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RELAZIONE:  
 
 

Background:  

Neuronal cells strongly depend on the control exerted by RNA-binding proteins (RBPs) on gene 

expression for the establishment and maintenance of their phenotype. The regulation of nociceptor 

physiology at the post-trascriptional level is more complex than has been previously recognized and 

that a greater knowledge of how gene expression is regulated within localized regions of these 

neurons, such as at the peripheral terminals, may represent a fruitful avenue for the exploration of 

novel therapeutic opportunities. In the first part of the project the role of ELAV-like HuD protein in 

axonal and neuronal recovery after nerve damage was investigated. We have demonstrated the 

contribution of this RNA binding protein, on peripheral nociceptor sensitivity and regeneration in 

nerve injury-induced neuropathy.  

In second part of the study possible neuronal mRNA targets associated and regulated by HuD were 

investigated to understand its neurobiological role in the peripheral neuropathy and, to establish the 

downstream targets involved in the induced phenotype. Finally, on basis of validated relationship 

between HuD and mTOR, we investigated the molecular interaction between mTOR and HuD and 

if the mTOR expression is related to an altered expression or inadequate mRNA stabilizing 

properties of HuD after nerve injury. 
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Materials and methods 

 

 

Animals 

Male CD1 mice (20-22 g) from the Harlan Laboratories (Bresso, Italy) breeding farm were used. 

Mice were randomly assigned to standard cages, with four to five animals per cage. The cages were 

placed in the experimental room 24 h before behavioural test for acclimatization. The animals were 

fed a standard laboratory diet and tap water ad libitum and kept at 23 ± 1 °C with a 12 h light/dark 

cycle, light on at 7 a.m. The experimental protocol was carried out after approval by the Animal 

Care and Research Ethics Committee of the University of Florence, Italy, under license from the 

Italian Department of Health and in compliance with the European Communities Council directive 

of 24 November 1986 (86/609/EEC). All studies involving animals are reported in accordance with 

the ARRIVE guidelines for experiments involving animals.  

Spared nerve injury (SNI) 

Behavioral testing was performed before surgery to establish a baseline for comparison with 

postsurgical values. Mono-neuropathy was induced according to the method of Bourquin et al. Mice 

were anaesthetized with sodium pentobarbital (60 mg/kg i.p.). The right hind limb was immobilized 

in a lateral position and slightly elevated. Incision was made at mid-thigh level using the femur as a 

landmark. The sciatic nerve was exposed at mid-thigh level distal to the trifurcation and freed of 

connective tissue; the three peripheral branches (sural, common peroneal, and tibial nerves) of the 

sciatic nerve were exposed without stretching nerve structures. Both tibial and common peroneal 

nerves were ligated and transacted together. A microsurgical forceps with curved tips was delicately 

placed below the tibial and common peroneal nerves to slide the thread (5.0 silk, Ethicon; Johnson 

& Johnson Intl, Brussels, Belgium) around the nerves. A tight ligation of both nerves was 

performed. The sural nerve was carefully preserved by avoiding any nerve stretch or nerve contact 

with surgical tools. Muscle and skin were closed in two distinct layers with silk 5.0 suture. Intense, 

reproducible and long-lasting thermal hyperalgesia and mechanical allodynia-like behaviors are 

measurable in the non-injured sural nerve skin territory. The SNI model offers the advantage of a 

distinct anatomical distribution with an absence of co-mingling of injured and non-injured nerve 

fibers distal to the lesion such as the injured and not injured nerves and territories can be readily 

identified and manipulated for further analysis (i.e. behavioral assessment). The sham procedure 

consisted of the same surgery without ligation and transection of the nerves. 

