promoters. cDNA plamids from positive clones were recovered via 

DH5a Escherichia coli (E.coli) transformation and plated on ampicilline plates and 

sequenced.  
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3.11 Biotinylation assay 
 
Plasma membrane proteins were biotinylated using membrane-impermeant sulfo-

NHS-SS-biotin (0,3 mg/ml, Pierce) for 5 minutes at 37°C. Labeled neurons were 

washed with TBS supplemented with 0,1 mM CaCl2, 1mM MgCl2 and 50 mM 

glycine. After 3 washes with TBS supplemented with 0,1 mM CaCl2 and 1mM MgCl2 

on ice, cells were lysed in extraction buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 

150 mM NaCl, 1% SDS, and protease inhibitors). Lysates were boiled for 5 minutes 

and immunoprecipitated with streptavidin-conjugated magnetic beads (Dynabeads, 

Invitrogen). 

 

3.12 Cannula implantation, Adeno-associated virus (AAV) 
injections 
 
Cannula implantation and drugs infusions into CA1 were identical to Rex et al., 2010. 

Rats were housed under 12:12 light/dark cycles, with food and water ad libidum. 

Expression of Zoanthus sp. Green Fluorescence Protein (ZsGreen GFP) was used as 

reporter gene in order to detect correct  injection coordinates and volumes. 

5-7 weeks male Sprague Dawley rats were anesthetized with Zoletil and Xylazine and 

secured in Kopf stereotaxic. AAV5-shRNA and AAV5-scrambled (AAV5 production 

from Penn Vector Core, University of Pennsylvania) were injected direcly into CA1 

(AP: -3,8 mm relative to Bregma; L: +2 mm; DV: -2 mm from skull; Paxinos and 

Watson, 1985). Injection volumes were calculated depending on the experiment. 

Animals were allowed from 2 weeks to 1 month before experimentation. 

 

3.13 GIRK currents - Whole-cell patch clamp 
electrophysiology 
 
Membrane potassium currents activated by baclofen (10 and 100 µM) were recorded 

from individual transfected neurons using whole-cell patch clamp recording as 

indicated previously (Hannan et al., 2012). Patch pipettes (resistances: 3 – 5 MΩ) 

were filled with the following electrolyte (mM): 120 KCl, 2 MgCl2, 11 EGTA, 30 

KOH, 10 HEPES, 1 CaCl2, 1 GTP, 2 ATP, 14 creatine phosphate, pH 7.0. The GIRK 

cells were constantly superfused with a salt solution containing (mM): 140 NaCl, 4.7 
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KCl, 1.2 MgCl2, 2.5 CaCl2, 11 glucose, and 5 HEPES, pH 7.4. To ensure larger 

GABAB receptor-activated K+ currents, the KCl concentration of the external salt 

solution was increased to 25 mM coupled with a reduction in the NaCl concentration 

to 120 mM, prior to the application of baclofen. This shifted EK from -90 to -47 mV. 

The peak amplitude baclofen-activated K+ currents were now inward at a holding 

potential of -70 mV. Membrane currents were recorded from neurons at DIV14 after 

transfection at DIV7 and filtered at 5 kHz (-3dB, 6th pole Bessel, 36 dB/octave) 

before storage onto a Dell Pentium III computer for analysis with Clampex 8. 

Changes >10% in the membrane input conductance or series resistance resulted in the 

recording being discarded. 

 

3.14 Whole-cell miniature inhibitory post-synaptic currents 
(mIPSCs) patch clamp recordings 
 
Whole-cell miniature inhibitory post-synaptic currents (mIPSCs) patch clamp 

recordings were performed at room temperature from 14 DIV primary hippocampal 

neurons transfected with Shrm4-shRNA or scrambled at DIV7-8  and perfused with 

external solution containing (in mM): 130 NaCl, 2.5 KCl, 2.2 CaCl2, 1.5 MgCl2, 10 

D-glucose, 10 HEPES-NaOH (pH 7.4). Blockers of sodium channels (500 µM 

lidocaine) and NMDA, AMPA/Kainate receptors (Kynurenic acid 3 mM) were 

routinely added in the extracellular solution for recordings. The composition of the 

intracellular solution was (mM): 140 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM 

EGTA, 10 mM HEPES-CsOH, 2 mM ATP (disodium salt) (pH 7.3). Recordings were 

performed with an Multiclamp 700B amplifier (Axon CNS molecular devices, USA). 

Pipette resistance was 2-3 MΩ and series resistance was always below 20 MΩ. 

mIPSCs were recorded at a holding potential of -70 mV over a period of 2-5 min, 

filtered at 2 kHz and digitized at 20 kHz using Clampex 10.1 software. Analysis were 

performed offline with Clampfit 10.1 software using a threshold crossing principle; 

detection level was set at 5 pA, and raw data were visually inspected to eliminate false 

events; cells with noisy or unstable baselines were discarded. 

mIPSCs population averages were obtained by aligning the events at the mid-point of 

the rising phase. The weighted decay time constant (Dt) of currents were calculated as 

described (Cingolani et al., 2008). 
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3.15 Hippocampal slices and electrophysiology 
 
Adult (body mass, 250-300 g) male Sprague Dawley CD rats were used for the 

experiments. Rats, injected unilaterally with AAV5-scrambled (left hemisphere) and 

AAV5-shRNA (right hemisphere) were anesthetized in a chamber saturated with 

chloroform and then decapitated. The brain was rapidly removed and placed in an ice-

cold cutting solution containing 220 mM sucrose, 2 mM KCl, 1.3 mM NaH2PO4, 12 

mM MgSO4, 0.2 mM CaCl2, 10 mM glucose, 2.6 mM NaHCO3 (pH 7.3, equilibrated 

with 95% O2 and 5% CO2), and 3 mM kynurenic acid for patch-clamp recordings or 

ice-cold artificial CSF (aCSF) containing (in mM) 125 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, 25 mM glucose, and 26 mM NaHCO3 (pH 

7.3, equilibrated with 95% O2 and 5% CO2) for field excitatory post synaptic 

potentials (fEPSPs) recordings. 

Coronal hippocampal slices (thickness, 300-400 µm) were prepared with a vibratome 

VT1000 S (Leica) and then incubated first for 40 min at 36°C or at room temperature 

in  aCSF for patch-clamp or fEPSPs recordings respectively. Slices were transferred 

to a recording chamber perfused with aCSF at a rate of ∼2 ml/min at 32°C of 

temperature.  

Whole-cell patch-clamp and fEPSPs recordings were performed with an Multiclamp 

700B amplifier (Axon CNS molecular devices, USA) and using an infrared-

differential interference contrast microscope. Microelectrodes (borosilicate capillaries 

with a filament and an outer diameter of 1.5 µm; Sutter Instruments) were prepared 

with a four-step horizontal puller (Sutter Instruments) and had a resistance of 3–5 

MΩ. 

