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ABSTRACT 

 

Lithium is given to millions of bipolar disorder or post-traumatic disorder 

patients. The recent studies also support a role for lithium in treating neurodegenerative 

disease such as Parkinson’s disease and stroke. Lithium treatment leads to lithium 

nephropathy, which includes lithium-induced nephrogenic diabetic insipidus (NDI), 

lithium-induced renal cell proliferation leading to the formation of microcysts in the 

kidney, and lithium-induced renal fibrosis. However, there is still a gap in understanding 

the mechanisms and signaling pathways involved in regulating lithium-induced 

nephropathy. 

mTOR pathway activation and primary cilia are known to be associated with the 

abnormal renal cell proliferation and the formation of renal cysts in polycystic kidney 

disease, a renal disease model similar to our lithium model. The activation of hedgehog 

pathway is associated with the renal fibrosis observed in the unilateral ureteral 

obstruction and unilateral ischemia reperfusion injury models of chronic renal injury. 

Thus, I hypothesize that mTOR signaling pathway, primary cilia and hedgehog pathway 

may all contribute to lithium-induced nephropathy.  

To address the hypothesis that the mTOR signaling pathway may be responsible 

for lithium-induced renal collecting duct proliferation, mTOR pathway activation was 

assessed in lithium-treated mice and lithium-treated mouse inner medullary collecting 

duct (mIMCD3) cells. Lithium activated mTOR signaling pathway in renal collecting 

duct cells both in vivo and in vitro. Rapamycin, an inhibitor of mTOR, blocked lithium-

induced renal cell proliferation in renal cortex and medulla in vivo and in renal collecting 
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duct cells in vitro, supporting the hypothesis. However, rapamycin did not improve 

lithium-induced reduction of urine osmolality, suggesting mTOR signaling pathway may 

not contribute to lithium-induced NDI. 

To address the hypothesis that primary cilia may be necessary for lithium-

induced mTOR activation and renal cell proliferation, primary cilia deficient cells were 

used to assess mTOR pathway activation and cell proliferation in response to lithium 

treatment. The absence of primary cilia abolished lithium-induced activation of mTOR 

pathway and cell proliferation, which supports the hypothesis. 

To address the hypothesis that lithium elongates primary cilia length, which is 

mediated by mTOR signaling pathway, primary cilia length alternation was assessed in 

the kidney and in mIMCD3 cells in response to lithium treatment. Lithium increased 

primary cilia length in renal collecting duct cells of cortex, outer medulla, and inner 

medulla kidney regions in vivo and in mIMCD3 cells in vitro. Rapamycin reversed 

lithium-induced elongation of primary cilia in renal cortical and outer medullary 

collecting duct cells in vivo, and blocked the increase of primary cilia length in mIMCD3 

cells in vitro, which support the hypothesis. 

 To address the hypothesis that lithium activates the hedgehog pathway in a 

Smoothened (smo, a key regulator of the hedgehog pathway)-dependent manner in renal 

collecting duct cells, mIMCD3 cells were treated with lithium or lithium/Smo inhibitor or 

lithium/Smo activator. Hedgehog signaling pathway is actived by lithium in mIMCD3 

cells, which is partially Smo-dependent. However, the role of hedgehog signaling 

pathway in regulating lithium-induced fibrosis was not assessed in the study. Future 

studies are required to determine the role of the hedgehog pathway in the lithium model. 
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CHAPTER 1: INTRODUCTION 

 

The molecular effect of lithium 

Lithium is a monovalent ion which has similar ionic radius as magnesium. 

Lithium competes with magnesium to inhibit several enzymes as follows, inositol 

monophosphatase (IMPase), inositol polyphosphate 1-phosphatase (IPPase), fructose 1, 6 

–bisphosphatase (FBPase), phosphoglucomutase, and glucose synthase kinase-3 (GSK3) 

(147).   Its inhibition of IMPase (Ki, 0.8mM at therapeutic concentration) and GSK3 (Ki, 

1-2mM slightly higher than the therapeutic range) are two major molecular effects of 

lithium (89; 147). Lithium may also have effect on adenylyl cyclase (AC) and 

arachidonic acid (AA) (103; 109; 147; 148).  

Lithium inhibits GSK3 activity directly by competing with Mg
2+

 (Ki 1-2mM) or 

indirectly via phosphorylating GSK3 on Ser21 (phospho-GSK3α) and Ser 9 (phospho-

GSK3β) (23; 70; 82; 147). GSK3 is known to regulate the stability of β-catenin by 

phosphorylating it and promoting its proteasome-mediated degradation. The inhibition of 

GSK3 by lithium stabilizes β-catenin, which then translocates into nuclei and regulates 

target gene transcription (117). GSK3 is known to regulate microtubule dynamics by 

phosphorylating microtubule-associated proteins such as tau. The inhibition of GSK3 by 

lithium modulates microtubule dynamics (70; 147). GSK3 is known to have pro-

apoptotic effect. The inhibition of GSK3 by lithium shows anti-apoptotic effect by 

increasing bcl-3 level and decreasing bax protein levels (70; 148). GSK3 is also known to 

regulate glycogen synthesis. The inhibition of GSK3 by lithium activates the enzymes 

involved in glycogen synthase (147). 
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Lithium inhibits IMPase and IPPase, which convert inositol-1,4,5-triphosphate 

(IP3) to inositol. The enzyme phospholipase C (PLC) hydrolyze phosphatidylinositol 4,5-

bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylgycerol (DAG), 

which activates protein kinase C (PKC) and increases the intracellular Ca
2+

 level (103; 

147).  This inhibition of IP3 recycling by lithium may result in the inositol depletion and 

interfering PIP2-IP3/DAG-PKC/intracellular Ca
2+

 signaling pathways (22; 147).    

Lithium has controversial effects on adenylyl cyclase (AC). Some studies 

reported that lithium inhibits β-adrenergic or vasopressin or thyrotropin receptor-

stimulated AC, while other studies showed that lithium increased the level of AC (103; 

109; 147). Adenylyl cyclase converts adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP), which in turn activates protein kinase A (PKA) (147). Similar 

to its effects on AC, lithium increased cAMP levels in some studies but decreased cAMP 

levels in other studies (103; 109).  

Lithium also has controversial effects on the AA-prostaglandins-COX2 pathway. 

AA is an important second messenger in the brain. The activation of phospholipase A2 

(PLA2) triggers the release of AA and results in the production of prostaglandins and 

cyclooxygenase 2 (COX2). Lithium reduced the level of PLA2, the turnover of AA, and 

the protein level of COX2 in the brain (109; 148). However, lithium was found to 

enhance the renal prostaglandin2 (PGE2) production and increased expression of COX2 

in the kidney (77). 

 

Lithium clinical applications 
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Lithium was firstly reported and approved by Food and Drug Administration as 

a treatment for bipolar disorder several decades ago (19; 109). Bipolar disorder is 

characterized by cycling between two extreme moods: mania and depression (22). 

Patients with bipolar disorder have high risk of suicide. Lithium has anti-mania and anti-

depressant effects, and reduces the suicide rate in bipolar disorder patients. The molecular 

mechanisms of lithium treatment may include the inhibition of IMPase and IPPase, the 

decrease of PKC and intracellular calcium, the prevention of apoptosis, the stabilization 

of AC, and the inhibition of GSK3 (101).   

More recently, lithium was found to have protective effects in acute kidney 

injury (AKI) (97). Pretreatment with lithium rescued renal function in renal 

ischemia/reperfusion injury and gentamicin-induced AKI (142; 175).  Lithium also 

promoted renal tubular cell proliferation and accelerate renal recovery in Cisplatin-

induced AKI, which is mediated by the inhibition of GSK3β (7).  

Besides treating the bipolar disorder and AKI, lithium may be also used as a 

potential treatment for neurodegenerative diseases such as stroke, Huntington’s disease, 

Alzheimer’s disease, Parkinson’s disease, Fragile X syndrome, and amyotrophic lateral 

sclerosis. Stroke is characterized by ischemia-induced inflammation, oxidative stress, 

calcium overloading, and caspase activation (22).  Lithium has anti-apoptotic, anti-

inflammation and angiogenesis effects against ischemia (23). Huntingtion’s disease is 

caused by mutation of Huntingtion gene, and characterized mainly by the selective loss of 

neurons in the brain (22; 23). Lithium had anti-apoptosis effects by inhibiting GSK3β in 

the Huntingtion disease (9; 165). Alzheimer’s disease is characterized by the 

accumulation of β-amyloid (Aβ) peptide and hyperphosphorylation of microtubule 



27 
 

binding protein tau (22; 23). Lithium reduced the phosphorylation and the accumulation 

of tau by inhibiting GSK3 in Alzheimer’s disease (132; 140; 154; 168). Amyotrophic 

lateral sclerosis is characterized by the loss of motor neurons in the brain (22; 23). 

Lithium preserved motor neurons from the degeneration, and delayed the progression of 

the disease in amyotrophic lateral sclerosis (40; 43). Fragile X syndrome is characterized 

by the mutation of the fragile X mental retardation-1 gene (22; 23). Lithium improved 

behavioral deficiency in fragile X (122; 197). 

 

Lithium-induced nephrogenic diabetes insipidus (NDI) 

Similar to sodium filtration and reabsorption in the kidney, lithium is filtered 

freely by the glomeruli, and reabsorbed in the renal proximal tubule through sodium 

hydrogen cotranspoter (NHE), in the thick ascending limb through Na-K-2Cl 

cotransporter, and in the collecting duct through epithelia sodium channel (ENaC) (47; 

134). Lithium is known to have little effect on proximal tubule and thick ascending limb. 

Renal collecting duct is the major site of the nephron that is sensitive to lithium (77). 

Lithium enters the renal collecting duct cells on the apical membrane via ENaC, whose 

permeability is higher for lithium than sodium. However, lithium has extremely low 

affinity for Na/K ATPase on the basolateral membrane to exit the cells, compared with 

sodium and potassium (125; 134). Thus, the accumulation of lithium in renal collecting 

duct cells results in renal tubular dysfunction such as lithium-induced NDI (47).  

Lithium-induced NDI is characterized by polyuria and polydipsia due to the 

impaired urinary concentrating mechanism. 40%-50% patients with lithium therapy 

develop lithium-induced NDI (125; 134; 160).  The mechanism involved in lithium-
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induced NDI is still not well understood. Lithium-induced the inhibition of glycogen 

synthase kinase 3 β (GSK3β), downregulation of collecting duct proteins (Aquaproin2, 

AQP2 and urea transporters), dysregulation of pathways (cAMP-PKA pathway and 

PGE2-COX2 pathway), and changes in cellular composition of renal collecting duct may 

all contribute to lithium-induced NDI (77).  

The downregulation of key proteins of urinary concentrating mechanism by 

lithium is one of the major factors which contribute to lithium-induced NDI. Several 

studies showed that lithium downregulated AQP2 mRNA expression and protein 

expression both in vivo and in vitro (84; 85; 90; 110; 130). Lithium treatment also 

reduced protein expression of urea transporters UTA1 in renal inner medulla (81). The 

reduction of these proteins by lithium results in the loss of urinary concentrating ability. 

The inhibition of GSK3 and the dysregulation of vasopressin (AVP)-induced 

cAMP-PKA pathway by lithium may contribute to lithium-induced NDI. Vasopressin 

binds to vasopressin type 2 receptors (V2R) on the basolateral membrane, which then 

increases the intracellular cAMP levels via adenylyl cyclase (AC), and activates protein 

kinase A (PKA). PKA mediates the phosphorylation of AQP2 and urea transporters, and 

triggers their translocation to the apical membrane, which promotes the reabsorption of 

water and urea (11; 80). GSK3 is essential in AVP-stimulated response in the kidney. The 

knockout of GSK3β in renal collecting duct reduced desmopressin (dDAVP)-stimulated 

AC activity, cAMP production and p-AQP2 levels (149; 150).  Lithium initiates 

phosphorylation and subsequent inactivation of GSK3 in renal cortex and inner medulla 

(78; 131). Similar as that observed in the GSK3 knockout model, lithium also blunted the 

AVP or dDAVP response in the kidney. It decreased mRNA expression and density of V2 
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receptors both in vivo and in vitro, inhibited AVP/dDAVP-stimulated AC activity and 

reduced cAMP production in renal epithelial cells LLC-PK1 and inner medullary 

collecting ducts of the mice kidney (46; 52; 171; 199). Lithium also decreased dDAVP-

stimulated phosphorylation of AQP2, and abolished vasopressin-stimulated 

phosphorylation of urea transporter UTA1 (81; 90). Thus, lithium impairs AVP-

stimulated cAMP-PKA signaling pathway and results in reduced water reabsorption via 

AQP2 in the kidney. However, a recent study showed controversial results that lithium-

induced NDI is independent of cAMP-PKA pathway. Lithium reduced AQP2 expression 

in mouse cortical collecting duct cells (mpkCCD) and Brattleboro rats, but did not 

decrease dDAVP-stimulated cAMP production (90). Further studies are needed to 

investigate the role of cAMP-PKA pathway in regulating lithium-induced NDI. 

Lithium-induced the inhibition of GSK3 and dysregulation of COX2-PGE2 

pathway were also proposed to be involved in regulating lithium-induced NDI. PGE2 is 

produced from AA via COX enzymes, COX1 and COX2. It is known to interrupt the 

effects of AVP on regulating water reabsorption via AQP2 (130; 199). GSK3 regulates 

COX2-PGE2 pathway via inhibiting COX2 in renal collecting duct (149).  Lithium 

increased urine volume, decreased urine osmolality, phosphorylated GSK3β, and 

increased COX2 expression and PGE2 production in the kidney. The inhibition of COX2 

decreased lithium-induced PGE2 production, and rescued lithium-induced the reduction 

of urine osmolality (151). Thus GSK3β mediated COX2-PGE2 pathway may be 

responsible for lithium-induced NDI.   

Correlated with the effects of lithium on renal physiology, lithium also changed 

cellular composition of renal collecting duct which may contribute to lithium-induced 
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NDI. The normal renal collecting duct consists of ~60% AQP-2 positive principal cells in 

the renal cortex and outer medulla and ~90% in the renal inner medulla. Lithium 

decreased fraction of AQP2 positive cells in the renal collecting duct, which may be due 

to the lithium-induced renal principal collecting duct cell proliferation (25; 77). Thus, the 

changes of renal collecting duct cellular composition may be another factor involving in 

regulating lithium-induced NDI.    

 

Lithium-induced renal cell proliferation 

Lithium induces renal cell proliferation in the kidney (25). Microarray assay of 

renal inner medulla showed that lithium treatment increased cyclin-dependent kinase 2 

and decreased cyclin-dependent kinase inhibitor p27 expression, which further supports 

lithium-induced renal cell proliferation (156). Proliferating cell nuclear antigen (PCNA) 

is used as a bio-marker indicating cell proliferation in renal collecting duct. Lithium 

significantly increased PCNA protein expression in the kidney (78).  The 

immunohistochemical labeling of PCNA demonstrated that lithium increased renal 

principal collecting duct cell proliferation, which is mainly in the initial part of renal 

inner medulla (24).  

Lithium-induced renal cell proliferation often leads to the formation of 

microcysts in the kidney (38). In the kidney of patients with the chronic lithium therapy, 

lithium was shown to cause the formation of renal interstitial fibrosis, tubular atrophy, 

and focal segmental glomerulosclerosis, which may develop into end stage renal disease 

(ESRD) (108). More recently an animal study showed that chronic lithium treatment 

causes interstitial fibrosis in the kidney of rat. The renal fibrosis occurs in the rat kidney 
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as early as one month after lithium treatment. The macrophages and α-smooth muscle 

actin were increased in the renal inner medulla after one month lithium treatment, and in 

the renal cortex and outer medulla after 3-6 month of lithium treatment   (181).  

The mechanism involved in regulating lithium-induced renal cell proliferation is 

still unknown. Proteomic analysis of renal inner medulla demonstrated that lithium 

increased intracellular accumulation of β-Catenin, and increased phosphorylation of 

PKB/Akt, GSK3β, ERK, JNK and P38, which may all attribute to lithium-induced renal 

cell proliferation (130).  