 

Drug administration  

Anti-BDNF primary antibody was administered i.t. (5 µg, Santa Cruz Biotechnology Inc, CA, 

USA) 1h before testing. Doses and administration schedule of compounds were chosen on the bases 

of dose–response and time-course studies performed in our laboratory. Rapamycin, a mTOR 

complex 1 inhibitor (Cell Signaling Technology (Danvers, MA), was administered it at 

concentration of 250 mM. Drugs were administered intrathecally (i.t.) as previously described (De 

la Calle and Paino, 2002). 
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Antisense oligonucleotide administration 

To obtain the HuD silencing an antisense strategy was used since the available HuD constitutive 

knockout mouse shows some minor nerve development problems (Akamatsu et al., 2005) and 

developmental alteration of cortical connectivity (DeBoer et al., 2014), which would confound the 

comparison with a wild-type control animal. Moreover, aODN administration allows us to 

specifically downregulate gene expression in a reversible manner, as we have observed also in 

previous works (Galeotti et al., 1997; 2008). Phosphodiester oligonucleotides (ODNs) protected 

from terminal phosphorothioate double substitution (capped ODNs) against possible exonuclease-

mediated degradation were obtained from Tib Molbiol (Genoa, Italy). The aODN against HuD was 

the following: 5′-G*T*TCTGGAGCCTCATC*T*T-3′ where the asterisks indicate the 

phosphorotioate phosphate groups. Two 18 and 20mer fully degenerated ODNs (dODNs), where 

each base was randomly G, or C, or A, or T, were used as control treatment. aODNs and dODNs 

were preincubated at 37 °C for 30 min with an artificial cationic lipid (13 μM DOTAP, Sigma, 

Milan, Italy), to enhance both uptake and stability, before administration. To achieve protein 

knockdown, mice received a single i.t. injection every 24 h on day 1, 2 and 3 for a total of 3 

injections. 

 

Generation of tetracycline-inducible cells overexpressing HA-tagged HuD  

The cell line NSC-34 was routinely cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% FBS, 1mM glutamine and antibiotics (1% penicillin/streptomycin 

(Pen/Strep, Sigma, P4333)). To establish an inducible cell line overexpressing HA tagged HuD 

(Tet-On), NSC34 cells were transduced with the pLenti CMV-TetR-Blast vector (716-1, Addgene), 

that constitutively expresses high levels of the tetracycline (Tet) repressor under the control of a 

CMV promoter, and selected for 7 days using 10 μg/ml Blasticidin (Sigma). After drug selection, 

the stable cells were infected with HA-tagged HuD lentivirus-containing supernatant in the presence 

of 4 μg/ml polybrene. HA-tagged HuD lentiviral vector was previously generated by cloning the 

HuD gene in fusion with the N-terminal HA tag into pLenti CMV/TO Puro DEST (670-1, 

Addgene). The selection of transduced cells was then conducted by using 5 μg/ml puromycin. 

 

RNA immunoprecipitation assay (RIP) and RNA analysis in DRG of SNI mice  

For immunoprecipitation (IP) of endogenous RNP complexes from whole-cell extracts (Yoon et al., 

2012), cells were lysed in 20 mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM MgCl2, and 0.5% NP-

40 for 10 min on ice and centrifuged at 10,000 × g for 15 min at 4°C. The supernatants were 

incubated with protein A Sepharose beads coated with antibodies that recognized HuD (Santa Cruz 

Biotechnology), with control IgG (Santa Cruz Biotechnology) for 1 h at 4°C. After the beads were 

washed with NT2 buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM MgCl2, and 0.05% NP-

40), the complexes were incubated with 20 units of RNase-free DNase I (15 min at 37°C) and 

further incubated with 0.1% SDS/0.5 mg/ml Proteinase K (15 min at 55°C) to remove DNA and 

proteins, respectively. TRIzol (Invitrogen) was used to extract total RNA, and acidic phenol 

(Ambion) was used to extract RNA for RIP analysis. RT was performed using random hexamers 
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and Maxima Reverse Transcriptase (Thermo Scientific), and real-time qPCR was done using gene-

specific primers. RT-qPCR was performed using SYBR Green Master Mix (Kapa Biosystems) in 

an Applied Biosystems 7300 instrument. 