Whole cell GABABR-mediated currents where recorded from hippocampal CA1 

pyramidal neurons at holding potential of -80 mV by perfusion of baclofen 100 µM to 

evoke GABABR currents and kynurenic acid (3mM) to block glutamatergic 

transmission. At the end of every recording, we perfused rat brain slices with the 

GABABR antagonist CGP55845 (5 µM) to control currents specificity. The pipettes 

were filled with an intracellular solution K-gluconate based, containing (mM): 126 K-

gluconate, 4 NaCl, 1 EGTA, 1 MgSO4, 0.5 CaCl2, 3 ATP (magnesium salt), 0.1 GTP 

(sodium salt), 10 glucose, 10 HEPES-KOH (pH 7.3). 

fEPSPs were evoked by stimulation of the Schaffer-collateral pathway of the CA1 

region of the hippocampus using aCSF-filled monopolar glass electrodes. fEPSPs 
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were elicited at a frequency of 0.05 Hz and recorded from the dendritic field of the 

CA1 pyramidal neurons using aCSF-filled monopolar glass electrodes.  fEPSPs were 

acquired at 20 kHz and filtered at 5 kHz. Stimulus strength was adjusted to give 50% 

maximal response. Long-term potentiation was elicited by high frequency stimulation 

(HFS), 100 stimuli at 250 Hz.  

Recordings were acquired using Clampex 10.1 software and the analisys of the slope 

were made offline with Clampfit 10.1 software. 

 

3.16 Behavioral procedures 
 
3.16.1 Elevated Plus Maze 
 
Elevated plus maze paradigm was used to study anxiety related behavior. The test was 

carried out as previously described (Braida et al., 2008). The apparatus consisted of 

two opposite open arms (50 cmx10 cm) and two enclosed arms (50 cmx10 cmx40 cm) 

that extended from a common central platform (10 cmx10 cm) based on a design 

validated by Lister (1987). The apparatus was constructed from white wood, elevated 

to a height of 50 cm above floor level and placed in the center of a small quiet room 

under dim light (about 30 lux). Testing was conducted during the early light phase 

(9.30–13.30 am) of the light cycle. After 20 min adaptation to the novel surroundings, 

rats were placed individually onto the center of the apparatus facing an open arm. The 

number of open- and closed-arm entries and the time spent in open arms were 

recorded for 5 min.  

 

3.16.2 Spontaneous motor activity 
 
Spontaneous motor activity was evaluated as previously described (Braida and Sala, 

2000) in an automated activity cage (43×43×32 cm) (Ugo Basile, Varese, Italy), 

placed in a sound-attenuating room. The cage was fitted with two parallel horizontal 

infrared beams located 2 cm from the floor. Cumulative horizontal beam breaks were 

counted for 30 min. 
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3.16.3 Pentylenetetrazole (PTZ)-Induced Seizures 
 
Animals (n=5 for each condition) were treated with pentylenetetrazole (45 mg/kg, 

i.p.) (PTZ, Sigma Aldrich, St. Louis, MO 63178, USA). Seizure activity was 

monitored for 30 min and seizure severity was rated by the Racine scale (Racine, 

1972): 0, no change ; I, myoclonic jerks; II, minimum seizures, with convulsive wave 

through the body; III, fully developed minimal seizures, clonus of the head muscles 

and forelimbs, righting reflex present; IV, major seizures (generalized without the 

tonic phase); V, generalized tonic-clonic seizures. The numbers of seizures, the 

latency (in seconds) to the first one, the total time spent in seizures and lethality were 

also evaluated. 

 

3.16.4 Statistical analyses 
 
The results were expressed as mean ± SEM or percentage. The data with normally 

distributed weights were analysed using Student t-test. Data related to lethality and 

percentage of animals displaying seizures was analysed using Fisher's exact 

probability test. Statistically analysis was done using Prism 5 software (GraphPad, 

San Diego, CA). The accepted level of significance was p < 0.05. 

 

 
3.17 Live cell internalisation assay 
 
Internalisation of GABAB receptors in live hippocampal neurons was studied as 

described previously (Hannan et. al, 2012). Briefly, this involved transfection of 

hippocampal neurons at DIV7 with cDNAs encoding for R1a containing a 

bungarotoxin (BTX) binding site (R1aBBS), R2 and Shrm4-siRNA or scrambled-

siRNA. At DIV 14-21, neurons were pre-incubated in 1 mM d-tubocurarine (Sigma) 

for 5 min at room temperature followed by incubation in 4 ug/ml BTX coupled to 

Alexa-fluor 555 (BTX-AF555; Life technologies) for 10 min at room temperature to 

label cell surface GABAB receptors. Cells were washed to remove excess BTX-

AF555 and superfused with Krebs, in an imaging chamber at 30-32°C. Images were 

acquired using a Zeiss LSM 510 upright microscope and an Achroplan x40 water DIC 

objective (NA 0.8). At the first time point (t=0), a rapid z-scan was used to find the 

optimal z-section and this was imaged as a mean of 4 scans in 8 bits using the 543 nm 
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Helium-Neon laser and a long-pass 560 nm filter for BTX-AF555 and a 488 nm 

Argon laser and a 505-530 nm band-pass filter for eGFP. For subsequent time points 

all the settings including detector gain, amplifier offset, optical slice thickness and 

laser intensity were kept identical to t=0 and minor changes in drift were corrected by 

adjusting the position on the z-axis by comparison against the eGFP fluorescence at 

t=0.  

Images were analysed using ImageJ (Ver 1.41o) as described previously (Hannan et 

al., 2013). The mean fluorescence was determined for 3 regions of interest (ROI), 

selected for each cell - surface membrane, intracellular compartment, and total cell 

fluorescence. Background fluorescence was set by imaging a region of the cover-slip 

devoid of cells. This was subtracted from the ROI fluorescence yielding a mean 

background-corrected fluorescence. The mean background-corrected fluorescence per 

unit area (µm2) at each time point was then normalised to the mean background-

corrected fluorescence per µm2 at t = 0. These values were then fitted with an 

monoexponential decay function using Origin (ver 6). 

 

3.18 FRAP (Fluorescent Recovery After Photobleaching) 
analysis 
 
For live-cell imaging, co-transfected neurons were shifted to an incubator with both 

controlled temperature and CO2 mounted on Zeiss LSM510 Meta confocal 

microscope in the presence of Imaging Medium. Shrm4-shRNA or scrambled 

expressing neurons were acquired with the 458 nm line of the Argon laser, while 543 

nm laser line was used for GABAB1-mRFP imaging.  