 

mTOR signaling pathway and its role in renal cell proliferation of renal disease models 

Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase, 

which consists of two complexes, the rapamycin-sensitive mTOR complex 1 (mTORC1) 

and rapamycin-insensitive mTOR complex 2 (mTOR C1). mTORC1 binds to regulatory-

associated protein of mTOR (Raptor) and proline-rich Akt substrate of 40 kDa (PRAS40). 

mTORC2 binds to rapamycin-insensitive companion of mTOR (Rictor), mammalian 

stress-activated MAPK interacting protein 1 (mSin1), and  protein observed with Rictor 

(Protor) (86; 92; 100).  mTORC1 signaling pathway is well characterized with increased 

activation in response to increases in the levels of specific amino acid, energy signals, 

growth factors, oxygen, and stress (86).  The activation of mTORC1 signaling pathway 

promotes protein synthesis, lipid and cholesterol synthesis, and regulates a variety of cell 

functions such as cell growth, proliferation, metabolism, and autophagy (3; 86). 

mTORC1 signaling pathway involved in regulating protein synthesis is well 

described. TSC1/TSC2 complex (also known as hamartin/tuberin and encoded by gene 
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tuberous sclerosis complex1/2) is a major upstream regulator of mTOR signaling 

pathway. TSC1/TSC2 complex negatively regulates mTOR singling pathway via 

mediating Rheb, whose GTP-bound form activates mTOR. TSC2 is known to hydrolyze 

Rheb from its GTP-bound form (active) to GDP-bound form (inactive), which prevents 

mTOR activation (41; 50; 60; 92). mTORC1 is activated by phosphorylating at Ser2448, 

and regulates its downstream signaling through the ribosomal S6 kinase (S6K) and the 

4E-binding proteins (4EBPs) (92).  S6K is phosphorylated on Thr389 by mTORC1 and 

activates its downstream component ribosomal protein S6 (rS6), which is essential for 

initiating mRNA translation (50; 100).  rS6 may be phosphorylated at S235/236 through a 

pathway independent of mTOR. It is normally phosphorylated at S240/244 via 

mTORC1/S6K pathway, which is identified as a bio-marker for mTOR signaling 

pathway activation (120; 157; 159). mTOR activation also phosphorylates 4EBP, which 

triggers the disassociation of 4EBP from binding the eukaryotic translation initiation 

factor (eIF) eIF4E, causes the formation of eIF4F complex including eIF4E, eIF4G, 

eIF4A, and recruit 40S ribosome to initiate mRNA translation (41; 50; 100). There are 

four major phosphorylation sites of 4EBP, Thr37, Thr46, Ser65, and Thr70. mTORC1 is 

known to directly phosphorylates 4EBP at Thr37/46 which acts as a priming for Ser65 

and Thr70 phosphorylation (Figure 1.1) (41; 50).  

The upstream component of mTOR TSC1/TSC2 complex is regulated by several 

signaling pathways such as PI3K/Akt pathway, GSK3β pathway, ERK pathway and 

AMPK pathway (41). When Akt is activated by phosphorylation at Thr308 and Ser473, it 

phosphorylates TSC2 at Ser939 and Thr1462 (66; 100; 106). When Raf/MEK/ERK 

pathway is activated, ERK phosphorylates TSC2 at Ser664 (98). The phosphorylation of 
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TSC2 by Akt and ERK pathway causes the disassociation of TSC1-TSC2 complex, 

which then releases its inhibition on mTOR activation (92). In response to the reduction 

of ATP, the AMP-activated protein kinase (AMPK) phosphorylates TSC2 on Thr1227 

and S1345 (66). GSK3 is also known to phosphorylate TSC2 at Ser1337 and Se1341 (65). 

The phosphorylation of TSC2 by AMPK and GSK3 enhanced TSC1-TSC2 inhibition of 

mTORC1 signaling pathway (Figure 1.1) (54; 62; 65; 66). 
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Figure 1.1 Diagram of  mTOR signaling pathway Akt pathway, ERK pathway, GSK3 

pathway, and AMPK pathway regulates mTOR pathway activation via TSC2. The 

activation of mTOR signaling pathway increases protein translation and cell proliferation 

by activating mTOR downstream components 4EBP and rS6. GSK3, glucose synthase 

kinase3; AMPK, AMP-activated protein kinase; TSC1, tuberous sclerosis complex1; 

TSC2, tuberous sclerosis complex2; mTOR, mammalian target of rapamycin; mTORC1, 

mTOR complex1; rS6K, ribosomal S6 kinase; rS6, ribosomal protein S6; 4EBP, 4EB-

binding protein;                indicates activation;               indicates inhibition 
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As mTOR signaling pathway regulates cell growth and cell proliferation, it plays 

an important role in several renal diseases including polycystic kidney disease (PKD), 

renal cell carcinoma, acute kidney injury, and diabetic nephropathy (91). PKD is caused 

by the gene mutation of PKD1 and PKD2, and characterized by abnormal renal tubular 

cell proliferation, which leads to the formation of cysts in the kidney (193). The 

activation of mTOR signaling pathway is observed in both human PKD and several 

animal PKD models; therefore, inhibition of mTOR may be a treatment of PKD (63). 

Rapamycin, an inhibitor of mTOR, was found to decrease renal cell proliferation in both 

cystic and non-cystic tubule cells, and reduced cystic volume in animal models of PKD 

(35). Rapamycin was also tested in PKD patients under randomized clinical trials, 

however it did not show a significant improvement of PKD (63; 174; 193). 

mTOR signaling pathway is activated in the reperfusion stage of renal ischemia-

reperfusion injury. The inhibition of mTOR by rapamycin delays recovery from the acute 

kidney injury (91; 93). mTOR activation is reported in diabetic nephropathy which is 

characterized by glomerular hypertrophy, thickened glomerular basement membrane, 

tubulointerstitial inflammation and fibrosis. Rapamycin improves mTOR-induced effects 

such as inflammation, fibrosis, and glomerular hypertrophy in diabetic nephropathy (54; 

91; 93). mTOR signaling pathway is also recognized a potential therapeutical target in 

renal cell carcinoma (91; 152). 

In summary, mTOR signaling pathway is activated by Akt or ERK signaling 

pathways by phosphorylating TSC2, and is inhibited by AMPK or GSK3 signaling 

pathway via TSC2 phosphorylation. mTOR regulates cell growth and cell proliferation 

through phosphorylating its downstream components, rS6 and 4EBP. The activation of 
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mTOR signaling pathway has been identified in the renal disease models associated with 

renal cell proliferation such as PKD. The inhibition of mTOR signaling pathway by 

rapamycin shows protective effects in renal diseases. 

 

Primary cilia: the structure of primary cilia   

Primary cilia are evolutionarily conserved, microtubule-based, and membrane-

bound non-motile cell organelles, projecting from cell surface into extracellular 

environment (53; 75; 139). Primary cilia consist of the axoneme, the ciliary membrane, 

basal body, the ciliary pocket (known as periciliary membrane), transition fibers and 

transition zone (68; 198).  The axoneme is a microtubule-based structure with “9 + 0” 

microtubule doublets (α tubulin and β tubulin), sheathed by the ciliary membrane and 

anchored to the cell via the basal body. The basal body is also a microtubule-based 

structure with 9 microtubule triplets (α tubulin, β tubulin, and γ tubulin). It serves as a 

template for the formation of primary cilia, attaches to its accessory structure and anchors 

to the ciliary membrane via the transition fibers (15; 76; 127). The transition zone is an 

area between the ciliary axoneme and the basal body, which is characterized by “Y-link” 

connecting the microtubules of the ciliary axoneme to the ciliary membrane (15). The 

ciliary pocket or periciliary membrane is localized at the basal part of the cilia, which is 

enriched in clathrin-coated pits, and may be involved in ciliary protein trafficking (126). 

The basal body with its accessory structures, the transition fiber, and transition zone may 

contribute to the formation of the diffusion barrier which regulates the ciliary proteins 

trafficking into the cilia (127; 164). 
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Primary cilia: the assembly of primary cilia 

The formation of primary cilia is tightly coupled with the cell cycle, which 

occurs during the cell quiescent stage known as G1 or G0 phase (67; 137; 199).  Primary 

cilia assembly begins with the formation of the basal body and the fusion with primary 

cilium. The mother centriole recruits a Golgi-derived vesicle, and then extends to form 

the distal basal body.  The basal body associated with centriole vesicle then migrates to 

cell surface, fuses with the plasma membrane and forms the ciliary necklace including the 

transition zone and the ciliary pocket. Primary cilia assembly continues with the 

elongation of the axoneme, which involves protein trafficking from the cell to the cilia 

through different mechanisms and cilia protein transporting along the axoneme by the 

intraflagellar transport (IFT) system (68; 139).  

As protein synthesis does not occur in primary cilia themselves, ciliary proteins 

need to be transported into the cilia from the cell (68). The ciliary protein transported into 

the cilia need to pass through the ciliary diffusion barrier, which is localized between the 

plasma membrane and ciliary membrane and acts as a ciliary gate for primary cilia. This 

ciliary gate consists of the transition fibers, which connect basal body microtubule to the 

plasma membrane, and transition zone, which is characterized by “Y-linkers” and 

connect the axoneme microtubule to the ciliary necklace (59; 170). The proteins can be 

transported into primary cilia with two steps: step one is transporting the proteins to the 

ciliary base where the proteins get selected to pass through the barrier, and step two is 

transporting ciliary protein along the axoneme using IFT system (45; 102).  

There are two types of proteins targeted to the cilia, the transmembrane ciliary 

proteins and cytosolic ciliary proteins. These two types of proteins are transported to the 
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basal body by different trafficking mechanisms. The cytosolic ciliary proteins are 

transported to the basal body either by diffusion or by cytoplasmic microtubule-mediated 

pathways. These proteins pass through the ciliary barrier and enter the cilia similarly as 

that of nuclear entry, which involves recognizing the ciliary localization sequences, 

binding to importin, and Ran-GTP regulated ciliary localization (45). 

Different from cytosolic ciliary protein transport, ciliary transmembrane protein 

are transported to the ciliary base and across the ciliary barrier by different mechanisms: 

one model proposes that ciliary transmembrane proteins are transported through Golgi 

complex and deliver to the cilia by simply fusing with the ciliary membrane, the second 

one model proposes that the ciliary transmembrane proteins are transported by post-Golgi 

vesicle mediated exocytosis to periciliary membrane, the third model proposes that ciliary 

transmembrane proteins are transported to the plasma membrane and enter the cilia by 

lateral transport (127).  

The second mechanism is most widely accepted, which includes IFT system, 

vesicle selection and budding in trans-Golgi network, post-Golgi vesicle targeting and 

fusion at the ciliary pocket, and active transport to the ciliary membrane (36). The ciliary 

transmembrane proteins are synthesized in the endoplasmic reticulum (ER), from which 

they are trafficking to trans-Golgi network. The ciliary membrane proteins are sorted in 

vesicles and vesicle budding in trans-Golgi network, and targeted to the cilia by 

recognizing their ciliary targeting sequences (36; 45). Ciliary proteins may be transported 

to the basal body of primary cilia via direct trafficking to the periciliary membrane (169). 

After vesicle-mediated delivery to the periciliary membrane, they fuse with the target 
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membrane mediated by soluble NSF attachment protein receptor (SNARE) proteins. 

Ciliary membrane proteins are then actively transported into the cilia by IFT system (36).  

Many proteins such as Rabs, the ADP-ribosylation factor (Arf), the Arf-like 

(Arl), and IFT20 are required in the process of ciliary transmembrane protein vesicle-

mediated trafficking and the formation of the cilia (36; 59). Rab protein family is 

associated with ciliary protein trafficking and ciliogenesis. Rab8-Rab11-Rabin-8 complex 

is involved in vesicle formation and ciliary protein trafficking to the basal body. It also 

recruits and interacts with other proteins such as Bardet-Biedl Syndrome (BBsome) 

proteins, exocyst complex components and SNARE proteins at the basal body to regulate 

the vesicle fusion and mediates ciliary protein transport into the cilia (75; 94; 102).  

Arl13b is known to be localized in the primary cilia and required for cilia 

formation and maintenance (21; 33; 55). The overexpression of Arl13b mutant inhibits 

the cilia formation (55). The mutant of Arl13b also disorganizes the cilia and reduces the 

ciliated cells (33). The absence of Arl13b disrupts the organization of the outer doublet in 

the cilia (21).   

IFT20, an IFT complex B protein, is known localized in the Golgi and mediated 

the protein trafficking to the cilia from Golgi (102). Slightly knocking down IFT20 by 

RNA interference (RNAi) reduced the polycystin-2 primary ciliary localization without 

having effects on primary cilia assembly (42). 

Besides the second model, some proteins such as Smoothed (Smo) are transport 

to the cilia following the third proposed model, which is by lateral diffusion from the 

plasma membrane to the periciliary membrane (127). The hedgehog signaling pathway is 

activated by sonic hedgehog (shh) binding to its receptor Patched (Ptch1), which removes 
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its inhibition on Smo translocation to the cilia. Thus, Smo is transported and accumulated 

in the primary cilia in response to the activation of hedgehog pathway. There are two 

source of Smo protein in the cell, the surface Smo and intracellular Smo. Under shh 

stimulation, the surface Smo was transported via lateral membrane movement from the 

cell surface to the cilia, and then the intracellular Smo was transported to surface and 

move to the cilia by lateral membrane movement in a delayed manner. During this 

process, IFT88 was reported to be co-localized with Smo and may be involved in Smo 

ciliary trafficking (121; 187). 

After passing through the ciliary barrier, the ciliary proteins are transported 

along the axoneme by IFT system (step two). IFT complex proteins, IFT complex A and 

IFT complex B, are also known to be responsible for bidirectional transport of ciliary 

proteins along the axoneme.  IFT complex B (such as IFT20, IFT88 and IFT172) together 

with the motor protein kinesin-2 transports ciliary proteins from the basal body to the 

cilia tip (anterograde). As IFT complex B and kinesin-2 proteins are required for cilia 

formation and maintenance, the deletion of IFT complex B proteins or kinesin-2 subunits 

usually results in the loss of primary cilia or the shorten of the cilia length (68; 198). 

IFT88 and IFT20 belong to IFT complex B family. The knockout of IFT20 in the kidney 

causes the loss of primary cilia in renal collecting duct cells and the formation of cysts 

(69). The deletion of IFT88 has shortened the primary cilia length in the renal cells, and 

shows the phenotype of polycystic kidney disease (138).   Kinesin-II complex has two 

motor subunits, Kif3a and kif3b, and one non-motor subunit, kinesin-associated protein 3 

(KAP3). The knockout of Kif3a specifically in the kidney can result in the formation of 

fluid-filled cysts in renal cortex and renal medulla, and the loss of primary cilia in the 
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renal epithelial cells lining the cysts (95).  IFT complex A (such as IFT121 and IFT140) 

together with the motor protein dynein recycles proteins from the cilia tip back to the cell 

(retrograde) (5; 68; 198). 

 

Primary cilia: the disassembly of primary cilia 

As above-mentioned, primary cilia formation is tightly coupled with the cell 

cycle, which is reabsorbed as early as G1/S phase. Similar to the assembly of primary 

cilia, many proteins are also involved in regulating primary cilia reabsorption in the cells, 

such as Aurora A, Nek (NIMA-related kinase) and IFT (5; 67; 137; 161; 199).  Aurora A 

is phosphorylated and activated by HEF1, which then triggers the deacetylation of 

axonemal tubulin and the cilia disassembly, by activating the α-tubulin deacetylase, 

HDAC6 (67; 161). Besides HEF1-Aurora A-HDAC6 pathway, Nek protein family such 

as Nek1 and Nek8 also regulates cilia disassembly (5; 67).  Similar to the role in primary 

cilia elongation, IFT complex A proteins mediate protein turnover at the tip of the 

axoneme, and regulate the balance between the cilia assembly and disassembly (5). 

  

Primary cilia: the length regulation 

Primary cilia are a dynamic structure, however, how cilia maintain their length 

is still unknown. Two models have been proposed to explain cilia maintenance. The 

limiting-precursor model proposes that the quantity of cilia building blocks is limited, 

which can only generate the exact ciliary length. However, this model has been 

challenged by observing the regeneration of cilia in the absence of protein synthesis (5). 