RNA immunoprecipitation assay (RIP) in HuD overexpressing cells  

To perform the immunoprecipitation (IP) of endogenous RNP complexes, NSC34 Tet-On cells 

were seeded in three 10 cm culture plates at 3 × 106 cells/dish and treated for 48 h with 2 μg/ml 

doxycycline. Untreated cells were plated and used as control. The cells were then harvested, washed 

several times with cold PBS and resuspended in an equal volume of polysome lysis buffer (100 mM 

KCl, 5 mM MgCl2, 10 mM HEPES pH 7.4, 0.5% NP-40). The lysates were further diluted (1:10) 

with the NT2 buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mMMgCl2, 0.05% NP-40 

supplemented with fresh 200 U RNase Out, 20 mM EDTA and a protease inhibitor cocktail (Halt™ 

Protease Inhibitor Cocktail (100X) (ThermoFisher)). 25 μl of Anti-HAMagnetic Beads (Pierce) 

were saturated in the buffer NT2 supplemented with 5% BSA for 1 h at 4 °C and then added to the 

cell lysates. 10% of the reaction mix was collected as the initial input. Immunoprecipitation was 

performed by gentle rotation overnight at 4 °C, then the immunoprecipitated complexes were 

washed 4 times in the NT2 buffer and resuspended in 100 μl NT2. The trizol reagent (Invitrogen) 

was used for RNA extraction from 10% of the volume of the input and the immunoprecipitate 

samples. The isolated mRNAs were retrotranscribed using the iScript™ Reverse Transcription 

Supermix (Biorad) and cDNAs were quantified by real-time PCR on an CFX96 Touch Real- Time 

PCR Detection System (Biorad). mRNA levels were normalized to RPL10a mRNA levels and fold 

enrichment was calculated versus the 10% input. 

Western blot analysis 

Membrane homogenates (10-50 µg) were separated on 10% SDS-PAGE and transferred onto 

nitrocellulose membranes (90 min at 120 V) using standard procedures. Membrane were blocked in 

PBST (PBS containing 0.1% Tween) containing 5% nonfat dry milk for 120 min. Following 

washings, blots were incubated overnight at 4° C with specific antibodies against  HuD (1: 1000) 

and p-mTOR(1:1000). After being washed with PBS containing 0.1% Tween, the nitrocellulose 

membrane was incubated with horseradish peroxidase-conjugated secondary antisera (1:5,000) and 

left for 1 h at room temperature. Blots were then extensively washed according to the 

manufacturer’s instruction and developed using enhanced chemiluminescence detection system. 

Exposition and developing time used was standardized for all the blots. Optical density 

measurements were performed by dividing the intensity of the bands by the intensity of the house-

keeping protein tubulin, used as loading control, at each time point. Measurements in control 

samples were assigned a relative value of 100%.  

 

 

Results 

1-HuD-mediated increase of BDNF in SNI-mice  

We investigated into the cellular targets modulated by HuD and, we found among proteins that are 

regulated in SNI neuropathic mice (Kuo et al., 2011), a positive regulation of BNDF gene and 

protein expression by HuD. SNI-induced an increase of BDNF protein levels in DRG that was 

efficiently counteracted by the anti-HuD aODN treatment. We hypothesized that the HuD-BDNF 
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interaction could be involved in the SNI-induced neuropathic pain. We confirmed the physical 

interaction between HuD and the BDNF mRNA by RIP in NSC34 cells. As shown in Fig. 14B, the 

BDNF transcript was significantly enriched in the HA-HuD containing mRNP complexes in 

comparison with the control sample. In addition, BDNF appeared to play a prominent role in SNI-

induced pain hypersensitivity, since the intrathecal administration of an antibody against BDNF 

counteracted SNI-induced mechanical allodynia and thermal hyperalgesia . 

 

 

 

 

 

 

 

 

Fig. 1 Modulation of HuD–BDNF pathway by spared nerve injury model. (A) Nerve lesion 

increased BDNF content that was prevented by anti-HuD aODN treatment. **P < 0.01 in 

comparison with uninjured control group. °°P < 0.001 in comparison with injured group. (B) RNA 

immunoprecipitation (RIP) analysis shows HuD interaction with BDNF mRNA. HA-tagged HuD 

was overexpressed upon doxycycline induction (+ doxy) and immunoprecipitated by anti-HA 

antibody. The same procedure was performed in untreated cells (− doxy). The presence of BDNF 

mRNA in the immunoprecipitate levels was evaluated by qPCR. mRNA levels were normalized to 

GAPDH mRNA levels and fold enrichment was calculated versus the input. Values are expressed 

as mean value±s.d. (one-way ANOVA, n=3, *P < 0.05). (B) I.t. administration of an antibody anti-
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BDNF prevent SNI-induced mechanical allodynia and thermal hyperalgesia. *P < 0.05, **P < 0.01 

and ***P < 0.001 compared with non-injured side (contra); °P < 0.05 and °°P < 0.01 compared with 

injured side (ipsi). 