For FRAP experiments of GABAB1-mRFP positive dendrites, one prebleached image 

was acquired, and then a region of interest (ROI) on dendrites was drawn and 

bleached by scanning 30 times with both 405 nm and 458 nm lasers at 100% power. 

Recovery of the fluorescence signal was recorded for 10 min. All images were 

analyzed with ImageJ software. In FRAP experiments, the fluorescence recovery of 

the bleached ROI was measured over time and normalized to the total fluorescence of 

the bleached neuron, which was always checked to be constant over time. In all the 

experiments background signal (determined in an area outside the cells) was 

subtracted from the fluorescent intensities of the ROIs. Finally, data were averaged 

and the results shown as graph with GraphPad Prism software. 
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4. RESULTS 
 
4.1 Shrm4 distributes along microtubules and at synapses 
 
We first investigated the expression of Shrm4 in rat brain by western blot. Shrm4 is detectable 

in both embryonic and adult rat brain where it is highly expressed in the neocortex and 

hippocampus (Figure 15A), regions on which we focused our attention. 

Immunocytochemistry (ICC) on mature hippocampal cultured neurons (Days in Vitro, 

DIV18) shows that Shrm4 distributes along dendrites and axon, as demonstrated by the 

colocalization with both the dendritic marker MAP2 and the axonal marker Ankyrin (Figure 

15B).  

We further investigated the subcellular localization of Shrm4 by direct stochastic optical 

reconstruction microscopy (dSTORM) on DIV20 hippocampal neurons and we observed that 

Shrm4 puncta distributes along MAP2-positive filaments suggesting an association with 

microtubules (Figure 15C).  

Moreover by performing ultrastructural immunolocalization of Shrm4 in DIV20 rat cortical 

neurons, we observed that Shrm4 has a preferential distribution in dendrites and at synapses 

(Table 1). In fact, while in control unstained neurons, gold particles show random distribution 

in the five subcompartments analysed, in anti-Shrm4 stained neurons, gold particles are 

significantly enriched in dendrites (relative labelling index, RLI = 2,23; *p < 0,0001) and at 

presynapses (synaptic boutons) (RLI = 5,64; *p < 0,0001), with a trend of accumulation at 

postsynapses (Figure 15D). 

Taken together, these results suggest that Shrm4 is abundant in hippocampal and cortical 

neurons where it localizes at synapses and along microtubules. 

 

 

4.2 Shrm4 regulates the morphology and molecular structure of 
dendritic spines  
 
To explore the function of Shrm4 in neurons, we designed three different shRNAs that 

specifically target both the rat and human Shrm4 transcripts. 

To test the efficacy of these shRNAs, we analysed Shrm4 protein level in HEK293 cells 

transfected with the human Shrm4-HA cDNA together with three different shRNA sequences. 

ShRNA#3 efficiently reduced Shrm4 expression (Figure 16A). We used the shRNA#3 and its 

scrambled sequence as control for the following Shrm4 silencing experiments. Similarly, we 
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observed a significant reduction in Shrm4 protein level in cultured hippocampal neurons, 

following lentiviral-mediated expression of shRNA#3 (Figure 16B). 

As Shrm4 is present in synapses as we previously demonstrated, we sought to examine the 

effect of Shrm4 silencing on synapse structure and molecular composition.  

First, dendritic spine morphology and turnover were evaluated in rat hippocampal neurons. 

Neurons were transfected with Shrm4 shRNA or scrambled as control before synaptogenesis 

(DIV8), and fixed mature (DIV18-20) for ICC and in vivo imaging (followed by 

morphometric analysis). In Shrm4 knockdown neurons, we observed a dramatic decrease in 

the number of dendritic spines (shRNA 22±1,8 versus scrambled 38±2,1; t test **p < 0,01) 

and a reduction of spines length (shRNA 0,7±0,028 µm versus scrambled 1,1±0,025 µm; t test 

**p < 0,01), while spine head width was unchanged compared to control neurons (shRNA 

0,51±0,09 µm versus scrambled 0,69±0,05 µm) (Figure 17A). Shrm4 knockdown also 

induced a significant increase in the number of stubby spines versus scrambled (Mushroom: 

shRNA 38±2,8 versus scrambled 39,3±2,6; Stubby: shRNA 27±3,4 versus scrambled 7±0,3 t 

test **p < 0,01; Thin: shRNA 35±2,6 versus scrambled 53,7±1,3) (Figure 17B). Dendritic 

spine turnover was evaluated by timelapse imaging over 40 minutes. In this time span, we 

observed a significant increase in the number of removed spines in knockdown while the 

number of ex-novo spines was unchanged with respect to control neurons (number of 

removed spines: shRNA 8,34±1,24 versus scrambled 6,25±0,98; t test *p < 0,05; Ex-novo 

spines: shRNA 5,34±1,02 versus scrambled 5,81±1,34). These data suggest an impairment of 

dendritic spine stability following Shrm4 silencing that could account for the reduction of 

spine density (Figure 17C). 

Next, to complete the morphological analysis of spines, we investigated the expression of 

synaptic markers: the scaffolding postsynaptic protein PSD95, the AMPA receptor subunit 

GLUA2, the presynaptic proteins BASSOON and SYNAPSIN. ICC followed by fluorescence 

analysis showed a reduction in both the number of puncta and mean fluorescence intensity for 

all the four synaptic markers considered (Mean number of puncta of ShRNA expressing 

neurons normalized on scrambled neurons: PSD95 = 0,73±0,04; t test **p < 0,01; BASSOON 

= 0,78±0,02; t test **p < 0,01; GluA2 = 0,60±0,04; t test **p < 0,01; SYNAPSIN = 

0,76±0,03; t test **p < 0,01; mean fluorescence intensity of ShRNA expressing neurons 

normalized on scrambled neurons: PSD95 = 0,53±0,15; t test **p < 0,01; BASSOON = 

0,58±0,15; t test **p < 0,01; GluA2 = 0,66±0,08; t test *p < 0,05; SYNAPSIN = 0,51±0,09; t 

test *p < 0,05) (Figure 17D). 
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The decrease in synaptic markers correlates with the reduced number of spines and their 

stability impairment. Finally, to check whether these dendritic spine defects impact the 

number of established synapses, we evaluated the extent of colocalization between 

SYNAPSIN and PSD95 puncta and observed a dramatic decrease in the percentage of 

SYNAPSIN/PSD95 colocalization in knockdown condition versus scrambled (shRNA 

8,73±0,53 versus scrambled 19,89±0,48, t test ***p < 0,001) (Figure 17E). 