Then the second model, the balance-point model, has been proposed that the length of 
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primary cilia is maintained due to balance between the cilia assembly rate and 

disassembly rate. As the rate of disassembly is shown to be independent of the cilia 

length, and the rate of assembly is dependent of the cilia length, the balance of assembly 

rate and disassembly rate researches at a certain cilia length. This balance-point model 

has been proven in Chlamydomonase (5; 111; 112). 

Since primary cilia length is determined by the balance of cilia assembly rate 

and disassembly rate, the proteins regulating the formation and the absorption of the cilia 

are potentially involved in the cilia length regulation such as IFT88, Aurora, and HDAC 

(5; 184). As above mentioned the absence of IFT88 interrupts the elongation of the cilia 

and shortens the length (138). Aurora and HDAC mediate the reabsorption of the cilia 

(146). 

Primary cilia length is also regulated by signaling pathways such as mTOR 

signaling pathway, ERK signaling pathway, Ca signaling, and cAMP signaling pathway. 

The length of primary cilia is regulated by mTOR signaling pathway in the zebrafish and 

mouse embryonic fibroblast (MEF) cells. The morpholino knockdown of TSC1 in the 

zebrafish embryos activated mTOR signaling pathway and increased the cilia length (30). 

The knockdown of TSC1 in Kupffer’s vesicle (KV) of the zebrafish, where a directional 

fluid flow is generated, elongated primary cilia, which was then reversed by the 

rapamycin treatment. The overexpression of S61 also increased primary cilia length in 

the KV (196). In addition, the knockout of TSC1 or TSC2 increased the cilia length in the 

MEF cells (49).  According to the study in the zebrafish and the MEF cells, activation of 

mTOR positively regulates the cilia length.  
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Besides mTOR signaling pathway, the role of ERK signaling pathway in 

regulating the primary cilia length was also addressed in recent studies. One study 

showed that the inhibition of ERK by U0126 reduced the increase of cilia length induced 

by H2O2 in Madin-Darby canine kidney (MDCK) cells (74). However, the other study 

showed that U0126 rescued and increased the cilia length in HK-2 cells in cisplatin-

induced acute kidney injury (185). Further studies are required to clarify the role of ERK 

in regulating primary cilia length.  

Ca
2+

 and cAMP are known to regulate primary cilia length. The decrease of 

intracellular Ca
2+ 

level, and the activation of cAMP-PKA pathway elongate the primary 

cilia (124; 184). The reduction of intracellular Ca
2+

 by Gd
3+

 or by the ryanodine receptor 

inhibitor increased primary cilia length in immortalized kidney collecting duct (IMCD) 

cells, embryonically derived kidney epithelia (MEK) cells, and bone mesenchymal (BME) 

cells. The activation of cAMP-PKA pathway by forskolin also increased primary cilia 

length in IMCD cells, MEK cells, and BME cells (10). 

The extrinsic chemical or biological stimuli such as lithium, CoCl2, ouabian, and 

interleukin-1 can also regulate primary cilia length (124; 184).   Lithium was reported to 

increase the primary cilia length in KD cells, fibroblast-like synoviocytes (FLS), human 

foreskin fibroblasts, mouse NIH 3T3 fibroblasts, PC12, astrocytes, and cultured striatal 

neurons (128){(135)}(47; 123). Ouabain and CoCl2 increased the cilia length in MDCK 

cells (88; 180).  Interleukin-1 also elongates primary cilia in chondrocytes (188).  

More recently the renal injury studies showed that primary cilia length is altered 

during renal ischemia-reperfusion injury (IRI) and unilateral ureteral obstruction (UUO).   

The primary cilia length of renal proximal tubule cells was decreased 1 day after renal 
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ischemia injury, increased 7-8 days after IRI, and then normalized to the control level 

after 14-16 days post-IRI. The length of primary cilia in renal distal tubule and renal 

collecting duct cells in the IRI model altered in the similar pattern that primary cilia 

length decreased after ischemia injury, then increased during the recovery stage and 

eventually normalized to the control level (74; 178; 179). In the UUO model, the primary 

cilia of renal distal tubule and collecting duct cells were elongated significantly compared 

to the control group 8 days after UUO surgery (179). 

 

Primary cilia: mechanosensation of renal flow 

Primary cilia exist in almost all the renal cells except the renal intercalated cells 

(18). They sense the renal tubule flow in the renal epithelia cells, trigger the Ca
2+

 influx, 

and increases the intracellular Ca
2+

 level (145). Primary cilia were firstly found to bend in 

the direction of flow, and the bending degree increases with the flow rate in rat kangaroo 

kidney epithelial cells (PtK1) (163). This flow-induced bending was found to be 

associated with the Ca
2+

 influx and an increase of intracellular Ca
2+

. The intracellular 

Ca
2+

 was increased by bending the primary cilia in MDCK cells in response to the flow 

or the micropipette bending. This increase of intracellular Ca
2+

 was abolished in the 

absence of primary cilia or in the Ca
2+

 free medium. However, it is preserved in presence 

of Ca
2+

 channel blockers and abolished again by treating with Gd, suggesting that Ca
2+

 

influx in the primary cilia might be though nonselective cation channels (143; 144). A 

recent study showed that this nonselective cation channel in the primary cilia is 

polycystin 2 (PC2). PC2 is co-localized with PC1 in the primary cilia and functions as the 

Ca
2+

 permeable channel. The mutation of PC1 or blocking the expression of PC2 in the 
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mouse embryonic kidney cells inhibited the flow-induced increase of intracellular Ca
2+

. 

The inhibition of the ryanodine receptors by caffeine or ryanodine inhibited the increase 

of intracellular Ca
2+

 in response to flow. The inhibition of the phospholipase C (PLC) 

also showed abolished Ca
2+ 

influx response to the flow (129; 143). In summary, PC1 and 

PC2 proteins are co-localized in the primary cilia of the renal cells. When the primary 

cilia bend in response to the renal tubule flow, Ca
2+

 influx occurs via PC2-PC1 complex, 

then triggers the Ca
2+

-induced Ca
2+

 release in the cell which is mediated via inositol 

1,4,5-trisphosphate receptor (IP3R) and ryanodine receptor (RyRs) (118).  

 

Primary cilia: mTOR signaling pathway and PKD  

PC1 and PC2 are proteins localized in the primary cilia and encoded by gene 

PKD1 and PKD2, which are identified as the gene mutations in the PKD. PC1 and PC2 in 

the primary cilia are essential in regulating Ca
2+

 influx in response to the tubule flow. The 

dysfunction of PC1 and PC2 in the primary cilia disturbs the flow-induced Ca
2+

 influx in 

the PKD. As previously mentioned, PKD is characterized with the abnormal renal cell 

proliferation and the formation of cysts in the kidney (189). Thus, the mutation of 

PC1/PC2, the disturbance of flow-induced Ca
2+

 influx and the absence or presence of 

primary cilia may be associated with the renal cell proliferation and cysts formation in the 

PKD.  In addition, the activation of mTOR signaling pathway are identified in the PKD 

(119). Thus, the dysfunction of PC1/PC2, the disturbance of flow-induced Ca
2+

 influx, 

and the presence of primary cilia may be also involved in regulating the activation of 

mTOR signaling pathway.  
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The dysfunction of PC1 or PC2 by mutation of PKD1 and PKD2, the 

disturbance of flow-induced Ca
2+

 influx via PC1-PC2, and the primary cilia may 

contribute the activation of mTOR signaling pathway and the abnormal renal cell 

proliferation in PKD (2; 118; 189). PC1 is known to be colocalized with mTOR and its 

upstream component TSC1 in the MDCK cells (167). PC1 regulates mTOR signaling 

pathway by modulating ERK or Akt-induced phosphorylation of TSC2 (63). The deletion 

of PC1 activates ERK pathway, which phosphorylates TSC2 at S664 and activates 

mTOR signaling pathway (32). The carboxy terminal of PC1 inhibited mTOR activation 

by reducing the phosphorylation of TSC2 on S939 and T1462, which are the Akt 

phosphorylation sites (29). The mutation of PC1 activated mTOR signaling pathway in 

cyst-lining renal epithelial cells in both human and mouse PKD models (167). Thus, PC1 

regulates mTOR signaling pathway, which is involved in the renal cell proliferation and 

cysts formation in the renal cells.  

Besides PC1, Ca
2+

 may contribute to modulating the activation of mTOR 

signaling pathway and the renal cell proliferation in PKD. Ca
2+

 activates the AMPK, 

which is mediated by calmodulin-dependent kinase kinase-β (CaMKK-β). The activation 

of AMPK is known to inhibit the mTOR activation and proliferation in the renal epithelia 

cells, and improved the cystic formation in PKD mouse model (58; 171).  

Primary cilia may also contribute to modulating the activation of mTOR 

signaling pathway, and regulating the renal cell proliferation and the cysts formation in 

PKD.  Primary cilia were reported to suppress mTOR signaling pathway by activating 

flow-induced Lkb1-AMPK-mTOR pathway. The loss of primary cilia by knocking down 

Kif3a in MDCK cells increased phosphorylation of mTOR and rS6 in response to the 
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flow. This regulation of mTOR pathway in response to the flow is dependent on Lkb-1 

and p-AMPK. In MDCK cells, p-AMPK was found to be localized at the basal body, and 

the Lkb1 was localized in both the primary cilia and the basal body. Thus, a working 

model is proposed that the primary cilia bend in response to the flow, which triggers the 

Lkb1 mediated phosphorylation of AMPK at the basal body of primary cilia, and inhibits 

the mTOR activation (14).  

Primary cilia are known to be involved in regulating renal cell proliferation and 

the formation of cysts in the kidney. The loss of primary cilia reduced proliferation in 

proximal tubule and collecting duct in PKD1 or PKD2 mutant mice. In addition, the loss 

of primary cilia reduced cystic index in PKD1 mutant mice (99). However, in the 

unilateral nephrectomy model, the loss of primary cilia increased cell proliferation and 

the formation of the cysts in the kidney (8). Further studies are needed to confirm the role 

of primary cilia in regulating the renal cell proliferation and the cysts formation in the 

kidney. 

 

Primary cilia: hedgehog signaling pathway and renal fibrosis 

 Sonic (shh), Indian (Ihh), and Desert (Dhh) are three hedgehog proteins that act 

as ligands in activating hedgehog signaling pathway.  In the absence of the ligand, the 

receptor Patched (Ptch1) is localized in the primary cilia, inhibits Smoothened (Smo) 

trafficking to the primary cilia, and inactivates the hedgehog signaling pathway. When 

the hedgehog pathway is not activated, Glis bind to the suppressor of fused (Sufu) protein, 

are then phosphorylated by PKA-GSK3-casein kinase I (CKI), and get processed into 

their repressor forms by proteasome mediated proteolysis (64; 162; 192). In presence of 
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ligands, Ptch1 is internalized from the primary cilia, which removes its inhibition on Smo 

activation, and triggers the accumulation of Smo in the primary cilium. When Smo is 

activated, the process of Sufu-Glis complex into Glis repressor is prevented. Sufu-Glis 

complex is translocalized into the primary cilia, where the Gli proteins are disassociated 

from Sufu and translocate into nuclei to regulate gene transcription (64; 133; 162). There 

are three Gli transcription factors, Gli1, Gli2 and Gli3. Gli3 mainly processed into its 

repressor form Gli3R to suppress the hedgehog pathway activation. Due to lack of the 

repressor domain, Gli1 mainly acts as activator of hedgehog signaling pathway (192). 

Thus, the decrease of Gli3 repressor, the increase of Gli1, and the increase of Ptch1 

indicate the activation of hedgehog signaling pathway. 

Primary cilia are known to be essential for regulating hedgehog signaling 

pathway activation. The ciliary proteins involved in primary cilia assembly and 

disassembly are involved in regulating hedgehog signaling pathway. The mutation of 

Dnchc2 which encodes the IFT retrograde transport motor protein dynein heavy chain 

resulted in the abolishment of Smoi ciliary localization (114). The mutation of IFT 

complex B gene Tg737 (encodes protein Polaris) caused the reduction of Gli1 and Ptch1 

in the limb bud cells of the mice embryos (51). The mutation of the IFT anterograde 

motor protein Kif3a reduced the Ptch1 expression in the neural tube (61). The mutation 

of ciliary protein Arl13b resulted in the disruption of primary cilia outer doublet and the 

inactivation of hedgehog signaling pathway in Ptch1 double mutant embryos (21). Ar13b 

was also found to be involved in regulating the ciliary localization of hedgehog pathway 

components. The loss of Ar13b in MEF cells abolished the accumulation of Glis in the 

primary cilia in response to the activation of hedgehog signaling pathway (87). Thus the 
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ciliary proteins are required for activating hedgehog signaling pathway during the 

development.   

Since several important components of hedgehog pathway transport either out of 

or into the primary cilia when the pathway is activated, primary cilia are required for 

hedgehog signaling pathway activation. When hedgehog pathway is activated, 

transmembrane protein Ptch1 ciliary localization is reduced, and transmembrane protein 

Smo is accumulated in the primary cilia in the NIH 3T3 cells (155). The activation of 

hedgehog signaling pathway also triggers the ciliary trafficking of Glis and Sufu into the 

primary cilia in NIH 3T3 cells (176). Thus, primary cilia act as platform for regulating 

the activation of the hedgehog signaling pathway. 

The activation of hedgehog signaling pathway is found to be associated with 

kidney fibrosis. In both the unilateral ureteral obstruction (UUO) model and the unilateral 

ischemia reperfusion injury model (UIRI), the marker of fibrosis and myofibroblast, 

Collagen1α1 and α-smooth muscle actin (α-SMA), were increased significantly, 

indicating the renal fibrosis after the surgery. In the UUO renal fibrosis mouse model, the 

expression of Ptch1 and Gli1 was increased significantly after 7 d of UUO surgery in 

renal epithelial cells (31; 37).  Similarly to the UUO model, the expression of Ptch1 and 

Gli1 was increased significantly on day 7 after the surgery in the UIRI model (37). Thus, 

the hedgehog signaling pathway is activated in renal fibrosis. The inhibition of hedgehog 

signaling pathway by cyclopamine, the Smo inactivator, downregulated Gli1 expression, 

and reduced the Collagen I level and α-SMA level in the normal rat kidney interstitial 

fibroblast (NRK-49F) cells and the mice kidney. Thus, the inhibition of hedgehog 
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signaling pathway improves the renal fibrosis both in vitro and in vivo, suggesting the 

important role of hedgehog in the progress of the fibrosis in the kidney (31).    

 

Aim and hypotheses 

The aim of this study is to identify the signaling pathways and mechanisms 

involved in lithium-induced nephropathy including lithium-induced renal cell 

proliferation, lithium-induced NDI, and lithium-induced renal fibrosis. To address this 

specific aim, I hypothesize that mTOR signaling pathway, primary cilia and hedgehog 

pathway may be all involved in lithium-induced nephropathy. 

 

Hypothesis 1: Lithium activates the mTOR signaling which may be responsible for 

lithium-induced renal cell proliferation 

Hypothesis 2: Primary cilia may be necessary for lithium-induced mTOR activation and 

renal cell proliferation 

Hypothesis 3: Lithium elongates primary cilia length which is mediated by mTOR 

signaling pathway 

Hypothesis 4: Lithium activates the hedgehog pathway in a smoothened dependent 

manner in renal collecting duct cells 

 

To address hypothesis 1, we assessed whether lithium-induced mTOR pathway activation 

and cell proliferation in the renal collecting duct using a mouse model of lithium-induced 

NDI. These data were published and are included in APPENDIX 1 and summarized as 

CHAPTER 2.  
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To address hypothesis 2: we assessed lithium-induced mTOR pathway activation and cell 

proliferation in Kif3a or IFT20 (two genes involved in ciliogenesis) deficient MEF cells. 

These data are presented in CHAPTER 3.  

To address hypothesis 3, we assessed primary cilia length in renal collecting duct cells of 

lithium model, which were shown in CHAPTER 4.  

To address hypothesis 4, we assessed the hedgehog pathway activation in renal collecting 

duct cells, which were shown in CHAPTER 5. 
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CHAPTER 2: RAPAMYCIN INHIBITION OF MTORC1 REVERSES LITHIUM-

INDUCED PROLIFERATION OF RENAL COLLECTING DUCT CELLS 

(SUMMARY OF PUBLISHED PAPER PRESENTED AS APPENDIX 1) 

 

A summary of published paper  

One of the common renal side effects of lithium treatment is lithium-induced 

renal cell proliferation, leading to the formation of microcysts in the kidney (25; 38).  