 

2-Selective interaction of HuD protein with Caspr2 isoform II mRNA  

Among mRNA targets regulated in a SNI-pain hypersensitivity condition we found that HuD 

protein binds Caspr2 mRNA in dorsal root ganglia and, selectively the isoform II responsible for the 

interaction with the Kv 1.1 channels. Conversely not binding with the Kv 1.1 channels was found in 

the same conditions. 

 

 

 

 

 

Fig. 2 RIP analysis of the interaction of Caspr2 and Kv 1.1 mRNA with HuD in dorsal root ganglia 

of SNI-mice. RNA immunoprecipitation (RIP) analysis shows HuD interaction with Caspr2 isoform 

II mRNA. mRNA levels were normalized to HPRT mRNA levels and fold enrichment was 

calculated versus the input. GAP43 was used as positive control mRNA. Values are expressed as 

mean value±s.d. (one-way ANOVA, n=4, **P<0.01 and *P < 0.05). 
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3-Relationship between mTOR and HuD 

We considered the possible relationship between mTOR activity and HuD. HuD protein levels were 

reduced when mTOR kinase was inhibited with rapamycin. Likewise after administration of aODN 

against HuD we observed a reduction of MOR phosphorylation.  

 

 

Fig.3 HuD and pMTOR protein expression following rapamycin and aODN administration in 

control mice. 

 

 

Discussion  

 

We found among proteins that are up-regulated in dorsal root ganglia of SNI neuropathic mice, a 

positive regulation gene and protein expression of BDNF by HuD. As previously observed in brain 

neurons (Allen et al., 2013) also in peripheral neurons BDNF is modulated by the mRNA 

stabilizing activity of HuD. The contribution of BDNF, in neuropathic pain was also demonstrated 

by the significant attenuation of mechanical allodynia after i.t. administration of anti-BDNF–

antibody. Collectively, these data suggest that HuD is a good candidate to target mRNAs coding for 

proteins involved in pain sensation in two different model of peripheral neuropathy, interacting with 

pathogenic pain targets. Plasticity at multiple sites in pain pathways is now widely accepted as 

critical in the emergence and maintenance of pathological pain states (Hunt and Mantyh, 2001). 

Plasticity of peripheral nociceptors contributes to the overall changes in sensitivity that support 

injury-induced pain (Woolf and Ma, 2007).  

Several recent studies have demonstrated that the control of protein synthesis within the axonal 

compartment is crucial for the normal function and regulation of sensitivity and plasticity of 
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nociceptors. Increasing evidence suggests that HuD also plays a role in different types of neuronal 

plasticity. In adult HuD null mice, an abnormal clasping reflex and poor performance on the rotarod 

test were observed, suggesting a sensory/motor defect in these animals and a role for HuD at the 

axon terminal (Akamatsu et al. 2005). Among the HuD target mRNAs are those that encode 

proteins with functions in neuronal physiology, including those that participate in neuronal 

excitability (the K+ channel subunit KCNQ2), cell-adhesion and synaptic transmission (N-cadherin, 

NCAM1, PSD-95) (Abdelmohsen et al., 2010). Caspr2 (contactin associated protein-like 2) is a 

member of neurexin family, that is a family of a transmembrane cell adhesion proteins that mediate 

cell–cell interactions in the nervous system (Baumgartner et al., 1996; Peles et al., 1997; Bellen et 

al., 1998; Missler and Sudhof, 1998). The extracellular region of Caspr2 is composed of several 

domains common to cell adhesion molecules, including laminin G, EGF repeats and discoidin-like 

domains. Caspr2 interacts with Contactin 2 (CNTN2) extracellularly, forming a neuron–glia cell 

adhesion complex (Traka et al., 2003). The short intracellular region of Caspr2 contains a band 4.1 

binding domain and a carboxy-terminal PDZ-binding motif, which might be involved in the 

clustering of voltage-gated potassium channels 1 (Kv1) in myelinated axon membranes. This 

clustering of Kv1 channels in myelinated axon membranes, permits a rapid and efficient 