These results taken together indicate that Shrm4 in hippocampal neurons is necessary for the 

correct morphological and molecular structure of dendritic spines and synaptic contacts. 

 

4.3 Shrm4 binds GABAB receptor in neurons 
 
To gain insights into the molecular function of Shrm4 in neurons, we looked for Shrm4 

interacting partners. We performed a Yeast Two-hybrid Screening using the N-terminal PDZ 

domain of Shrm4 (aa 1-91; Figure 18A) as a bait to screen a human adult brain cDNA library. 

Above all the cDNA clones isolated, six of them coded for the C-terminal tail of GABAB 

receptor subunit 1 (GABAB1). This stretch of 100 amino acids is shared by the two splice 

variants of this subunit: 1a (GABAB1a) and 1b (GABAB1b). In fact, both splice variants are 

coded by the GABBR1 gene and only differ in their amino-terminal extracellular region 

where GABAB1a contains two sushi domains (Bettler et al., 2004; Gassmann et al., 2012) 

(Figure 18A).  

The region of interaction between Shrm4 and GABAB1 subunit was further characterized by 

yeast two hybrid tests. First we reconfirmed that the PDZ domain of Shrm4 is necessary and 

sufficient for binding the C-terminal tail of the GABAB1 receptor. Indeed, Shrm4 mutants 

bind GABAB1 receptor only in those where the PDZ domain is present (Shrm4 full-length 1-

1492: +++; ΔPDZ 91-1492: negative; Shrm4 PDZ domain 1-91: +++; ΔASD2 1-1213: +++) 

(Figure 18B).  

Next, we looked for the minimal region of the C-terminal tail of GABAB1 that interacts with 

Shrm4 by coimmunoprecipitation (CoIP) in HEK293 cells. We cotransfected Shrm4-GFP 

cDNA with GABAB1a constructs bearing different amino acids deletion in their C-terminal 

(Figure 19A; Deletion1: Δ859-961; Deletion2: Δ922-961; Deletion3: Δ870-961). Based on 

CoIP experiments (using both immunoprecipitation of Shrm4-GFP and GABAB receptors), 

we found that the sequence of the C-terminal tail of GABAB1 that is necessary for the 

interaction with the PDZ domain of Shrm4 is comprised between amino acids 859 and 870 

(Figure 18C). 
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To reconfirm the interaction, HEK293 cells were transfected with Shrm4-V5, GABAB1-myc 

and GABAB2 constructs and ICC showed that Shrm4 and GABAB1 colocalizes (arrows; 

Figure 19C). By contrast, in cells transfected with Shrm4-V5, GABAB1-Δ859-961 and 

GABAB2, the colocalization is lost showing that the C-terminal tail of GABAB1 is necessary 

to bind Shrm4 (Figure 19C). 

This interaction is specific for GABAB1 subunits and not for GABAB2 subunit as observed by 

coimmunoprecipitation assay using HEK293 cells (Figure 19B). 

Finally, we investigated Shrm4/GABAB receptors (GABABRs) interaction in neurons. We 

performed CoIPs on rat brain extracts using a polyclonal antibody against Shrm4 for 

immunoprecipitation, demonstrating that Shrm4 and GABABRs are associated (Figure 18D). 

GST pull-down experiments were performed on (1) DIV18 hippocampal cultured neurons and 

(2) brain extracts: the PDZ domain of Shrm4 fused to GST, as expected, pulled down both the 

GABAB1a and GABAB1b subunit isoforms (Figure 18E). 

Moreover immunofluorescence labelling of DIV18 rat hippocampal neurons showed that 

Shrm4 and GABABRs colocalizes to some extent in dendrites and spines (Figure 18F).  

All together, these data demonstrate that Shrm4 and GABABRs interact in neurons and that 

the interaction is mediated by the PDZ domain of Shrm4 and the amino acids 859-870 of the 

GABAB receptor C-terminal tail. 

 

4.4 Shrm4 regulates GABAB receptors intracellular distribution  
 
Previous studies clearly demonstrated that the cytosolic C-terminal domain of GABAB1 is 

important for receptor trafficking to the cell surface (Margeta-Mitrovic et al., 2000; Calver et 

al., 2001; Pagano et al., 2001). Because Shrm4 interacts with the C-terminal domain of 

GABAB1, we asked whether Shrm4 could regulate GABABRs trafficking in neurons. To test 

this hypothesis, we silenced Shrm4 using shRNA lentiviral delivery and performed surface 

biotinylation assay on cultured hippocampal neurons. Shrm4 knockdown induces a significant 

reduction in GABABRs surface expression (Signal intensity normalized on scrambled: shRNA 

= 0,83±0,02; t test *p < 0,05) without affecting GABAA receptors α1 subunit (GABAA α1) 

surface expression (Signal intensity normalized on scrambled: shRNA= 0,97±0,02) (Figure 

20A). Ionotropic GABAA receptors that mediate fast synaptic inhibition in neurons were used 

as control (Jacob et al., 2008; Heisler et al., 2011). 
These results prompted us to analyse GABAB1 surface immunostaining on cultured 

hippocampal neurons. Indeed, the surface GABABRs along dendrites was reduced in shRNA 
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expressing neurons compared to scrambled shRNA-expressing neurons (surface GABABRs 

intensity normalized on scrambled: shRNA = 0,77±0,04; t test *p < 0,05; surface GABAA α1 

intensity normalized on scrambled was unchanged: shRNA = 0,96±0,06). Interestingly, the 

intensity of intracellular GABABRs was significantly increased in Shrm4 knockdown 

neurons, suggesting that GABABRs are accumulated in intracellular compartments 

(Intracellular GABABRs intensity normalized on scrambled: shRNA = 2,23±0,07; t test **p < 

0,01; intracellular GABAA α1 intensity normalized on scrambled was unchanged: 0,87±0,14) 

(Figure 20B). 

In particular, in the absence of Shrm4, GABABRs are concentrated into the Golgi apparatus as 

demonstrated by the colocalization between GABABRs and the Golgi membrane resident 

protein Giantin (GABABRs intensity in Giantin positive ROI normalized on scrambled: 

shRNA = 1,32±0,13; t test *p < 0,05; GABAA α1 intensity in Giantin positive ROI 

normalized on scrambled was unchanged: shRNA = 0,98±0,1) (Figure 20C).  

In addition, when Shrm4 and GABABRs are expressed alone in HEK293 cells, they both 

accumulate into the Golgi apparatus. By contrast, when the two proteins are coexpressed, 

their retention into the Golgi apparatus is significantly lower and their localization more 

diffuse (Figure 21). 

These findings indicate that Shrm4 regulates specifically GABABRs intracellular trafficking 

in neurons by a Golgi apparatus dependent mechanism. 