Lithium has been demonstrated to increase proliferation mainly in the renal principal 

collecting duct cells of the initial inner medulla (24). However, the mechanisms and 

signaling pathways involved in lithium-induced renal cell proliferation are still unknown.  

mTOR signaling pathway is known to regulates cell growth and cell proliferation, which 

was reviewed in the CHAPTER1 introduction. We hypothesize that mTOR activation 

may be responsible for lithium-induced proliferation of collecting ducts.  To address this 

hypothesis, we examined whether lithium activates mTOR signaling pathway activation 

in renal inner medulla in vivo.   

Lithium increased the mRNA expression levels of Egr-1 and Cyclin D1, and we 

demonstrated that mTOR signaling was activated by an increase in p-S6, p-TSC2, and p-

Akt in renal inner medulla. We demonstrated this was specific to collecting duct via 

localization of the mTOR in medullary collecting ducts. Rapamycin reversed lithium-

induced proliferation of medullary collecting duct cells and reduced lithium-induced 

increase of p-rS6 and p-mTOR, which supports our hypothesis that mTOR activation is 

responsible for lithium-induced proliferation of collecting duct.   
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Another common renal side effect of lithium treatment is lithium-induced NDI, 

which is characterized by the loss of urine concentrating mechanism (reviewed in 

CHAPTER1: INTRODUCTION).  To determine if blockade of the mTOR signaling 

pathway also improved NDI, we assessed the effects of rapamycin on lithium-induced 

NDI. In the study, lithium reduced the urine osmolality, AQP-2 expression, and UTA1 

expression in renal inner medulla. Rapamycin did not prevent lithium-induced 

downregulation of AQP2 and UTA1 expression. It also did not improve lithium-induced 

decrease of urine osmolality. These data suggests that mTOR signaling pathway may 

regulate lithium-induced renal cell proliferation without having effects on lithium-

induced NDI.  

 

The importance of published work in the overall studies   

To the best of our knowledge, this study is the first study showing that lithium 

activates mTOR signaling pathway in renal collecting duct cells in vivo, which 

contributes to regulating lithium-induced renal cell proliferation. mTOR pathway 

inhibitor rapamycin successfully reversed lithium-induced renal cell proliferation.  

However, it did not improve lithium-induced NDI. According to the results in this study, 

we focused our studies on mTOR activation and its role in activating lithium-induced 

renal collecting duct cell proliferation. There are still several questions unanswered in 

this study.  Is lithium induced cell proliferation specific to the medullary collecting ducts, 

as previously published or does it occur in cortical collecting ducts? Cyst formation 

occurs in the cortex and medulla in patients thus we anticipate that the pathway is 

activated throughout the collecting duct. Does lithium also activate mTOR signaling 
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pathway in renal collecting duct cells in vitro? And if so what is the mechanism how does 

lithium activate mTOR signaling pathway? The studies in the next three chapters will 

address these questions.  

 

The contribution of author in this published study 

I contributed to all aspects of this manuscript including data acquisition, data 

analysis, manuscript preparation and revision and responses to reviews. 
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CHAPTER 3: DO PRIMARY CILIA CONTRIBUTE TO LITHIUM-INDUCED MTOR 

PATHWAY ACTIVATION AND CELL PROLIFERATION IN RENAL 

COLLECTING DUCT? 

 

INTRODUCTION 

Lithium is used as a treatment for bipolar disorder and post-traumatic stress 

disorder (48; 109). It is also reported to have neuroprotective effects and may be 

potentially use as a treatment for neurodegenerative diseases such as stroke, Alzheimer’s 

disease, and Parkinson’s disease (22).   

Our previous study in CHAPTER 2 (published as APPENDIX 1) confirmed 

other studies that lithium increased renal collecting duct proliferation in renal inner 

medulla in vivo. We demonstrated that lithium activated the mTOR signaling pathway in 

medullary renal collecting duct cells. Rapamycin, an inhibitor of the mTOR pathway, 

reversed renal cell proliferation and blocked mTOR activation in lithium-treated mice 

(44).  

The goal of this chapter is to identify further how lithium activates mTOR 

signaling in renal collecting duct, and to determine if the activation is specific to the renal 

medulla or if it also occurs in the renal cortical collecting ducts, where cysts are seen in 

patients. 

Primary cilia are known to regulate mTOR activation in the PKD (polycystic 

kidney disease) model. PKD is a ciliopathy with the gene mutation of PKD1 and PKD2, 

which encode the ciliary proteins PC1 and PC2. PC1 and PC2 are colocalized in the 

primary cilia of renal epithelial cells, which are responsible for the flow-induced Ca
2+
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influx. The loss of PC1 activates mTOR signaling pathway by phosphorylating on TSC2 

via ERK signaling pathway or Akt signaling pathway (63).  

The presence of primary cilia inhibits mTOR pathway activation in response to 

the flow via Lkb1-AMPK-mTOR pathway (14). The presence of primary cilia was also 

found to accelerate the renal cell proliferation in the PKD mice model (99). Thus, 

primary cilia of renal collecting duct cells are involved in regulating mTOR pathway 

activation and renal cell proliferation in PKD. Here I hypothesize that primary cilia are 

necessary for lithium-induced mTOR activation and renal cell proliferation. To address 

this hypothesis, two primary cilia deficient mouse embryonic fibroblast (MEF) cell lines, 

Kif3a knockout MEF cells and IFT20 knockout MEF cells, were used to assess mTOR 

signaling pathway in response to lithium. 

As reviewed in CHAPTER 1, Kif3a and IFT20 are two essential proteins 

involved in assembly of primary cilia. The absence of Kif3a or IFT20 in renal cells 

resulted in the loss of primary cilia and the formation of cysts in the kidney (69; 95). A 

previous study also showed that primary cilia were lost in the absence of Kif3a in MEF 

cells (27). The knockdown of IFT20 in MEF cells also significantly reduced the primary 

cilia formation (136).      

 

METHODS 

Animals: Mice used in all experiments were ICR mice which were purchased from 

Harlan Laboratories, Indianapolis, IN. All groups of mice were maintained in standard 

mice cages under standard light cycles and humidity, following animal care protocols 

approved by the University of Arizona Institutional Animal Care and Use Committee. 
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Harlan Teklad 7013 control diet and Harlan Teklad 7013 containing 0.2% LiCl diet were 

given to the mice for 28 days after one week acclimation period.  All groups of mice were 

euthanized at the end of the study. The kidneys were dissected into renal cortex or were 

fixed.  

 

Rapamycin treatment: Rapamycin purchased from LC laboratories R-5000 was 

solubilized in DMSO and diluted into 0.55mg/ml in phosphate buffered saline. Two-

week rapamycin (5mg/kg) or placebo (5% DMSO in phosphate buffered saline) daily 

injection was started after two weeks control diet or lithium diet.   

 

Cell Culture: Mouse inner medullary collecting duct (mIMCD3) cells (ATCC, Manassas, 

VA) were cultured in 6-well plates (Falcon, 353046) or 96-well plate (Corning 

Incorporated, 3595) with mIMCD3 cell culture medium containing 45% low-glucose 

DMEM (GIBCO, 11054-020), 45% F12 (GIBCO, 11765-054), 10% FBS, 2mM 

glutamine (GIBCO, 25030), 10mM HEPES (GIBCO, 15630-080), and 2% glucose 

(Sigma, G-8644).  mIMCD3 cells were also cultured at 37ºC and in 5% CO2 atmosphere.  

All primary cilia deficient mouse embryonic fibroblast (MEF) cells were 

provided by Dr. Kimberly McDermott’s lab (University of Arizona), including wild-type 

MEF cells, Kif3a knockout MEF cells, and IFT20 knockout MEF cells. These MEF cells 

were also cultured in 6-well plates (Falcon, 353046) in DMEM (Corning Cell Grow, 10-

013-CV) containing 10% FBS, 0.1mM MEM non-essential amino acids solution 

(Invitrogen, 11140-50) and antibiotic-antimycotic (Invitrogen, 15240, 100 units/ml 



58 
 

penicillin, 100µg/ml streptomycin, and 0.25µg/ml Fungizone® Antimycotic).  These 

MEF cells were cultured at 37ºC and in 5% CO2 atmosphere.  

 

Immunohistochemistry: Immunohistochemistry of proliferating cell nuclear antigen 

(PCNA) was performed as previously described (72). Kidneys from all experimental 

groups were fixed in 4% paraformaldehyde for 48 hours, then stored in 70% ethanol. All 

fixed kidneys were processed by the University of Arizona Pathology Laboratory. Kidney 

sections (4µm) from control, lithium, lithium/rapamycin groups were deparaffinized in 

xylene and rehydrated in 100%, 99%, 95%, 90%, 80%, and 70% ethanol. Endogenous 

horseradish peroxidase was blocked by 0.3% H2O2 in 100% methanol for 30min. Antigen 

was retrieved by boiling the slides in citrate buffer (10mM, pH 6.0) for 10min. 10% goat 

serum diluted in 2% bovine serum albumin (BSA) in phosphate buffered saline (10mM, 

pH 7.4) was used to mask the non-specific bindings. After washing in phosphate buffered 

saline, kidney sections were incubated in anti-PCNA (Santa Cruz Biotechnology, SC-

25280) antibody diluted 1:100 in 10% goat serum in 2% BSA at 4ºC overnight. 

Following the primary antibody incubation, kidney sections were then incubated in rat 

anti-mouse IgG-HRP (1:200 dilution in 2% BSA, Rockland, 18-8817-31) for 60min at 

room temperature. Chromogen diaminobenzidine (Invitrogen 00-2020) incubation for 

10min 30sec was used to visualize positive labeling of kidney sections. Kidney sections 

were then counterstained by hematoxylin (Zymed 00-8011), dehydrated in 70%, 80%, 

90%, 95%, 100% ethanol, and 100% xylene, and mounted with Histomount mounting 

solution (Invitrogen 00-8030) and coverslips.  Positively stained nuclei were counted as a 
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percentage of total number of nuclei within 10 non-overlapping fields of view for each 

slide.  

 

Tissue protein sample preparation: Renal cortex was dissected and processed into the 

protein samples for western blot as previously described (16; 17). Briefly, renal cortex 

was homogenized by PowerGen
TM

 125 tissue homogenizer (Fisher Scientific, Waltham, 

MA) in 3ml ice-cold isolation solution (10mM triethanolamine, 250mM sucrose, pH 7.6, 

1mg/ml leupeptin, 0.1mg/ml PMSF, 1mM sodium fluoride, 1mM sodium orthovanadate).  

Total protein concentration of renal cortex homogenate was determined using Pierce
®
 

BCA Protein Assay Kit (Thermo Scientific, 23227). Then the renal cortex protein 

samples were added with Lammeli sample buffer (75mg/ml SDS; 30% glycerol; 50mM 

Tris, pH 6.8; 30mg/ml DTT; and Bromophenol Blue), and denatured at 60 ºC for 15 min. 

12% polyacrylamide gels with Coomassie blue stain were used to confirm the equal 

loading of protein samples. 

 

Cell protein sample preparation: mIMCD3 cells and MEF cells were cultured in 6-well 

plate (Falcon, 353046), serum starved for 48h, and then treated with 10mM LiCl for 24h.  

Cells were harvested and processed into protein samples for western blot as previously 

described (20). Briefly, cells were scraped off from the plates using RIPA lysis buffer 

(155mM NaCl, 65mM Tris, 1% NP-40, 1mM EDTA, pH 7.4) containing protease 

inhibitor Complete Mini (Roche, 11836153001) and phosphatase inhibitor PhosSTOP 

(Roche, 04906845001).  The whole cell lysate was centrifuged at 13000rpm for 10 min at 

4ºC using SORVALL Biofuge Fresco centrifuge (Kendro, Newtown, CT). The 
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supernatant was added Lammeli sample buffer (75mg/ml SDS; 30% glycerol; 50mM Tris, 

pH 6.8; 30mg/ml DTT; and Bromophenol Blue), and denatured at 94 ºC for 4 min. The 

protein concentration of samples was determined by Pierce
®
 BCA Protein Assay Kit 

(Thermo Scientific, 23227).  

 

Western Blot: Western blot was performed as previously described (20). Protein samples 

were loaded equally on SDS-PAGE gels, separated and then transferred onto Immobilon
®
 

PVDF membrane (Merck Millipore, IPVH00010).  After blocking the non-specific 

binding by 5% milk for 1h at room temperature, the membrane was incubated with 

antibodies overnight at 4 ºC. The antibodies used in the western blot were listed as 

follows PCNA (PCNA, 1:1000 dilution, Santa Cruz SC-25280), phospho-GSK-3α/β 

(Ser21/9, 1:1000 dilution, Cell Signaling 9331), GSK3β (1:3000 dilution, Cell Signaling 

9315), phospho-S6 ribosomal protein (Ser240/244, 1:1000 or 1:2000 dilution, Cell 

Signaling 2215), S6 ribosomal protein (1:3000 or 1:6000 dilution, Cell Signaling 2217), 

phospho-4E-BP1 (Thr37/46, 1:1000 dilution, Cell Signaling 9459), and 4E-BP1 (1:1000 

dilution, Cell Signaling 9452). After the overnight incubation, membrane was then 

incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG HRP-linked 

antibody (1:2000 dilution, Cell Signaling 7074) or with goat anti-mouse IgG HRP-linked 

antibody (1:2000 dilution, Cell Signaling 7076) for 1h at room temperature.  Western blot 

signaling was visualized by Quantity One (Bio-Rad, Hercules, CA), using Supersignal 

West Femto Maximum Sensitivity Substrate (Fisher, 34095) or ECL™ Prime Western 

Blotting Detection Reagent (GE Healthcare, RPN2232). The densitometry of proteins 

was quantified using Quantity One (Bio-Rad, Hercules, CA).   
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WST-1 cell proliferation assay: mIMCD3 cells or Wild-type MEF cells and Kif3a 

knockout MEF cells were plated in 96-well plate, serum starved for 24h, and then treated 

with 10mM LiCl in absence or presence of 10nM rapamycin for 24h. WST-1 (Roche, No. 

05 015 944 001) was added into each well; and the absorbance was read by Synergy™ 

HT Multi-Detection Microplate Reader (BIO-TEK, Winooski, Vermount). 

 

Cellular proliferation measurements with the xCELLigence Real-Time Cell Analyzer: 

Wild-type Kif3a MEF cells and Kif3a knockout MEF cells were plated in full culture 

medium onto a 96 well E-plate (ACEA Biosciences, San Diego, CA) and allowed to 

grow at 37°C and 5% CO2 while relative impedance of each well was continuously 

monitored using the xCELLigence real-time cell analyzer (RTCA) device (ACEA 

Biosciences, San Diego, CA). This device measures relative impedance changes over 

time at the 96 well surface to determine physiological changes in adherent cells that can 

be related to proliferation, cytotoxicity, or cellular signaling (e.g.,(1; 4; 166; 194)). As per 

manufacturer’s instructions, relative impedance is expressed as a Cell Index in each of 

the graphs where: Cell Index = (Zi − Z0)/15Ω; and Zi is impedance at a given time point 

during the experiment (e.g., post-lithium addition), and Z0 is impedance before the 

addition of a treatment. For reference, an increase in cell adhesion, such as occurs during 

proliferation, would result in an increase in Cell Index (161). Cells were seeded at 5,000 

per well and allowed to grow overnight in full culture medium. The next day the cellular 

medium was switched to serum free and monitored for 24 hours prior to addition of 

lithium and rapamycin treatments. Cell Index changes were recorded every 30 min over 



62 
 

five days. Cell responses were collected in quadruplicate and adjusted to a baseline by 

ratioing with recordings from cells cultured in control media. Cellular proliferation 

comparisons between wild-type MEF cells and Kif3a knockout MEF cells were 

calculated as the peak Cell Index at three days post-lithium addition normalized to the 

point of rapamycin addition. Graph Pad Prism (San Diego, CA) software was used to 

calculate statistical significance by one-way ANOVA. 