propagation of action potentials at the juxta-paranodal membrane of the nodes of Ranvier (Traka et 

al., 2003). Caspr2 has been shown to associate with Kv1 channels in the distal region of the axon 

initial segment of pyramidal neurons, which is crucial for controlling action potential initiation and 

neural activity (Inda et al., 2006). Bennett lab demonstrated that Caspr2 knockout mice showed 

pain-related mechanical and thermal hypersensitivity and, a downregulation of Caspr2 gene 

expression was observed in the DRG following SNI (unpublished). Here, we found Caspr2 as a 

novel mRNA target of HuD after peripheral nerve injury. We demonstrated that the HuD protein 

specifically interacts with Caspr2 isoform II mRNA in vivo, in DRG of spared nerve injury mice. A 

recent study demonstrating the existence of Caspr2 isoform specific complex in which is the 

isoform II responsible to the interaction with the Kv 1.1 channels (Chen et al., 2015). 

Downregulation of Kv 1.1 channels expression occurs in DRG neurons following nerve injury, 

which is associated with hyperexcitability, resulting in the generation of neuropathic pain (Kim et 

al., 2002). Manipulation of Kv channel subunits with dominant contribution in neuron excitability is 

likely to play a key role in shaping future pain treatments. On basis of selective HuD-Caspr2 

isoform interaction we evaluated whether HuD might modulate Kv 1.1 expression through 

interaction with the Kv 1.1 mRNA. We didn’t detected an interaction between HuD and the Kv 1.1 

mRNA, demonstrating lack of direct stabilizing activity on Kv 1.1 mRNA by HuD in a nerve injury 

condition. These data are supported by a recent study demonstrated a role of HuD in promoting Kv 

1.1 expression in a mTOR-sensitive way since HuD binds Kv 1.1 mRNA in hippocampal neurons 

treated with rapamycin (Sosanya et al.,2013). Thus, ongoing studies are evaluating the presence of 

an indirect mTOR-mediated mechanism of control for Kv 1.1 expression that could be support a 

mechanism to reduce excitability of sensory neurons by inhibition of mTOR pathway, which in turn 

induce de-repression of HuD binding and increase of Kv1.1 mRNA expression.  

The expression and activity of mammalian target of rapamycin (mTOR) have been detected in 

peripheral and central regions involved in pain transmission and, enhanced activation of this 

pathway is present in different experimental models of chronic pain. More comprehensive 

understanding of involved signaling pathways may lead to use mTOR as a novel pharmacological 

target for the management of chronic pain. 

It has been demonstrated that when mTORC1 (mTOR complex1) is active HuD binds to its high 

affinity target mRNAs stabilizing the mRNA and promoting its translation, supporting a role for 

mTOR activity and HuD to promote the translation of mRNAs during learning and memory 
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(Sosanya et al., 2015). We investigated the molecular interaction between mTOR and HuD and if 

the altered mTOR expression is related to an altered expression of HuD. The relationship between 

these proteins was demonstrated by the reduction after inhibition of mTOR with rapamycin and 

HuD silencing with aoDN administration. These preliminary results encourage us to in if vestigate  

mTOR expression is related to an inadequate mRNA stabilizing properties of HuD after nerve 

injury. Future studies will also consider the possible relationship between mTOR activity and the 

abundance of  HuD mRNA targets  by qPCR, in SNI-exposed mice after treatment with rapamycin, 

a selective mTOR inhibitor.  

Thus, the capability of HuD to control protein synthesis of Kv-interacting and associating proteins 

can rise evidence of the suitability of HuD to be a key determinant of Kv 1.1 channels. As 

nociceptive transmission pathways requires both the induction of negative and positive regulators, 

control of protein synthesis by HuD is thus conceivably important for nociceptor physiology. Our 

findings may thus explain why HuD has been found to be important for regeneration and plasticity, 

but also as we showed here for pain sensitivity. This study could be  indicate a role and a possible 

functional interaction of mTOR and HuD in nociceptive neurons to regulate translation of mRNAs 

that encode proteins involved in sensory function and regeneration/degeneration process. As 

nociceptive transmission pathways requires both the induction of negative and positive regulators, 

control of protein synthesis by HuD and mTOR could be conceivably important for nociceptor 

physiology. 
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