 

4.5 Shrm4 mediates GABAB1 association with the dynein/dynactin 
complex 
 
GABABRs accumulation into the Golgi apparatus and surface reduction could arise either 

from an increase in the rate of internalization of the surface receptor or from a defect in its 

transport from the Golgi apparatus along dendrites. To clarify this point, internalisation of 

GABABRs in live hippocampal neurons was analysed as previously described in Hannan et. 

al, 2012. Hippocampal cultured neurons were transfected at DIV7 with cDNAs encoding for 

GABAB1a containing a bungarotoxin (BTX) binding site, GABAB2 and either Shrm4-shRNA 

or scrambled. In particular, the GABAB1a isoform was used as it is more stable on the cell 

surface of hippocampal neurons than GABAB1b isoform and was therefore more suitable for 

the internalisation assay. We observed no changes in the internalization rate of GABAB1a in 

silenced Shrm4 neurons with respect to control neurons (Figure 22). These observations 
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indicate that Shrm4 silencing is affecting the intracellular transport of GABABRs without 

altering the internalization rate of the receptor.  

We next tested our second hypothesis in which Shrm4 regulates GABABRs transport along 

dendrites, eventually allowing its insertion into the plasma membrane. 

In neurons, active cargo transport into dendrites and axons is driven by the microtubules-

based motor proteins kinesins and dynein. Kinesins move along microtubules to their plus 

end, and are responsible for receptor subunits and synaptic vesicle transport in axons while 

the dynein/dynactin complex moves along microtubules toward the minus end and sorts 

postsynaptic proteins, mitochondria and Golgi outposts to dendrites (Goldstein et al., 2000; 

Vale et al., 2003; Zheng et al., 2008; Kapitein et al., 2010; Van Spronsen et al., 2013).  

A Recent work demonstrated that Kinesin-1 is responsible for GABAB1a subunit transport 

along the axonal ER and the ERGIC (Valdes et al., 2012), while the mechanism for 

GABABRs trafficking along dendrites is largely unknown. 

We assessed the existence of a complex containing Shrm4, GABABRs and a microtubule-

dependent motor protein, responsible for the intracellular transport. Interestingly in HEK293 

cells, we observed that the dynein intermediate chain (DIC) and both GABAB1a-myc and 

GABAB1b-myc were coimmunoprecipitated by Shrm4-V5 (Figure 23A), while in HEK293 co-

transfected with Shrm4-V5 and KIF5-GFP, the two proteins did not coimmunoprecipitate 

(Figure 23B). Similarly, coimmunoprecipitation experiments on adult rat brain extracts using 

polyclonal Shrm4 antibody showed that Shrm4, GABABRs and DIC are associated (Figure 

23C). We next investigate whether Shrm4 levels modulate the dynein/dynactin-GABABRs 

association. We developed a model using Adeno-associated virus serotype 5 (AAV5) 

expressing scrambled (AAV5-scrambled) and shRNA (AAV5-shRNA) that selectively and 

locally silenced Shrm4 levels in the rat brain hippocampus (Figure 23D). AAV5-shRNA 

infection dramatically reduced Shrm4 protein levels compared to AAV5-scrambled injection 

(Figure 23E). We then carried out anti-DIC immunoprecipitations from scrambled and 

shRNA infected brain lysates. We observed co-immunoprecipitation of GABABRs with anti-

DIC in control condition while this association is significantly decreased in the abscence of 

Shrm4 (Mean percentage of GABAB1 co-precipitation normalized on immunoprecipitated 

DIC; AAV5-shRNA = 53,7±4%, *p < 0,05, t test) suggesting that the dynein-GABABRs 

association is dependent of Shrm4 endogenous level (Figure 23F). 

Taken together, these data support a model in which Shrm4 regulates the binding between 

dynein/dynactin and GABABRs in the rat brain hippocampus.  
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4.6 Shrm4 through the dynein/dynactin complex drives GABABRs 
into dendrites 
 
As the dynein/dynactin complex is involved in the transport of postsynaptic proteins and 

Golgi outposts and that we previously demonstrated that Shrm4 regulates the association of 

GABABRs with this microtubules-based motor, we decided to investigate a possible 

involvement of Shrm4 in a dynein-dependent trafficking of GABABRs along dendrites. We 

asked whether the modulation of Shrm4 levels or dynein activity could alter GABABRs 

transport along dendrites and axon.  

We first analysed the endogenous distribution of GABABRs both in dendrites and axons of 

hippocampal neurons expressing GFP (control), Shrm4-shRNA or a dominant-negative 

dynactin construct (p150-cc1) that inhibited dynein activity (Kwinter et al., 2009; Spronsen et 

al., 2013). We first verified that the different vectors used had no effect on the endogenous 

distribution of GABABRs (Figure 24A). We then measured both the average dendrite 

intensity Id and average axonal intensity Ia and calculated the polarity index (PI) by using PI = 

(Id-Ia)/(Id+Ia). For uniformly distributed proteins Id = Ia and PI = 0 whereas PI > 0 or PI < 0 

indicates polarization toward dendrites or axons, respectively (Kapitein et al., 2010; Spronsen 

et al., 2013). We observed that dendritic GABABRs fluorescence intensity in shRNA and 

GFP-p150-cc1 expressing neurons was dramatically reduced compared to GFP control (Mean 

intensity normalized on GFP control; shRNA = 0,58±0,03, ***p < 0,001; GFP-p150-cc1 = 

0,42±0,06, ***p < 0,001- one way ANOVA) without any effect on axons mean intensity 

(Figure 25A). To further explore GABABRs distribution in shRNA or GFP-p150-cc1 

expressing neurons, we then calculated the PI. GABABRs in control condition reveal a 

positive PI of 0,58±0,06 indicating that GABABRs are more abundant in dendrites. PIs of 

shRNA and GFP-p150-cc1 expressing neurons are still positive but significantly lower 

indicating that the polarization toward dendrites and axons is not changed but the amount of 

endogenous GABABRs into dendrites is decreased  (PI shRNA = 0,37±0,02, *p < 0,05; GFP-

p150-cc1 = 0,31±0,02, **p < 0,01- one way ANOVA) (Figure 25A). 

In addition, by overexpressing HA-tagged p50/dynamitin in cultured hippocampal neurons to 

inhibit dynein function (Burkhardt et al., 1997; Kapitein et al., 2010), the PI of GABABRs 

dramatically decreases (PI = 0,08±0,1, t test **p < 0,01 versus GFP control) and confirmed 

the effect observed in GFP-p150-cc1 expressing neurons (Figure 24B). 