Statistics: Data were analyzed using either Student’s t-test or one-way ANOVA followed 

by Student-Newman Keuls post hoc test or by Dunn’s test. Significant difference (* vs. 

control group) and significant difference (# vs. lithium treated group) were determined as 

p value < 0.05. Results are presented as mean ± SEM. 
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RESULTS 

Does lithium increase renal cortical collecting duct cell proliferation in vivo? 

To determine if lithium increases renal cell proliferation in the cortex, we 

examined the expression of proliferating cell nuclear antigen, a marker of proliferating 

cells. As shown in Figure 3.1, PCNA expressing nuclei were seen in the renal cortical 

collecting ducts following lithium treatment. Very few PCNA positive nuclei were seen 

in control mice. We also demonstrated via western blot, that the relative expression of 

PCNA protein was significantly increased in the renal cortex of lithium treated mice, as 

shown in Figure 3.3 (Con 100 ± 2 vs. Li 163 ± 12%, p value < 0.05). These data confirm 

that proliferation was significantly increased in the renal cortex following 4 weeks 

lithium treatment (Figure 3.1 and 3.3).  

Similar to our previous study, rapamycin treatment reversed lithium-induced 

proliferation. Both the number of PCNA positive nuclei and the total nuclei (shown in 

Figure 3.1 and Quantified in Figure 3.2) were counted from 10 non-overlapping fields of 

view from each animal, which contain approximately 280 cells per field of view. Lithium 

increased the percentage of PCNA-positive nuclei over the total nuclei in renal cortex 

(Con 0.43 ± 0.23 vs. Li 1.27 ± 0.25% PCNA-positive nuclei, p value < 0.05), which was 

reduced by rapamycin (Li 1.27 ± 0.25 vs. LiRa 0.58 ± 0.28% PCNA-postive nuclei, p 

value < 0.05). Rapamycin also reduced the PCNA protein expression in the renal cortex 

of lithium-treated mice (Li 163 ± 12 vs RaLi 99 ± 5% compared to control as 100%, p 

value < 0.05). 
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Figure 3.1 PCNA immunoperoxidase labeling in renal cortical collecting ducts of kidney 

sections from control, lithium-treated, and lithium plus rapamycin-treated mice. 

Representative image of PCNA immuneperoxidase labeling (in brown) and nuclei 

staining (in blue) in renal cortex; top: control. middle: lithium. bottom: lithium plus 

rapamycin. Magnification × 400. * Significant difference vs. control group # Significant 

difference vs. lithium group.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

 

Figure 3.2 Quantification of PCNA immunoperoxidase labeling in renal cortical 

collecting ducts. Representative graph of PCNA positive nuclei as a percentage of total 

nuclei in the renal cortex, n=3. PCNA-positive nuclei and total nuclei are counted in 10 

non-overlapping fields of each renal cortex section. Significant differences as determined 

by Dunn’s test following one-way ANOVA.  
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Figure 3.3 Rapamycin reverses lithium-induced renal cell proliferation in cortical 

collecting ducts. Western blot of PCNA protein abundance in renal cortex from control, 

lithium, and lithium plus rapamycin treated mice. Each lane represents a homogenate 

from an individual mouse renal cortex. Densitometry of PCNA is presented as mean ± SE, 

n=5 Significant differences as determined by one-way ANOVA Student Newman-Keuls 

post hoc test. * Significant difference vs. control group # Significant difference vs. 

lithium group.   
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Does lithium activate mTOR signaling pathway in vitro  

To determine if lithium activates mTOR signaling pathway in vitro, mouse inner 

medullary collecting duct (mIMCD3) cells were treated with 10mM lithium for 24h. The 

protein expression of mTOR pathway downstream components, p-rS6 and p-4EBP, was 

examined using western blot. Lithium significantly increased the phosphorylation of rS6 

and 4EBP in mIMCD3 cells (p-S6: Con 100 ± 4 vs. Li 329 ± 27%, p value < 0.05, p-

4EBP: Con 100 ± 15 vs. Li 250 ± 31%, p value < 0.05, Figure 3.4). The total rS6 and 

4EBP were also increased in lithium-treated mIMCD3 cells compared to control cells 

(Total S6: Con 100 ± 1 vs. Li 150 ± 15%, p value < 0.05, Total 4EBP: Con 100 ± 4 vs. Li 

113 ± 1%, p value < 0.05, Figure 3.4). These data suggests that lithium activates mTOR 

signaling pathway in renal collecting duct cells in vitro. Lithium is known to increase 

phosphorylate GSK3β and inhibits its activity in renal cortex and medulla, which is a 

classic response to lithium treatment (131). To confirm whether besides activation of 

mTOR, GSK3β response to lithium also occurs in mIMCD3 cells, p-GSK3β protein level 

was measured. The phosphorylation of GSK3β at serine-9 was significantly increased in 

lithium-treated mIMCD3 cells (Con 100 ± 7 vs. Li 148 ± 2%, p value < 0.05, Figure 3.4). 

The total GSK3β showed no significant difference between control group and lithium 

group.   
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Figure 3.4 mTOR signaling pathway is activated by lithium in mIMCD3 cells. Western 

blot of the whole cell lysates from control and lithium-treated mIMCD3 cells were 

probed for p-rS6, total rS6, p-4EBP, total 4EBP, p-GSK3α/β, and total GSK3β,. Each 

lane represents a whole cell lysate of mIMCD3 cells. Densitometry of p-rS6 total rS6, p-

4EBP, total 4EBP p-GSK3β, and total GSK3β, is expressed as mean ± SE, n=3. * 

Significant difference vs. control group (Student’s t-test, p<0.05).  
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Does lithium increase renal collecting duct cell proliferation in vitro? 

To determine if lithium also increase renal cell proliferation in vitro, mIMCD3 

cells were treated with 10mM lithium. Cells were analyzed for proliferation using the 

WST-1 cell proliferation assay. The principal of WST-1 cell proliferation assay is based 

on cleavage of the WST-1 (slightly red) to formazan (dark red) in live cells. The cell 

proliferation was calculated based on the absorbance of formazan in activated cells. 

Lithium significantly increased renal cell proliferation in mIMCD3 cells (Con 0.36 ± 0.01 

vs. Li 1.04 ± 0.16 absorbance of formazan, p value < 0.05, Figure 3.5). 

 

Rapamycin prevented lithium-induced proliferation in vitro 

Our previous study demonstrated that rapamycin reversed lithium-induced renal 

cell proliferation in both cortex and medulla in vivo (Figure 3.1-3.3, APPENDIX 1 

Figure 4) (44). To test if rapamycin also prevents lithium-induced renal cell proliferation 

in vitro, we treated mIMCD3 cells with 10mM lithium in absence or presence of 10nM 

rapamycin for 24h. mIMCD3 cell proliferation was evaluated by WST-1 assay. Lithium 

significantly increased renal cell proliferation in vitro, which was blocked by rapamycin 

(Li 1.04 ± 0.16 vs. LiRa 0.40 ± 0.04 absorbance of formazan, p value < 0.05, Figure 3.5).  
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Figure 3.5 WST-1 cell proliferation assays of mIMCD3 cells in response to lithium or 

lithium/rapamycin treatment. mIMCD3 cells were treated with 10mM lithium in absence 

or presence of 10nM rapamycin for 24h. At the end of the treatment, cells were incubated 

with WST-1 to analyze cell proliferation. The rate of cell proliferation in the lithium and 

lithium/rapamycin groups was calculated based on the absorbance of formazan cleaved 

from WST-1 in activate cells, as a percentage of 100% in control group, and expressed as 

mean ± SE, n=3. A: Rapamycin prevents lithium-induced proliferation in mIMCD3 cells. 

* Significant difference vs. control group # Significant difference vs. lithium group 

(Student’s t-test, p value < 0.05). 
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Does lithium activate mTOR signaling pathway in the absence of primary cilia 

To determine whether the absence of primary cilia abolishes lithium-induced 

activation of mTOR signaling pathway, primary cilia deficient cells, Kif3a knockout 

MEF cells and IFT20 MEF cells, were used in the study. Kfi3a knockout MEF cells or 

IFT20 knockout MEF cells were treated with 10mM lithium for 24h. Lithium 

significantly increased phosphorylation of rS6 in control Kif3a +/+ MEF cells (Con 100 ± 

7 vs. Li 217 ± 16%, p value < 0.05, Figure 3.6). In contrast, p-rS6 protein abundance was 

not changed by lithium in Kif3a-/- MEF cells (Con 100 ± 11 vs. Li 101 ± 7%, p value > 

0.05, Figure 3.6). Total rS6 protein expression was slightly increased by lithium in both 

Kif3a +/+ MEF cells and kfi3a -/- MEF cells.  Similar to Kif3a knockout MEF cells, p-

rS6 protein expression was significantly increased by lithium in IFT20 +/+ MEF cells but 

not in IFT20 -/- MEF cells (IFT20 +/+ MEF cells: Con 100 ± 6 vs. Li 134 ± 6%, p value 

< 0.05, IFT20 -/- MEF cells: Con 100 ± 19 vs. Li 105 ± 2%, p value > 0.05, Figure 3.7). 

Total rS6 showed no significant difference between control group and lithium group in 

both IFT20 +/+ MEF cells and IFT20 -/- MEF cells.   

To determine if primary cilia deficient MEF cells are still responsive to lithium 

treatment, p-GSK3β and total GSK3β protein expression was examined using western 

blot. Phosphorylation of GSK3β was significantly elevated by lithium treatment in both 

Kif3a +/+ MEF cells and Kif3a -/- MEF cells (Kif3a +/+ MEF cells: Con 100 ± 3 vs. Li 

165 ± 3%, p value < 0.05, Kif3a -/- MEF cells: Con 100 ± 4 vs. Li 181 ± 11%, p value < 

0.05, Figure 3.6). Total GSK3β protein expression showed no significant difference 

between control group and lithium group in Kif3a +/+ MEF cells and Kif3a -/- MEF cells 

(Figure 3.6). Similar results were shown in IFT20 +/+ MEF cells and IFT20 -/- MEF cells. 
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Lithium induced phosphorylation of GSK3β in IFT20 +/+ MEF cells, which was not 

abolished in IFT20 -/- MEF cells (IFT20 +/+ MEF cells: Con 100 ± 4 vs. Li 142 ± 8%, p 

value < 0.05, IFT20 -/- MEF cells: Con 100 ± 6 vs. Li 145 ± 15%, p value < 0.05, Figure 

3.7).   
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Figure 3.6 Loss of Kif3a abolishes lithium-induced activation of mTOR signaling 

pathway in MEF cells. Western blot analysis of the whole cell lysates from control and 

lithium-treated group were probed for p-rS6, total rS6, p-GSK3α/β, total GSK3β in both 

Kif3a +/+ MEF cells (top) and Kif3a -/- MEF cells (bottom). Each lane represents a 

whole MEF cell lysate. Densitometry of p-rS6, total rS6, p-GSK3α/β, and total GSK3β is 

presented as mean ± SE, n=6. * Significant difference vs. control group (Student’s t-test, 

p value <0.05). 
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Figure 3.7 Loss of IFT20 abolishes lithium-induced activation of mTOR signaling 

pathway in MEF cells. Western blot analysis of the whole cell lysates from control and 

lithium-treated group were probed for p-rS6, total rS6, p-GSK3α/β, total GSK3β in both 

IFT20 +/+ MEF cells (top) and IFT20 -/- MEF cells (bottom). Each lane represents a 

whole MEF cell lysate. Densitometry of p-rS6, total rS6, p-GSK3α/β, and total GSK3β is 

presented as mean ± SE, n=3. * Significant difference vs. control group (Student’s t-test, 

p value <0.05). 
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Does lithium-induce cell proliferation in the absence of primary cilia 

To determine whether the absence of primary cilia abolishes lithium-induced 

cell proliferation, we used WST-1 proliferation assay and xCELLigence real-time cell 

analyzer (RTCA) to analyze cell proliferation in both Kif3a +/+ MEF cells and Kif3a -/- 

MEF cells in response to lithium treatment.  

WST-1 cell proliferation assay demonstrated that lithium increased proliferation 

in Kfi3a +/+ MEF cells but not in Kif3a -/- MEF cells, suggesting that lithium-induced 

cell proliferation is primary cilia dependent (Figure 3.8). To confirm this observation, 

both Kif3a +/+ MEF cells and Kif3a -/- MEF cells were seeded in full culture media on 

an E-plate and monitored for cell proliferation over several days (Figure 3.9 B). Both 

Kif3a +/+ MEF cells and Kif3a -/- MEF cells grew at similar rates before serum 

starvation and following 24h serum starvation (Figure 3.9 A). After 24 hours of serum 

starvation both cell types were treated with either 10 mM lithium or media control. Over 

a two-day period following lithium treatment there was a clear increase in the 

proliferation of Kif3a +/+ MEF cells that did not occur in the Kif3a -/- MEF cells (Figure 

3.9 C).  

In order to determine if the mTOR pathway contributed to this primary cilia-

dependent lithium-induced cell proliferation, a subset of the lithium-treated cells from 

both cell types was treated with the mTOR pharmacological blocker rapamycin (10 nM) 

together with lithium treatment in WST-1 assay, and at 20 hrs post-lithium treatment in 

xCELLigence RTCA. In WST-1 proliferation assay, rapamycin blocked the increase of 

cell proliferation in lithium-treated Kif3a +/+ MEF cells and slightly reduced 

proliferation in Kif3a -/- MEF cells (Figure 3.8). In xCELLigence RTCA, a significant 
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increase was shown in normalized cell index in Kif3a +/+ MEF cells treated with lithium 

(Figure 3.9 D; 0.90 ± 0.05) compared to lithium-treated Kif3a -/- MEF cells (Figure 3.9 

D; 0.10  ± 0.07) normalized at the point of rapamycin addition. Further, the addition of 

rapamycin to the lithium-treated Kif3a +/+ MEF cells completely ablated the increase in 

proliferation seen under lithium conditions alone (Figure 3.9 D; -0.01 ± 0.07). These 

effects of rapamycin on cell proliferation were not significantly different from lithium 

treatment alone in Kif3a -/- MEF cells (Figure 3.9 D).   

According to both WST-1 cell proliferation assay and xCELLigence RTCA 

assay, lithium induces cell proliferation in Kif3a +/+ MEF cells but not in Kif3a -/- MEF 

cells. And the activation of the mTOR pathway is involved in regulating lithium-induced 

proliferation in Kif3a +/+ MEF cells. 
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Figure 3.8 WST-1 cell proliferation assays of MEF cells in response to lithium or 

lithium/rapamycin treatment. MEF cells were treated with 10mM lithium in absence or 

presence of 10nM rapamycin for 24h. At the end of the treatment, cells were incubated 

with WST-1 to analyze cell proliferation. The rate of cell proliferation in the lithium and 

lithium/rapamycin groups was calculated based on the absorbance of formazan cleaved 

from WST-1 in activate cells, as a percentage of 100% in control group, and expressed as 

mean ± SE, n=3. * Significant difference vs. control group # Significant difference vs. 

lithium group (Student’s t-test, p value < 0.05). 
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Figure 3.9. High-capacity real-time cellular analysis of primary MEF cell proliferation. 

The role of primary cilium in regulating lithium-induced cell proliferation was measured 

with the xCELLigence real-time cell analyzer (RTCA) in Kif3a +/+ MEF cells and Kif3a 

-/- MEF cells. A: Raw cell index traces of Kif3a +/+ MEF cells and Kif3a -/- MEF cells 

before lithium treatment B: Raw cell index traces from a five-day experiment are 

represented with serum-free switch and pharmacological treatment time points 

highlighted with arrows. Lines indicate an average of 4 replicate wells. C: Kif3a +/+ 

MEF cells and Kif3a -/- MEF cells treated with lithium were baselined to control media 

groups and normalized to the time point of lithium addition for proliferation comparison. 

D) Quantification of the percent change in cell index normalized at the time point of 

rapamycin addition for comparison of proliferation between Kif3a +/+ MEF and Kif3a -/- 

cells following lithium treatment (n=4). *denotes a significant difference from Kif3a +/+ 

cells treated with lithium (P < 0.05 in an ANOVA with Tukey’s Multiple Comparison 

Test ± standard error of the mean) 
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DISCUSSION 

The focus of the study in CHAPTER 3 is to study the role of primary cilia in regulating 

lithium-induced mTOR pathway activation and cell proliferation. Lithium treatment 

significantly increased cell proliferation of collecting ducts in renal cortex and inner 

medulla in vivo, and in mIMCD3 cells in vitro, which was reversed by inhibiting mTOR 

pathway activation with rapamycin treatment. Thus, the activation of mTOR signaling 

pathway is involved in regulating lithium-induced renal cell proliferation. In addition, 

lithium-induced activation of mTOR pathway and cell proliferation in was abolished in 

primary cilia deficient MEF cells. Thus, primary cilia may be involved in modulating 

lithium-induced mTOR activation and regulating lithium-induced cell proliferation. 

 

Lithium-induced mTOR activation: the role of primary cilia 

As reviewed in CHAPTER 1 introduction, p-rS6 and p-4EBP are the readout of 

mTOR pathway activation. Previous studies demonstrated that lithium increased 

phosphorylation of rS6 in mIMCD3 cells, indicating lithium-induced mTOR activation in 

vitro (83). The study of Chapter 3 confirmed the previous study that lithium activated 

mTOR signaling pathway by phosphorylating rS6 and 4EBP in mIMCD3 cells. Both our 

study and the previous study in the mIMCD3 cells serum starved the cells before lithium 

treatment.  The serum starvation of mIMCD3 cells synchronized the cells to the G0 phase, 

in which the primary cilia are formed. Recent study showed that primary cilium can 

modulate mTOR pathway activation in renal cells (14). Thus, primary cilia may play an 

important role in regulating mTOR activation in renal cells.  
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To determine the role of primary cilia in lithium-induced mTOR activation, 

Kif3a -/- MEF cells and IFT20 -/- MEF cells were used in the study of CHAPTER 3. As 

protein synthesis does not occur in primary cilia, intraflagellar transport (IFT) is 

responsible for transporting proteins from the basal body to the tip of primary cilia, or 

from the tip of primary cilia back to the cell. Both Kif3a and IFT20 are proteins involved 

in IFT transporting system, which are required for primary cilia formation. The depletion 

of either Kif3a or IFT20 results in the loss of primary cilia (14; 191).  

Lithium increased p-rS6 level in control MEF cells but not in Kif3a -/- MEF 

cells, suggesting that loss of primary cilia results in the abolishment of lithium-induced 

mTOR activation. Primary cilia positively regulate mTOR pathway activation in response 

to lithium treatment. These results are in conflict to that of previous study, which 

suggests that primary cilia play an opposite role in modulating mTOR pathway activation. 

The loss of primary cilia were shown to increase phosphorylation of rS6 in the kidney of 

Kif3a mutant mice and IFT88 knockout mice (8; 14). The protein levels of p-mTOR and 

p-rS6 were also increased in response to the flow in the Kif3a knockdown MDCK cells, 

which are lack of primary cilia (14).  These data suggested that primary cilia suppress 

mTOR pathway activation, which is opposite to the results in our study. The conflict 

results may be due to the difference between two cell types or the difference between two 

disease models.  

However, a recent study showed that Kif3a was involved in regulating cell 

proliferation in prostate cancer. The overexpression of Kif3a in the prostate p69 cells 

significantly increased cell proliferation. The deletion of Kif3a in human prostatic 

carcinoma cell line LNCaP cells blocked the cell proliferation (96). To exclude the role 
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of Kif3a in regulating lithium-induced renal cell proliferation, another primary cilia 

deficient MEF cell line IFT20-/- MEF cells was used in the study to confirm that the 

abolishment of lithium-induced mTOR activation is not due to the absence of Kif3a. 

Lithium activated mTOR signaling pathway in the control cells but not in the IFT20-/- 

MEF cells, suggesting that lithium-induced mTOR activation may be primary cilia 

dependent.     

Lithium is a well-known inhibitor of GSK3, which is inactivated and 

phosphorylated at Ser-21 (p-GSK3α) and Ser-9 (p-GSK3β) (23; 70; 82; 147). In the 

kidney, lithium phosphorylates GSK3 in both the renal cortex and renal inner medulla (78; 

130). We examined lithium-induced phosphorylation of GSK3β in the IFT20-/- and 

Kif3a -/- MEF cells to ensure that loss of cilia had not altered other known lithium 

signaling pathways. The data demonstrated that lithium induced the phosphorylation of 

GSK3β in control MEF cells, Kif3a knockout cells, and IFT20 knockout cells. Thus, the 

loss of primary cilia did preserve the GSK3β signaling response to lithium treatment.  

 

Lithium-induced cell proliferation: the role of mTOR signaling pathway 

Lithium is known to induce renal cell proliferation of cortical and initial 

medullary collecting duct, which leads to the formation of microcysts along the renal 

corticomedullary axis in both the patients with chronic lithium therapy and lithium-

induced NDI rat models (24; 78) (38). In the study of CHAPTER 3, we confirmed the 

previous findings by showing that one month lithium treatment induced renal collecting 

duct cell proliferation of renal cortex in vivo, and by showing that lithium increased 

proliferation in mIMCD3 cells in vitro.  



87 
 

The mechanisms of lithium-induced renal cell proliferation are still not 

completely understandable. In this study, the inhibitor of mTOR pathway, rapamycin was 

used to determine the role of mTOR signaling pathway in regulating lithium-induced 

renal cell proliferation. Rapamycin reversed lithium-induced renal cortical collecting duct 

cell proliferation in vivo, and prevented cell proliferation of lithium-treated mIMCD3 

cells in vitro. These results suggested that mTOR activation by lithium is responsible for 

lithium-induced renal cell proliferation. This study adds lithium-induced mTOR pathway 

activation to the list of signaling pathways involved in regulating lithium-induced renal 

cell proliferation. Rapamycin is known to inhibit mTORC1 activation and used in renal 

carcinoma or several PKD animal models to block the renal cell proliferation (35; 91; 

152).  It may be also benefit and improve long-term lithium treatment-induced the 

formation of microcysts in the kidney due to the upregulation of renal cell proliferation. 

However, our study did not exclude the possibility of other pathways involved 

in regulating lithium-induced renal cell proliferation. Previous studies showed that 

lithium increased phosphorylation of ERK, Akt and GSK3β in renal inner medulla (130).  

ERK pathway, Akt pathway and GSK3β pathway may be associated with lithium-

induced renal cell proliferation, especially GSK3β. One study showed that GSK3β was 

colocalized with PCNA-positive renal cortical collecting duct in the rat model. The 

immunostaining of phosphorylation of GSK3β and PCNA are positive in the microcystic 

epithelial cells (78). Thus, GSK3 was proposed to play an important role in regulating 

lithium-induced renal cell proliferation. More recently, COX-1 was shown to be 

increased in the renal cortex by lithium treatment and localized in the microcystic renal 
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cortical collecting duct in the lithium-treated rat kidney (79). COX-1 was also proposed 

to be associated with lithium-induced renal cell proliferation.  

The future studies could focus on identifying other signaling pathways which 

regulate lithium-induced renal cell proliferation. The inhibitors of these pathways may be 

used as the potential treatments for the microcysts formation in the kidneys of patients 

with chronic lithium therapy. 

 

Lithium-induced cell proliferation: the role of primary cilia 

The role of primary cilia in regulating renal cell proliferation is still 

controversial. Some study showed that primary cilia prevented renal tubular cell 

proliferation. The loss of primary cilia significantly increased bromodeoxyuridine (BrdU) 

positive cells in the kidney of IFT88 knockout mice with unilateral nephrectomy for 3 

weeks (8). In addition, the kidney-specific knockout of Kif3a mutant resulted in the 

absence of primary cilia in the renal epithelial cells lining the cysts and an increase of 

BrdU staining in renal cyst epithelial cells (95). Other study showed the opposite role of 

primary cilia in regulating cell proliferation. The loss of primary cilia suppresses the cell 

proliferation. The mutation of Kif3a significantly reduced renal cyst cell proliferation in 

the PKD1 or PKD2 mutant mice kidney (99). In the study of CHAPTER 3, cell 

proliferation of lithium-treated control MEF cells and Kif3a knockout MEF cells was 

examined by WST-1 assay and monitored using xCELLigence RTCA. The loss of 

primary cilia in Kif3a knockout MEF cells abolished lithium-induced cell proliferation, 

supporting the proliferation accelerator role of primary cilia in the lithium model.  
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The mechanisms involved in how primary cilia mediate lithium-induced cell 

proliferation are still unknown. In the study, we provided persuasive evidence supporting 

that mTOR signaling pathway is responsible for lithium-induced renal cell proliferation. 

In addition, this study showed that lithium-induced mTOR activation may be primary 

cilia dependent. Rapamycin was given to lithium-treated control MEF cells and Kif3a -/- 

MEF cells. Rapamycin reversed lithium-induced cell proliferation in the control MEF 

cells and slightly decreased cell proliferation in lithium-treated Kif3a knockout MEF 

cells. Thus, we may propose that primary cilia may mediate cell proliferation via 

activating mTOR signaling pathway. However, previous study in the PKD model 

challenged the role of mTOR signaling pathway in primary cilia mediated cell 

proliferation, which showed there were no significant differences of p-rS6 expression in 

the kidney of wild type mice, PKD1 mutant mice, and PKD1 and Kif3a double-mutant 

mice (99). More studies are required to confirm the relationships among mTOR signaling 

pathway, primary cilia and cell proliferation. 

  

 

 

 

 

 

 

 



90 
 

CHAPTER 4 LITHIUM-INDUCED ELONGATION OF PRIMARY CILIA IN RENAL 

COLLECTING DUCT CELLS 

 

INTRODUCTION 

Primary cilium is a non-motile microtubule-based organelle with its membrane 

continuous from the plasma membrane. It projects from the cell surface into the 

extracellular environment to sense extracellular mechanical stimuli such as flow, pressure, 

and vibration, or chemical stimuli, which then transduces the signals into the intracellular 

signaling pathway. The primary cilium consists of the axoneme, the basal body, the 

transition fiber, the transition zone, and the ciliary pocket (53; 68). 

The assembly and disassembly of primary cilium is normally coupled with the 

cell cycle. The primary cilia are formed at G0/G1 phase of the cell cycle, which requires 

transporting cytosolic proteins and transmembrane proteins from the cell into the primary 

cilia. IFT (intraflagellar transport) complex B such as IFT20 and IFT88, its motor protein 

kinesin-II subunit such as Kif3a, and the Arf-like protein such as Arl13b are required for 

cilia formation, and are also involved in regulating ciliary protein trafficking into the cilia. 

The reabsorption of primary cilia occurs as early as G1/S phase, which is regulated by 

HEF1-Auroa A-HDAC6 pathway. HEF1 phosphorylates Auroa A, which then activates 

HDAC6 and deacetylates α-tubulin (36; 74; 75; 137; 199).  

The primary cilia length is determined by the rate balance between the assembly 

and disassembly of the cilia. The proteins involved in cilia formation and reabsorption 

also contribute to regulate the cilia length (5; 184). The absence of IFT20 (IFT complex 
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B), or Kif3a (Kinesin-II subunit) or Arl13b results in the loss of primary cilia (69; 95). 

The absence of IFT88 (IFT complex B) decreases the primary cilia length (138).  

Other factors such as intracellular Ca
2+

, cAMP level, and lithium contribute to 

the primary cilia length regulation. The decrease of intracellular Ca
2+

 and increases of 

cAMP elongates primary cilia length in IMCD (immortalized kidney collecting duct) 

cells (10). Lithium was also shown to increase primary cilia length in mouse fibroblast 

NIH3T3, primary cultured striatal neurons, fibroblast like synoviocytes (FLS), PC12 cells, 

and astrocytes (47; 123). It was found that the inhibition of adenylyl cyclase (AC) can 

mimic the effect of lithium on regulating the primary cilia length (47; 135). However, the 

mechanisms involved in lithium-induced primary cilia elongation are still unknown.  

mTOR signaling pathway is known to regulate the primary cilia length. In the 

zebrafish studies, the activation of mTOR signaling pathway by knocking down its 

upstream repressor TSC1 or TSC2 results in the increase of primary cilia length in the 

zebrafish embryo and Kupffer’s vesicle (30; 196). The inhibition of mTOR signaling 

pathway by rapamycin reverses the elongation of primary cilia (196). Thus, we 

hypothesize that lithium increases the primary cilia length in the renal collecting duct 

cells, which is mediated by mTOR signaling pathway.  

 

METHODS 

Animals: Mice used in primary cilia length in vivo study were ICR mice purchased from 

Harlan Laboratories (Indianapolis, IN), and maintained under the standard animal care 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee, as previously described in Chapter 3 METHODS.  The mice were fed with 
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Harlan Teklad 7013 control diet or Harlan Teklad 7013 containing 0.2% LiCl diet for 28 

days. At the end of the study, all groups of mice were euthanized. The kidneys were fixed 

in 4% paraformaldehyde overnight, stored in 70% ethanol and sectioned (4µm) at 

University of Arizona Pathology Laboratory.  

 

Rapamycin treatment: Rapamycin purchased from LC laboratories R-5000 and was 

diluted into 0.55mg/ml in phosphate buffered saline, and daily injected together with 

placebo for 2 weeks after 2-week lithium diet, as previously described in Chapter 3 

METHODS.   

 

Mouse inner medullary collecting duct (mIMCD3) cells: mIMCD3 cells were cultured in 

mIMCD3 cell culture medium at 37 ºC in 5% atmosphere, as described in Chapter 3 

METHODS.  Briefly, mIMCD3 cells were cultured on autoclaved circular glass 

coverslips (Fisher Scientific, 12-545-81). mIMCD3 cells were serum starved for 24h, 

then treated with 10mM LiCl in absence or presence of 1nM rapamycin for another 24h. 

After fixing in 4% paraformaldehyde at 37 ºC for 10mins, mIMCD3 cells were 

permeabilized with 0.1% Triton X-100 and 0.05% SDS diluted in phosphate buffered 

saline (10mM, pH 7.4) for 5 min.  

 

Primary cilia immunoflorescent stain in mouse kidney: The mouse kidney sections were 

deparaffinized at 65 ºC for 10 min and in 100% Xylene for 20 min (2 × 10 min) at room 

temperature, and dehydrated in 100% isopropanol (2 × 10 min), 70% isopropanol (2 × 10 

min), 50% isopropanol (2 × 10 min), and dH2O (2 × 10 min). The antigen was retrieved 
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using Citrate buffer (10mM, pH 6.0) in 2100 Retriever (Electron Microscopy Sciences, 

Hatfield, PA) for 20 min. Non-specific bindings were blocked, using Tris buffered saline 

(pH 7.4) containing 0.05% Tween-20, 4% horse serum, 0.1% cold water fish skin gelatin, 

0.1% Triton X-100, for 30 min at room temperature. The kidney sections were then 

incubated with anti-ARL13B antibody (1:500 dilution, UC Davis/NIH NeuroMab 

Facility, Q640N2), anti-γ-tubulin antibody (Sigma T5326), anti-AQP2 antibody (1:200 

dilution, Santa Cruz, 9882) which were diluted in Tris buffered saline (pH 7.4) containing 

0.05% Tween-20 and 0.1% cold water fish skin gelatin overnight at 4 ºC. After primary 

antibodies incubation, kidney sections were incubated with Alexa Fluor® 555 Donkey 

Anti-Goat IgG (H + L, 1:1000 dilution, Invitrogen, A-21432) for 1h at room temperature, 

followed by an hour incubation with Alexa Fluor® 488 Goat Anti-Mouse IgG2α (γ2α, 

1:1000 dilution, Invitrogen, A-21131) and Alexa Fluor® 633 Goat Anti-Mouse IgG1 (γ1, 

1:1000 dilution, Invitrogen, A-21126). The kidney sections were then stained with 

Hoechst (1:1000 dilution in Tris buffered saline pH 7.4, Invitrogen H3570) for 15min at 

room temperature, mounted in Prolong Gold Antifade Reagent (Invitrogen, 936589), and 

imaged using Leica TCS SP5 II laser scanning confocal microscope (Leica Microsystems, 

Buffalo Grove, IL).  The violet-laser diode (excitation 405 nm), the argon laser 

(excitation 488 nm) and the helium neon lasers (excitation 543 nm and 633 nm) were 

used to detect the fluorescent signal of the nuclear stain, primary cilia stain, AQP2 stain 

and centrosome stain, respectively. We imaged kidney sections using a 63× objective (1.4 

NA PL Apo) from three regions of the kidney, renal cortex (CTX), outer medulla (OM), 

and inner medulla (IM). Three Z-stacks images were taken from renal cortex and outer 

medulla areas, and one Z-stacks image was taken from initial inner medulla area due to 
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the size limitation of renal medulla area.  Each Z-stack image with resolution 2048×2048 

was projected into a 2D projection using the maximum 3D projection tool of Leica 

Software (Leica Microsystems, Buffalo Grove, IL).  The projection images in 2D were 

used in primary cilia length analysis. 