Furthermore, to assess whether the decrease in the amount of GABAB receptors into dendrites 

was the consequence of a decrease in the transport rate, we performed FRAP experiments on 
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hippocampal cultured neurons co-expressing GABAB1-RFP together with Shrm4-shRNA or 

GFP-p150-cc1. In both situations, fluorescence recovery of GABAB1-RFP was significantly 

delayed compared to GFP control expressing neurons. Indeed, only a defect in the half-time 

fluorescence recovery but not in the mobile fraction was observed in Shrm4 silenced and 

GFP-p150-cc1 expressing neurons, suggesting that transport rate of receptors into dendrites is 

affected (Figure 24C).  

As GABAB1a and GABAB1b subunit isoforms can be both found into dendrites (Vigot et al., 

2006; Daniel Ulrich and Bernhard Bettler, 2007), we then asked if Shrm4 knockdown or 

dynein inhibition can modify the intracellular transport of a specific GABAB1 subunit isoform 

or if this regulation mechanism is shared between GABAB1 subunits. We used cultured 

hippocampal neurons cotransfected at DIV8 with GFP (control), shRNA or GFP-p150-cc1 

together with GABAB1a-myc or GABAB1b-myc and analysed immunostaining at DIV16 using 

a monoclonal antibody against myc to detect GABAB1 subunits. We then calculated the PI for 

each condition and observed consistent similar effects previously noted regarding the 

endogenous distribution of GABABRs in these conditions (GABAB1a; PI shRNA = 

0,23±0,006, *p < 0,05; GFP-p150-cc1 = 0,16±0,007, **p < 0,01- GABAB1b; PI shRNA = 

0,40±0,03, *p < 0,05; GFP-p150-cc1 = 0,31±0,034, **p < 0,01- One way ANOVA) (Figure 

25B). Altogether, these results demonstrate that Shrm4 through the dynein/dynactin complex 

drives GABABRs toward dendrites in hippocampal neurons. 

 

4.7 In vitro and in vivo Shrm4 knockdown reduces GABABRs-
mediated K+ current  
 
Postsynaptic GABABRs activate G protein-activated inwardly rectifying potassium channels 

(GIRKs ; also known as Kir3 channels), generating slow inhibitory postsynaptic potentials 

(IPSCs) and membrane hyperpolarization (Lüscher et al., 1997 ; David et al., 2006). Having 

demonstrated that Shrm4 through the dynein/dynactin complex regulates receptors transport 

toward dendrites, we subsequently examined outward K+ currents induced by application of 

the GABABRs agonist baclofen to DIV14 hippocampal neurons transfected at DIV7 with 

Shrm4-shRNA or scrambled. We observed a significant decrease in the peak K+ density 

(current density ; pA/pF) in both baclofen concentrations 10 µM (shRNA = -3,17±1,20 

pA/pF, t test *p < 0,05; Scrambled = -6,53±1,12 pA/pF) and 100 µM (shRNA = -7,55±2,42 

pA/pF, t test *p < 0,05; Scrambled = -13,42±1,45 pA/pF) in Shrm4 shRNA expressing 

neurons. In agreement with our previous results, we observed that Shrm4 knockdown induces 
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a reduction in the number of postsynaptic GABABRs-activated by baclofen (Figure 26A). 

Moreover, no significant changes were observed in the amplitude, decay time, area and 

frequence of miniature inhibitory postsynaptic currents (mIPSCs) showing that our results 

remained specific to GABABR-mediated responses (Figure 26B). 

Furhermore, to assess whether Shrm4 knockdown affect physiological GABABRs-mediated 

responses, we unilaterally injected either AAV5-scrambled (left hemisphere) and AAV5-

shRNA (right hemisphere) into the dorsal CA1 hippocampus, region where application of 

baclofen clearly evokes GABAB receptor-mediated responses in dendrites (Newberry  and 

Nicoll, 1984, 1985 ; Lüscher et al., 1997). Fifteen days after injection, time necessary to reach 

the maximum expression, we prepared acute hippocampal slices from each hemisphere. We 

first analysed if Shrm4 silencing induced changes in the synaptic strenght, recording field 

excitatory post synaptic potentials (fEPSPs) in apical dendritic layer of the hippocampal CA1 

region and inducing long term potentiation (LTP) after high frequency stimulation (HFS) of 

Schaffer collaterals (SC). Interestingly, we observed no differences in LTP induction and 

stability (Figure 27). These observations clearly indicate that the virus injection procedure 

does not affect physiological responses.  

Afterward, we recorded outward currents evoked by baclofen application in CA1 pyramidal 

neurons. Similarly to in vitro experiments on shRNA-expressing neurons, we observed a 

significant decrease of the current K+ peak respect to the AA5-scrambled injected hemisphere 

(Current density (pA/pF); AAV5-shRNA = 0,66±0,09 pA/pF, t test *p < 0.05; AAV5-

scrambled = 0,95±0,1 pA/pF) (Figure 26C). Taken together, these data support that Shrm4 

silencing  decreases the peak of GABAB receptors response both in vitro and in vivo as 

expected from the  reduced number of receptors observed in dendrites of cultured 

hippocampal neurons. 

 

4.8 In vivo Shrm4 silencing causes increase in anxiety and 
propensity to seizures 
  
It is now well established that GABABRs are involved in anxiety (Cryan and Kaupmann 

2005; Pilc and Nowak 2005) and epilepsy (Gambardella et al., 2003; Bettler et al., 2004).  

We therefore found a particular interest in analysing behavioural characteristics on animals 

bilaterally injected with AAV5-scrambled versus AAV5-shRNA. Because we did not 

observed any changes in LTP induction and stability, we excluded spatial and memory 

behavioural tasks (Figure 27). We carried out elevated plus maze that is widely used to test 
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anxiety behavior (Rodgers et al., 1997; Holmes et al., 2001; Jacobson et al., 2007) and 

Pentylenetetrazol (PTZ)-induced seizures for sensibility to seizures and convulsions (Kong 

WL et al., 2013) (Figure 28A). We found that AAV5-shRNA injected rats displayed increased 

anxiety-like behavior (Figure 28B) and increased susceptibility to PTZ-induced seizures 

(Figure 28D). In details, in the elevated plus maze, we observed that AAV5-shRNA injected 

rats made significantly less open-arm entries (AAV5-shRNA, N = 1,6±0,3, t test *p < 0,05; 

AAV5-scrambled, N = 2,7±0,8) and spent less time in the open arms (AAV5-shRNA = 24±8 

seconds, t test *p < 0,05; AAV5-scrambled = 72±19 seconds) than AAV5-scrambled injected 

rats. A slight, but not significant decrease in the number of total entries was found in AAV5-

shRNA injected animals. To verify the integrity of motor function, we monitored the 

spontaneous motor activity (Figure 28C) and no difference between the two groups, even if 

AAV5-shRNA injected rats seemed less active than AAV5-scrambled injected animals 

(1261±324.4 for AAV5-shRNA and 1930 ± 417.1 for AAV5-scrambled injected animals 

horizontal counts) was observed.  