 

Primary cilia immunofloresent stain in mIMCD3 cells: mIMCD3 cells were fixed in 4% 

paraformaldehyde, and permeablized with 0.1% Triton X-100 and 0.05% SDS. mIMCD3 

cell coverslips were blocked in 2% BSA for 1h at room temperature, and then incubated 

with anti-acetylated-tubulin (1:1000 dilution, Sigma T7451) and anti-γ-tubulin (1:1000 

dilution, Sigma T5326) overnight at 4 ºC. After incubating with primary antibodies, 

mIMCD3 cells were then incubated with Alexa Fluor® 488 Goat Anti-Mouse IgG2b (γ2b, 

1:1000 dilution, Life technologies A-21141) and Alexa Fluor® 633 Goat Anti-Mouse 

IgG1 (γ1, 1:1000 dilution, Life technologies A-21126), followed by staining nuclei with 

Hoechst (1:1000 dilution in phosphate buffered saline, Invitrogen H3570).  mIMCD3 

cells were mounted with Prolong Gold Antifade Reagent (Invitrogen, 936589). We 

imaged primary cilia of mIMCD3 cells using Leica TCS SP5 II laser scanning confocal 

microscope (Leica Microsystems, Buffalo Grove, IL). The violet-laser diode (excitation 

405 nm), the argon laser (excitation 488 nm), and the helium neon laser (excitation 633 

nm) were used to detect the fluorescent signal of nuclei stain, primary cilia stain, and 

centrosome stain. Each confocal image was acquired using 63 × oil objective (63×/1.4 

NA PL Apo) as a series of z-stack optical sections with each z-step 0.34µm and 

resolution 2048 × 2048 pixels, and projected into a 2D projection using the maximum 3D 
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projection tool of Leica Software (Leica Microsystems, Buffalo Grove, IL).  The 

projection images in 2D were used in primary cilia length analysis. 

 

Primary cilia length analysis: The length of primary cilia in renal collecting duct in vivo 

and in mIMCD3 cells in vitro was measured manually using scale bar tool in LAS-AF-

Lite software (Leica Microsystems, Buffalo Grove, IL). The primary cilia in renal 

collecting duct cell in vivo were analyzed if they were in AQP2 positive cells with a 

primary ciliary structure attached to a centrosome. The primary cilia in mIMCD3 cells 

were analyzed if they have primary ciliary structure with acetylated tubulin stain 

attaching to the centrosome stained with γ-tubulin.  The results were presented as mean ± 

SE. 

 

Statistics: Significant difference (* vs. control group) and significant difference (# vs. 

lithium group) were determined by Student’s t-test (p value < 0.05)    
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RESULTS 

Lithium increases primary cilia length of renal collecting duct cells in vivo 

In this study, we examined whether lithium elongates primary cilia of collecting 

duct cells in renal cortex, outer medulla and inner medulla in vivo. Mice were fed with 

0.2% lithium diet for 4 weeks. We used AQP2 as a bio-marker for renal principal 

collecting duct cells. Primary cilia were labeled with anti ADP-ribosylation factor like 

protein 13b (Arl13b), and the centrosomes of primary cilia were stained with anti-γ-

tubulin. The reason we used anti-Arl13b antibody instead of anti-acetylated α-tubulin 

antibody is that Arl13b is a bio-marker for primary cilia (reviewed in CHAPTER1 

Introduction), and it does not cross-stain with AQP2 in the kidney section. When anti-

acetylated α-tubulin antibody was used in the kidney section, it interfered with anti-AQP2 

antibody. Thus anti-Arl13b antibody was used in the study for good staining quality.  As 

showed in Figure 4.1 A, primary cilia were labeled with anti-Arl13b (in red) and attached 

to centrosome (in green). We measured primary cilia length as shown in Figure 4.1 B 

using measuring tool in Leica AF LITE software. Since renal collecting duct cells were 

the focus of the study, they were labeled with anti-AQP2 in white color as shown in 

Figure 4.1 C. We only measured primary cilia length in AQP-2 positive cells (merged 

imaged shown as Figure 4.1 D) of three regions of the kidney, cortex, outer medulla and 

initial inner medulla. 
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Figure 4.1 Representative immunofluorescent labeling of primary cilia, AQP2, and 

centrosome, and measurement of primary cilia length in renal outer medullary collecting 

duct cell of control and lithium-treated mice. Renal principal collecting duct cells were 

immunofluorescently stained with anti-AQP2 antibody (in white). Primary cilia were 

immunofluoresenctly stained with anti-Al13b antidy (in red). Centrosomes were 

immunofluoresently stained with anti-γ-tubulin antibody (in green). Nuclei were stained 

with Hoechst (in blue).  A: Merged image of primary cilia in renal outer medulla B: 

Length measurement of primary cilia in renal collecting duct cells C: Collecting duct 

labeling of primary cilia in renal outer medulla D: Merged image of primary cilia in renal 

outer medullary collecting duct cells 
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As shown in Figure 4.2, lithium increased primary cilia length of AQP2 positive cells in 

renal cortex, outer medulla and inner medulla. We manually measured the primary cilia 

length of AQP2 positive cells in both control and lithium-treated mice, using Leica-AF 

software. Following 4 weeks lithium treatment, primary cilia of AQP2 positive cells were 

increased to 2.46 ± 0.08 µM, 2.52 ± 0.05 µM and 2.15 ± 0.06 µM compared with control 

group 1.86 ± 0.06 µM, 1.77 ± 0.05 µM, and 1.85 ± 0.07 µM, in renal cortex, outer 

medulla, and inner medulla, respectively (Table 4.1).  

In addition, as shown in Figure 4.3, more primary cilia length was within the 

higher length range in renal cortex, outer medulla and inner medulla of lithium-treated 

mice compared to the control group (Raw data are presented in appendix 3). 

 

Rapamycin reduced the elongation of primary cilia in renal collecting duct principal cells 

of lithium-treated mice 

The mechanisms involved in primary cilia elongation are still unknown. 

Previous studies in the zebrafish showed that mTOR pathway may be responsible for 

regulating primary cilia length (30). To test if mTOR signaling pathway is involved in 

regulating primary cilia length of renal collecting duct cells in vivo, we measured cilia 

length in the kidney from mice that were treated with lithium plus rapamycin as described 

in APPENDIX 1 (44). Briefly, they received lithium for a month and were treated with 

rapamycin daily for the last two weeks. We measured primary cilia length of principal 

cells from collecting ducts in the renal cortex, outer medulla and inner medulla (as 

described above) from rapamycin/lithium-treated mice and compared the data to the 

control and lithium-treated groups. The average of primary cilia length in renal cortical 
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and outer medullary principal collecting duct cells of lithium/rapamycin group was 2.24 

± 0.07 µM and 2.16 ± 0.06 µM, which was a significant reduction in length compared to 

the lithium group 2.46 ± 0.08 µM and 2.52 ± 0.05 µM (Table 4.1).  

As shown in Figure 4.3, the number of primary cilia within the higher length 

ranges in renal cortex and outer medulla was decreased by rapamycin in lithium-treated 

mice (Raw data are presented as APPENDIX 3).  

These results suggested that rapamycin significantly reversed lithium-induced 

elongation of primary cilia in renal collecting duct cells of cortex and outer medulla areas. 

However, primary cilia in renal collecting duct cells of rapamycin/lithium treated mice 

were still longer than those of control group in renal cortex and outer medulla areas.   
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Figure 4.2 Immunofluorescent labeling of primary cilia in renal collecting duct cell of the 

kidney Representative confocal images of primary cilium in renal cortical (top), outer 

medullary (middle) and inner medullary (bottom) collecting duct principal cells.  Renal 

principal collecting duct cells were immunofluorescently stained with anti-AQP2 

antibody (in white). Primary cilia were immunofluoresenctly stained with anti-Al13b 

antidy (in red). Centrosomes were immunofluoresently stained with anti-γ-tubulin 

antibody (in green). Nuclei were stained with Hoechst (in blue).   
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Table 4.1 Primary cilia length measured in collecting duct principal cells from the renal  

cortex, outer medulla and inner medulla  

Primary cilia length of renal collecting duct cells is presented as mean ± SE, n=3. * 

Significant difference vs. control group # Significant difference vs. lithium group 

(Student’s t-test, p value < 0.05).  
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Figure 4.3 Histogram of event counts in renal cortex, outer medulla, and inner medulla 

within different length ranges. The number of primary cilia length was counted within 

each length range in renal cortex, outer medulla and inner medulla of control mice, 

lithium-treated mice and litium/rapamycin treated mice. renal cortex (top), outer medulla 

(middle) and inner medulla (bottom).    
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Lithium increases primary cilia length of renal collecting duct cells in vitro 

 To determine if lithium also increases primary cilia length of renal collecting 

duct cells in vitro, mIMCD3 cells were treated with 10mM lithium after 24h serum 

starvation.  Primary cilia of mIMCD3 cells were stained with anti-acetylated α-tubulin, 

and centrosomes of primary cilia were stained with anti-γ-tubulin. Representative 

immunofluoresence images demonstrated that primary cilia of lithium-treated mIMCD3 

were significant longer than those of control cells (Figure 4.4). Leica-AF software was 

used to measure the primary cilia length in mIMCD3 cells from control and lithium 

groups. The results were presented as a table in Table 4.2, showing that lithium elongated 

primary cilia in mIMCD3 cells (lithium-treated cells increased to 2.34 ± 0.03 µM 

compared with control cells 1.32 ± 0.02 µM). 

 

Rapamycin prevented lithium-induced elongation of primary cilia in mIMCD3 cells  

To determine if rapamycin blocks the increase of primary cilia length in lithium-

treated mIMCD3 cells, mIMCD3 cells were treated with 10mM lithium in absence or 

presence of 1nM rapamycin. As shown in Figure 4.4 and Table, 4.2, the primary cilia 

length of lithium/rapamycin-treated cells was significantly reduced to 1.63 ± 0.07 µM 

compared to lithium alone group 2.34 ± 0.03 µM. However, rapamycin did not 

completely block the elongation of primary cilia induced by lithium in mIMCD3 cells 

(lithium/rapamycin-treated cells increased to 1.63 ± 0.07 µM compared with control cells 

1.32 ± 0.02 µM, Table 4.2).  
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Figure 4.4 Immunofluorescent labeling of primary cilia in mIMCD3 cells Representative 

confocal images of primary cilium in control mIMCD3 cells (top), lithium-treated 

mIMCD3 cells (middle) and lithium/rapamycin-treated mIMCD3 cells (bottom).  Renal 

principal collecting duct cells were immunofluorescently stained with anti-AQP2 

antibody (in white). Primary cilia were immunofluoresenctly stained with anti-acetylated 

α-tubulin (in red). Centrosomes were immunofluoresenctly stained with anti γ-tubulin (in 

green). Nuclei were stained with Hoechst (in blue).  
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Table 4.2 Primary cilia length of mIMCD3 cells from control, lithium, and 

lithium/rapamycin treated groups 

 

Primary cilia length of mIMCD3 cells is listed as mean and SE, n=3 in control and 

lithium groups vs n=2 in lithium/rapamycin group. * Significant difference vs. control 

group # Significant difference vs lithium group (Student’s t-test, p value < 0.05). 
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DISCUSSION 

 

Lithium is known to elongate primary cilia length in NIH3T3 cells, cultured 

striatal neurons, fibroblast-like synoviocytes, PC-12 cells, astrocytes and KD cells (47; 

123; 128; 135).   However, it is still unknown if lithium alters primary cilia length in the 

renal cells, which is the focus of the study in CHAPTER 4. The present study showed 

that lithium increased the primary cilia length of renal collecting duct cells in renal cortex, 

outer medulla and inner medulla in vivo, and it also elongated the primary cilia of 

mIMCD3 cells in vitro. Rapamycin reversed lithium-induced primary cilia elongation in 

vivo and blocked lithium-induced the increase of primary cilia length in vitro. These 

results suggested that mTOR signaling pathway may be involved in regulating primary 

cilia length in the renal cells. 

 

Primary cilia elongation in the renal collecting duct cells 

Primary cilia are present in almost all the renal tubule epithelial cells with the 

exception of renal intercalated cells (18).  Primary cilia of the renal cells act as 

mechanosensor, sense the tubule flow, trigger Ca
2+

 influx increase intracellular Ca
2+

 

(145). The length of primary cilia is essential to their mechanosensation properties in the 

renal tubular cells. The total drag force generated by the flow is proportional to the square 

of cilia length (153).  As the importance of primary cilia length in the mechanosensation 

of renal tubular cells, we studied the alteration of primary cilia length in renal collecting 

duct cells response to lithium treatment.  
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In the study of CHAPTER 4, primary cilia length was increased in renal 

collecting duct of lithium-treated mice. To the best of our knowledge, our study is the 

first one to demonstrate lithium-induced elongation of primary cilia in the kidney in vivo. 

We also confirmed these observations in vitro that lithium treatment significantly 

increased primary cilia length in mIMCD3 cells, suggesting that lithium increases 

primary cilia length of renal collecting duct cells not only in vivo but also in vitro.  

It is unknown if the alternation of primary cilia in renal collecting duct causes 

ciliary function change in the lithium model. Since primary cilia length is associated with 

their mechanosensation properties, lithium-induced elongation of primary cilia in renal 

collecting duct cells may result in an increase of ciliary mechanosensation and ciliary 

functions. A recent study of renal epithelial cells showed that dopamine-receptor type 5 

(DR5), whose activation is responsible for inhibiting renal Na
+
 reabsorption, was 

localized in the primary cilia of procine kidney proximal tubule cells (LLCPK). The 

agonists of DR5, dopamine or fenoldopam, significantly increased the length of primary 

cilia in the LLCPK cells. In addition, dopamine or fenoldopam significantly increased 

flow-induced Ca
2+

 influx and intracellular Ca
2+

 release in the LLCPK cells. The 

relationship between the primary cilia length and ciliary function indicating as the flow-

induced Ca
2+

 response was determined in the graded-response curves, which showed that 

the increase of cilia function is proportional to the length of primary cilia in response to 

dopamine and fenoldopam  (177). According to their study, the increased primary cilia 

length may result in the larger drag force of primary cilia in response to flow and also an 

increase of Ca
2+

 influx via primary cilia. Although we did not measure the intracellular 

Ca
2+

, we could propose that the lithium-induced elongation of primary cilia may also 
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increase the cilia function as enhancing the flow-induced Ca
2+

 influx and intracellular 

Ca
2+

.  

However, we could not exclude the possibility that lithium-induced elongation 

of cilia may result in the decrease of ciliary function, and reduction of Ca
2+

 influx and 

intracellular Ca
2+

. As shown in the figure 4.2 and 4.4, some longer cilia in the lithium-

treated group were curly or folded together, which may cause lithium-induced the drag 

force applied onto the primary cilia smaller than the straight primary cilia with the same 

length. The previous zebrafish study demonstrated the relationship between the cilia 

length and the cilia mobility. The gene mutation-induced longer cilia in the zebrafish KV 

showed a slower motility compared to the normal length cilia in the wild-type zebrafish 

(196). According to this study, we could propose that lithium-induced longer cilia may 

cause less ciliary bending in response to the tubular flow, which may then decrease the 

Ca
2+

 influx in the renal cells. Thus, lithium-induced the elongation of primary cilia may 

decrease the cilia function. 

The future studies could focus on determining the effects of lithium-induced 

length alteration on the mechanosensation properties of primary cilia in renal collecting 

duct cells by measuring the Ca
2+

 influx in response to lithium.  