Furthermore, we also examined the effect of intraperitoneal injection of PTZ (45 mg/kg), a 

GABA antagonist (Kong WL et al., 2013). Compared to AAV5-scrambled injected animals, 

there was a decrease in time latency to the 1st seizure and a significant increase of seizures 

duration (AAV5-shRNA = 167±38 minutes, t test *p < 0,05; AAV5-scrambled = 35±6 

minutes). An increased number of AAV5-shRNA injected rats displayed seizures (stage 3-5) 

and death (figure 28D).  

These results suggest that inducing in vivo silencing of Shrm4 in the rat CA1 hippocampus 

induces anxiety-related phenotypes and an increase in susceptibility to PTZ-induced epileptic 

seizures. These phenotypes strongly correlate with in vitro and in vivo defects on GABABRs 

trafficking and transmission observed in the absence of Shrm4 in hippocampal neurons.  
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6. DISCUSSION 
 
In this study, we unravelled the mechanism by which GABABR is trafficked to 

dendrites in mature hippocampal neurons. We propose a model by which Shrm4, a 

protein involved in X-LID, serves as adaptor to link GABABR to the dynein/dynactin 

motor protein complex. According to this model, Shrm4 loss of function compromises 

the delivery of GABABRs to the postsynapse and ultimately impairs inhibitory 

transmission. In vivo Shrm4 silencing increases neuronal network excitability and 

anxiety-related behaviour.  

Furthermore, Shrm4 loss of function in immature neurons, before synaptogenesis, 

affects dendritic spine density and stability and the number of synaptic contacts. 

 
6.1 Shrm4 and the dynein/dynactin motor protein complex 
mediate GABABRs transport to dendrites 
 
In cultured hippocampal neurons Shrm4 localizes at synapses and in particular on 

dendrites along MAP2-positive microtubule filaments, as revealed by dSTORM 

imaging and ultrastructural immunolocalization.  

To gain insights into Shrm4 function in neuronal dendrites, we decided to look for 

Shrm4 interacting proteins.  

We identified the GABAB receptor subunit isoforms 1 (GABAB1), receptors that 

mediate the slow inhibitory transmission in the mammalian brain, as a direct 

interactor of Shrm4. By yeast two-hybrid screening, we showed that Shrm4 PDZ 

domain binds amino acids 859-870 of GABAB1 intracellular C-terminal tail, a region 

that is known to be required for the trafficking of the receptor to the cell surface in 

dendrites (Margeta-Mitrovic et al., 2000; Calver et al., 2001; Pagano et al., 2001). 

GST pull-down and coimmunoprecipitation in hippocampal cultured neurons and 

brain homogenates confirmed this interaction. Furthermore, immunofluorescence 

labelling of hippocampal neurons showed that some puncta of Shrm4, that distribute 

along dendrites, also colocalize with GABABR.  

Interestingly, Shrm4 silencing in hippocampal neurons strongly reduces GABABRs 

amount along dendrites and on the plasma membrane, as demonstrated by fluorescent 

staining and biotinylation assay. This effect is specific for GABABRs as no changes 

were observed in the distribution of the α1 subunit of GABAA receptor, which 

mediates fast inhibitory transmission in the brain (Heisler et al., 2011; Nakajima et al., 
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2012). At the same time, Shrm4 silencing induces the intracellular accumulation of 

GABABRs in the Golgi apparatus as demonstrated by the colocalization of the 

receptors with giantin, a Golgi membrane-resident protein.  

 

To recapitulate, Shrm4 distributes along dendritic microtubules, directly binds the C-

terminal tail of GABAB1 and its silencing strongly affects GABABRs intracellular 

distribution. Notably, the intracellular C-terminal tail of GABABRs is known to be 

required for the trafficking of the receptor to the cell surface in dendrites (Margeta-

Mitrovic et al., 2000; Calver et al., 2001; Pagano et al., 2001). These data suggest that 

Shrm4 is involved in GABABR trafficking along dendrites. 

To examine whether the distribution defects could be due to an increased 

internalization of the GABABRs from the plasma membrane to the Golgi apparatus 

following a retrograde transport, we performed an internalisation assay. No changes 

in the internalisation rate of GABABRs between control and silenced neurons were 

observed, thus leading us to exclude this possibility.  

We therefore hypothesized that Shrm4 silencing could prevent the anterograde 

trafficking of GABABRs from the Golgi apparatus to the plasma membrane. Indeed, it 

has been reported that the inhibition of Golgi export by the expression of a 

constitutively active form of ADP-rybosilation factor 1 (ARF1) causes an intracellular 

accumulation of GABABRs that are unable to reach the surface (Valdés et al., 2012). 

In addition, FRAP experiments on neurons expressing GABAB1-mRFP showed a 

reduction in the transport rate of GABABRs receptors into dendrites in Shrm4 

knockdown and validate our hypothesis. 

 

The trafficking of proteins from the Golgi apparatus to the surface involves 

microtubule–based motors proteins such as kinesin and/or the dynein/dynactin 

complex. GABAB1a subunits are trafficked along the axon through the Kinesin-1 

(Valdés et al., 2012). By contrast the mechanism and molecules that mediate 

postsynaptic GABABRs transport along dendrites remain elusive.  

As the Dynein/Dynactin motor protein complex steers neuronal transport toward the 

microtubule minus end (Pilling et al., 2006) and has been involved in the sorting of 

various cargos toward dendrites including the AMPA receptor GluA2 subunit 

(Kapitein et al., 2010a), Golgi outposts (Hirokawa et al., 1998; Zheng et al., 2008) 

and more recently mitochondria (Van Spronsen et al., 2013), we first investigated 
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whether the Dynein/Dynactin motor complex was involved in GABABRs trafficking 

along dendrites. 

 

Indeed, dynein inhibition induced by expression of p50/dynamitin or the first coiled-

coil domain of p150Glued (GFP-p150-cc1) (Burkhardt et al., 1997; Kwinter et al., 

2009) in hippocampal neurons affected the polarized transport of GABABRs. 

GABABRs dendritic sorting is reduced, while axonal sorting is unaffected. A similar 

result was obtained by silencing Shrm4, thus demonstrating the requirement of both 

the dynein/dynactin motor complex and Shrm4 to target GABABRs specifically to 

dendrites.  

Moreover, we showed by coimmunoprecipitation experiments that the 

dynein/dynactin motor, Shrm4 and GABABRs form a complex in the brain. Which is 

the function of Shrm4 in this complex? We speculated that Shrm4 could be an adaptor 

protein (Kunde et al., 2011; Van Spronsen et al., 2013; Franker et a., 2013) that 

mediates the specific and selective binding between the dynein/dynactin motor protein 

complex and GABABRs. According with this hypothesis, in vivo silencing of Shrm4 

reduces the association between GABABRs and the dynein/dynactin motor protein. 

  
Shrm4 binds both GABAB1a and GABAB1b subunit isoforms and, according to our 

model, both subunits should be linked to the dynein/dynactin complex and 

preferentially sorted to dendrites. Indeed, Shrm4 silencing reduced the dendritic 

targeting of both subunits.  

However, GABAB1a, unlike GABAB1b subunits, is preferentially sorted to axons in 

physiological conditions, suggesting that GABAB1a subunits sorting toward the axon 

is predominant over Shrm4-dependent sorting towards dendrites. It has been 

demonstrated that GABAB1a subunits could be sorted to the axon through their sushi 

domains in pre-Golgi compartments, more precisely in the endoplasmic reticulum 

(ER) or ER-Golgi intermediate compartment (ERGIC) (Valdés et al., 2012).  

 

Our data suggest that Shrm4-mediated GABABRs selective sorting occurs in the 

Golgi apparatus. We therefore hypothesize that GABAB1a subunits selective sorting 

occurs in pre-Golgi compartments before Shrm4 selection and that Shrm4 mediates 

GABAB1b subunits trafficking and the transport of the portion of GABAB1a that 

physiologically escapes from the ER and ERGIC sorting (Biermann et al., 2010). 
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In summary, this study demonstrates that Shrm4 mediates the targeting of GABAB 

receptor to dendrites. In particular, we propose a model by which Shrm4, by binding 

the C-terminal tail of both GABAB1a and GABAB1b subunits and Dynein, function as 

an adaptor protein. However, how GABABRs are transported along dendrites: in 

dense core vesicles or in Golgi outposts, remain to be addressed and will be the focus 

of future studies. 

 

6.2 In vivo Shrm4 silencing increases neuronal network 
excitability and anxiety-related behaviour  
 
To address whether Shrm4 silencing functionally affects inhibitory transmission, we 

measured GABABR-mediated K+ currents in hippocampal neurons transfected with 

Shrm4 shRNA. The GABABR agonist baclofen evoked smaller K+ current response in 

shRNA expressing-neurons with respect of control neurons, indicating that the 

alteration of GABABRs transport along dendrites depletes the postsynaptic GABABRs 

pool, thus affecting synaptic transmission. By contrast, miniature inhibitory 

postsynaptic currents (mIPSCs) mediated by GABAARs were unaffected in Shrm4 

knockdown, showing that Shrm4 specifically regulates GABABR-mediated responses. 

 

We next validated our results in vivo, by AAV-mediated silencing of Shrm4 in the 

CA1 dorsal hippocampus of adult male rats (5-7 weeks). As expected, the baclofen-

induced K+ current measured in CA1 neurons 2 weeks after virus injection was 

reduced in silenced neurons compared with controls. By contrast, LTP induction and 

stability were unaffected in shRNA expressing animals. These results are consistent 

with previous findings from GABAB1b
-/- knockout mice, in which LTP induction was 

maintained, and indicate that postsynaptic GABABRs are not essential for LTP 

induction (Vigot et al., 2006).  

 

Depletion of postsynaptic GABABRs has been correlated with epilepsy. Indeed, 

GABAB1
-/- knockout mice experience spontaneous epileptic seizures (Schuler et al., 

2001). Moreover, the weaver mouse, which has a mutated GIRK2 channel, and the 

Girk2-/- null mouse are both characterized by significant loss of GABABR-mediated 

inhibition and increased susceptibility to seizures (Signorini et al., 1997; Slesinger et 
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al., 1997). Consistent with these results, we showed that Shrm4-shRNA injected 

animals were more susceptible to convulsive seizures than control animals after 

intraperitoneal injection of pentylenetetrazol (PTZ) (Klioueva et al., 2001). Our data 

demonstrate that in vivo Shrm4 silencing affects the excitability of the neuronal 

network.  

 

The involvement of GABABRs in anxiety-related disorders has been widely debated 

in the last decade. While GABAB1
-/- knockout mice show increased anxiety (Cryan et 

al., 2004; Mombereau et al., 2004), mice that specifically lack either the 1a or 1b 

isoform do not show anxiety (Jacobson et al., 2007), possibly suggesting 

compensation between the two isoforms. Interestingly, animals in which Shrm4 has 

been locally silenced displayed increased anxiety with respect of control animals, 

according to the elevated plus-maze test results. As Shrm4 silencing impaired the 

postsynaptic trafficking of both subunit isoforms of GABABRs, we hypothesize that 

the anxiety-related behaviour is the result of a significant decrease in postsynaptic 

GABABRs, specifically. However, other Shrm4 silencing-dependent mechanisms 

cannot be excluded.  

 

A well-known hallmark of X-LID is the defects in dendritic spine density and shape 

(Purpura, 1974).  

Therefore we investigated whether Shrm4 loss of function could affect dendritic spine 

dynamics in cultured hippocampal neurons, by silencing Shrm4 before synaptogenesis 

(DIV7-8). We observed a reduction in spine density and length. Moreover spines 

appear less stable as the number of removed spines exceeded that of new spines in 

time-lapse imaging. Dendritic spine molecular composition is also affected as pre- 

and postsynaptic marker expression is reduced, as well as the extent of colocalization 

between Synapsin and PSD-95 that reveals the number of synaptic contacts.  

The present study did not unravel the mechanism by which Shrm4 silencing affects 

dendritic spine and synaptic contacts formation. However, it has been reported that 

Shrm4 binds F-actin and influences actin remodelling in non-neuronal cells (Yoder et 

al., 2007). As F-actin remodelling is crucial for synaptogenesis and spine plasticity 

(Kim IH et al., 2013), a possibility is that Shrm4 regulates spine cytoskeleton. 

On the other hand, the cause of dendritic spine defects could indirectly derive from 

GABABR trafficking impairment. In fact, GABABR has recently been involved in 
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neuronal migration and neurite growth as demonstrated by in utero knockdown of 

GABAB2 in rat embryos (Bony et al., 2013). Moreover GABABRs are located in close 

proximity to glutamate receptors (Kulik et al., 2003) and directly inhibit NMDAR 

signalling (Chalifoux et al., 2010), which is a well-known regulator of spine 

morphology and density (Ultanir et al., 2007). A decrease of GABABR amount could 

affect NMDAR signalling and therefore synaptogenesis.  
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