 

The mechanisms involved in primary cilia elongation in renal collecting duct cells  

Several previous studies and our study already provided the evidence supporting 

lithium-induced elongation of primary cilia. However, the mechanisms involved in 

regulating primary cilia length by lithium are still unknown. Several signaling pathways 

were proposed to regulate primary cilia length which may potentially contribute to 
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lithium-induced primary cilia elongation such as mTOR signaling pathway. In the study 

of CHAPTER 4, the role of mTOR pathway activation in regulating lithium-induced 

elongation of primary cilia length was determined by using the inhibitor of mTOR 

pathway rapamycin. As shown in CHAPTER 2 and CHAPTER 3, rapamycin reversed 

lithium activation of mTOR signaling pathway in renal collecting duct cells. In the 

present study, rapamycin significantly reduced primary cilia length in renal cortical and 

outer medullary collecting duct cells in lithium-treated mice. In renal inner medullary 

collecting duct cells of lithium-treated mice, it slightly reduced the primary cilia length, 

though it was not statistically significant. Rapamycin also blocked lithium-induced the 

increase of primary cilia length in mIMCD3 cells. These data support the role of mTOR 

pathway in regulating lithium-induced primary cilia elongation in renal collecting duct 

cells. 

 However, rapamycin did not completely reverse or block the increase of 

primary cilia length in renal collecting duct cells. The length of renal collecting duct 

primary cilia in lithium/rapamycin group was still higher than that in control group. One 

possibility is that other pathways or mechanisms may also contribute to lithium-induced 

primary cilia length elongation in renal collecting duct cells in vivo.  Lithium induced 

phosphorylation and inhibition of GSK3 in the study of CHAPTER 2 and CHAPTER 3. 

The inhibition of GSK3 by lithium was known be involved in regulating the length of 

cilia. Lithium inhibited GSK3 activity and increased the flagellar length in 

chlamydomonoas reinhardtii. The knockdown of GSK3 by RNA interference (RNAi) 

mimicked lithium-induced elongation of flagellae (190).  In KD cells, lithium increased 

acetylated α-tubulin via α-tubulin N-acetyltrasferase 1 (αTAT1) and elongated primary 
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cilia length. The inhibition of GSK3β also mimicked the effects of lithium, supporting the 

role of GSK3 in regulating lithium-induced primary cilia elongation (128). According 

these previous studies, we could propose that besides mTOR signaling pathway, GSK3 

pathway may also contribute to lithium-induced primary cilia elongation in renal 

collecting duct cells. However, the role of GSK3 in regulating lithium-induced primary 

cilia elongation was challenged by some other studies.  Lithium increased primary cilia 

length in NIH3T3 cells and FLS cells. The inhibition of GSK3 by its inhibitors did not 

change the length of primary cilia in these cells (47; 123). The next step of our study is to 

identify the role of GSK3 in regulating lithium-induced the increase of primary cilia 

length in renal collecting duct cells. To determine if the inhibition of GSK3 increases the 

primary cilia length of renal collecting duct cells, the inhibitor of GSK3 or GSK3 

knockout mice will be used in the future studies.  

The inhibition of adenylate cyclase III (ACIII) was also found to increase the 

primary cilia length in FLS cells, indicating the role of AC in regulating primary cilia 

length(135). Lithium was reported to inhibit different AC isoforms (47; 104; 105; 135). 

According the previous study, lithium-induced primary cilia elongation in the renal 

collecting duct cells may be mediated by the inhibition of AC. Future study is to clarify 

the role of AC inhibition in regulating lithium-induced elongation of primary cilia in the 

renal cells. To test if the inhibition of AC also increases the primary cilia length of renal 

collecting duct cells, collecting duct specific AC knockout mice will be used in the future 

studies.  

The study of CHAPTER 4 supported the role of lithium in regulating primary 

cilia length in renal collecting duct cells. However, lithium is known to disrupt the cAMP 
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pathway and impair the urine concentrating mechanisms, which results in the increase of 

renal tubule flow and reduction of cAMP levels (26; 47). Thus besides lithium, other 

factors such as mechanosenation of primary cilia or intracellular Ca
2+

 and cAMP may be 

also involved in regulating primary cilia length of renal collecting duct cells in lithium-

induced NDI model. The mechanical loading such as the cyclic compression reduced 

primary cilia length in chondrocytes compared to the control group (115). The inhibition 

of Ca
2+

 entry to the cell, or the activation of cAMP increased primary cilia length in 

IMCD cells (10). In lithium-induced the NDI model, if the increase of renal tubule flow 

enhances the primary cilia mechnosenstation and increases the Ca
2+

 flux in real collecting 

duct cells, primary cilia length may be downregulated by these factors, which will 

counterbalance lithium-induced elongation of primary cilia in renal collecting duct cells. 

The reduction of cAMP production in lithium-induced NDI model may also negatively 

regulate the primary cilia length in renal collecting duct cells. Thus, intracellular Ca
2+

, 

lithium-induced mechanosensation, and cAMP production in renal collecting duct cells 

may counterbalance lithium-induced elongation of primary cilia. The length of primary 

cilia in renal collecting duct cells of lithium-treated group may be the combination of the 

regulation from lithium, flow-induced mechanosensation and Ca influx and the cAMP 

level.  
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CHAPTER 5 DOES LITHIUM ACTIVATE HEDGEHOG SIGNALING PATHWAY IN 

RENAL COLLECTING DUCT CELLS?  

 

INTRODUCTION 

A recent study showed that long-term lithium treatment causes renal interstitial 

fibrosis in the rat kidney (181). However, the mechanisms and signaling pathways 

involved in lithium-induced renal fibrosis are still unknown. The hedgehog signaling 

pathway was found to regulate the formation of renal fibrosis in the UUO (unilateral 

ureteral obstruction) model and UIRI (unilateral ischemia reperfusion injury) model(31). 

Thus, we hypothesize that lithium activates hedgehog signaling pathway in renal 

collecting duct cells, which may potentially contribute to the lithium-induced renal 

interstitial fibrosis.  

When the hedgehog signaling pathway is inactivated, Ptch1 (Patched) inhibits 

the translocation of Smo (Smoothened) into the primary cilia, and Sufu-Gli complex 

convert Gli full length into its repressor form such as Gli3 repressor, which then 

translocate into the cell nuclei to block the target gene transcription. When the hedgehog 

signaling pathway is activated, Ptch1 removes its inhibition on Smo ciliary translocation 

and triggers the accumulation of Smo and Sufu-Gli complex in the primary cilia. The 

Sufu-Gli complex then disassociates and processes Gli into its active form such as Gli1, 

which then translocate into the cell nuclei to stimulate the target gene transcription such 

as Gli1, Pthch1 and Cyclin D1 gene transcription. Thus, the Gli1, Gli3R and Ptch1 are 

the read-out of hedgehog signaling pathway activation (64; 133; 162; 192).  
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METHODS 

Animals: Mice used in Gli3 western blot in vivo study were purchased and maintained as 

previously described in Chapter 3 METHODS. Briefly, mice were fed with control diet 

or 0.2% lithium diet for 4 weeks. Mice were euthanized, and kidneys were dissected into 

renal cortex and processed into protein samples for western blot. 

 

mIMCD3 cells: mIMCD3 cells used in western blot study and mRNA expression study 

were cultured in mIMCD3 cell culture medium at 37 ºC in 5% CO2 atmosphere, as 

previously described in Chapter 3 METHODS.  Three mIMCD3 cell studies were 

conducted. In the first study, mIMCD3 cells were serum starved for 24h, and then treated 

with 10mM LiCl under serum starvation for another 24h. The cells were then processed 

into RNA samples for real-time PCR assay or into protein samples for western blot. In 

the second study, mIMCD3 cells were serum starved for 24h, and treated with 10mM 

LiCl in absence or presence of 40µM Smoothened inhibitor GDC0449 (Selleck, S1082) 

for another 24h under serum starvation. mIMCD3 cells were then harvested and 

processed into RNA samples for real-time PCR assay. In the third study, mIMCD3 cells 

were serum starved for 24h, and treated with 0.2µM Smoothened Agonist (SAG, gifted 

by Dr. Kimberly Mcdermott lab, University of Arizona) for another 24h under serum 

starvation. The cells were harvested for RNA isolation and real-time PCR. 

 

Tissue sample protein isolation: Renal cortex protein was isolated following the protein 

isolation procedures described in Chapter 3 METHODS. Briefly, renal cortex was 

homogenized by the tissue homogenizer in isolation solution. After protein concentration 
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was determined using BSA protein assay, renal cortex homogenate was then added 

Lammeli sample buffer and denatured at 60 ºC for 15 min.  

 

Cell sample protein isolation: mIMCD3 cells were also harvested for protein western blot 

as previously described in Chapter 3 METHODS. Briefly, cells were harvested in RIRA 

lysis buffer with protease inhibitor and phosphatase inhibitor added. After centrifuging 

the protein lysates, the supernatant was added Lammeli sample buffer and denatured at 

94 ºC for 4 min. Protein concentration was determined by BSA protein assay.  

 

Western Blot:  Western blot of renal cortex protein samples and mIMCD3 protein 

samples were performed as previously described in Chapter 3 METHODS. The primary 

antibodies used in western blot were listed as follow, anti-Gli1 mouse antibody (1:1000 

dilution, Cell Signaling 2643) and anti-Gli3 human/mouse antibody polyclonal goat IgG 

(1:200 dilution, R&D Systems AF3690). The secondary antibodies used in the studies 

were anti-mouse IgG HRP-linked antibody (1:2000 dilution, Cell Signaling 7074) or anti-

goat IgG HRP-linked antibody (1:2000 dilution, Santa Cruz sc-2304). Gli1 and Gli3 

western blot images were visualized using Supersignal West Femto Maximum Sensitivity 

Substrate by Quantity One system. The density of Gli1 and Gli3 was also quantified by 

Quantity One. The results are expressed as mean ± SE.  

 

RNA isolation in mIMCD3 cells: RNA purification, amplification and cDNA production 

were followed procedures as previously described (72; 116). Qiagen RNeasy Mini Kit 

(Qiagen, 74104) was used to isolate RNA in mIMCD3 cells. Briefly, mIMCD3 cells were 
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harvested in isolation RLT buffer (Qiagen, buffer composition) containing 1% β-

mercaptoethanol. The cell lysate was shredded through QIAshredder column (Qiagen, 

79654), added 1 X volume of 75% ethanol, and then centrifuged through RNeasy mini 

spin column. After washing with RW1 buffer (Qiagen, buffer composition), RNeasy mini 

spin column was incubated in 80µl DNase digestion solution (Qiagen, 79254) to remove 

potential DNA contamination at room temperature for 15mins, and then washed with 

RPE buffer (Qiagen, buffer composition). RNA was eluted from RNeasy mini spin 

column using RNase free water, and quantified by Nanodrp® ND 1000 

spectrophotometer (Wilmington, DE).  

 

Real-time PCR assay: mRNA expression of Gli1, Ptch1 and Cyclin D1 was determined 

using real-time PCR assay as previously described (72). Briefly, total 2.0 µg or 2.7µg 

RNA was reverse transcribed at 37 ºC for 1h and 92 ºC for 5min, using reverse 

transcription reaction mix containing 0.1 M DTT (Invitrogen, 28025-013), 1
st
 strand 

buffer (Invitrogen, 28025-013), 3 µg/µl random primers (Invitrogen, 48190-011), 50 µM 

oligo dT primers (Ambion, AM-5730G), 10 mM dNTP (Invitrogen, 10297-018), 40 U/µl 

RNase inhibitor (Invitrogen, 10777-019), M-MLV reverse transcriptase (Invitrogen, 

28025-013).  The original RT reaction product was diluted 1:25. The diluted RT reaction 

product (2 µl) was mixed with SYBR® Green qPCR Master Mix (Stratagene, 600581) 

and 2.5 pmol of forward and reverse primers. The forward and reverse primers were 

designed using Primer3 (158). Primer sequences used in the studies were listed as follows:  

Dynactin F: GGCTCTTATTGGATGAGGT, R: ACTCCACGGTACAACAG;  

Gli1 F: CAGGTGTGTAACGCTCTGGA, R: GAGGGAGATGGGGTGTTTTT;  
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Ptch1 F: GTTCTCACAACCTCGGAAC, R: CAACAGTCACCGAAGCAGAA;  

Cyclin D1 F: ATGGTGATGGGGTGAGGTT, R: GCTGGTCACATGTCTGTGCT.   

The reactions were performed in triplicate at 95 ºC for 5 min, and then 95 ºC for 15 s, 60 

ºC for 30 s for 40 cycles on RoterGene RG3000 (Qiagen, Valencia, CA).  A melt cycle 

was also performed from 60 ºC to 99 ºC to identify the specificity of PCR product. Ct 

values with threshold were set within the exponential phase of the PCR curve, whose 

values were normalized to dynactin mRNA in parallel samples, and then used to calculate 

the genes of interest mRNA expression.  

 

Statistics:  The significant difference between two experimental groups was determined 

by Student t-test (* vs. control group, # vs. lithium group, p values < 0.05).  

 

RESULTS 

Does lithium activate the hedgehog signaling pathway in renal collecting duct cells in 

vitro? 

To test if lithium activates hedgehog signaling pathway in renal collecting duct 

cells in vitro, mIMCD3 cells were treated with 10mM lithium after serum starvation. In 

the study, Gli1, Ptch1 and Cyclin D1 mRNA expression was significantly increased in 

lithium-treated mIMCD3 cells (Gli1: Con 1.00 ± 0.82 vs Li 43.56 ± 0.17, p value < 0.05; 

Ptch1: Con 1.00 ± 0.14 vs Li 1.46 ± 0.05, p value < 0.05; Cyclin D1: Con 1.00 ± 0.07 vs 

Li 1.91 ± 0.05, p value < 0.05), suggesting that lithium activates hedgehog signaling 

pathway in renal collecting duct cells in vitro (Table 5.1).  
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Table 5.1 Effect of lithium on gene expression in mIMCD3 cells 

SYBR Green I real-time PCR assay was used to derive Ct values to calculate mRNA 

expression of Gli1, Ptch1 and CyclinD1 in mIMCD3 cells. The results were expressed as 

mean relative abundance to control (100%) ± SE, n=3. * Significant difference vs. control 

(Student’s t-test, p value < 0.05).  
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To confirm lithium-induced hedgehog pathway activation at protein level, Gli1 

and Gli3 protein expression in control and lithium treated mIMCD3 cells were examined 

by western blot. Lithium significantly increased protein expression of Gli1 in mIMCD3 

cells (Con 100 ± 3 vs Li 155 ± 4%, p value < 0.05). The protein expression of Gli3 full 

length and Gli3 repressor were significantly decreased in lithium-treated mIMCD3 cells 

(Gli3FL: Con 100 ± 2 vs Li 76 ± 1%, p value < 0.05; Gli3R: Con 100 ± 5 vs Li 65 ± 2%, 

p value < 0.05; Figure 5.1). These data suggested that lithium activates hedgehog 

signaling pathway in renal collecting duct cells. 
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Figure 5.1 Hedgehog signaling pathway is activated by lithium in mIMCD3 cells. 

Western blot of the whole cell lysates from control and lithium mIMCD3 cells were 

probed for Gli1 (top) and Gli3 antibodies (Gli3 full length, middle; Gli3 repressor, 

bottom). Each lane represents a whole mIMCD3 cell lysate. Densitometry results of Gli1 

and Gli3 are presented as mean ± SE, n=3. * Significant difference vs. control group 

(Student’s t-test, p value < 0.05).  
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Lithium downregulated Gli3 repressor protein expression in renal cortex in vivo 

To determine if lithium also activates hedgehog pathway in vivo, we fed mice 

lithium for 4 weeks. Following 4 weeks lithium diet, Gli3 repressor was significantly 

reduced in renal cortex (Con 100 ± 6 vs Li 82 ± 4%, p value < 0.05). Gli3 full length 

protein expression was slightly decreased in the renal cortex of lithium treated mice, 

though it was not significant (Figure 5.2).  
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Figure 5.2 Gli3 repressor was downregulated in renal cortex of lithium-treated mice. 

Western blot of Gli3 full length (top) and Gli3 repressor (bottom) protein abundance in 

renal cortex from control and lithium treated mice. Each lane represents a homogenate 

from an individual mouse renal cortex. Densitometry results of Gli3FL and Gli3R are 

expressed as mean ± SE, n=5. * Significant difference vs. control group (Student’s t-test, 

p value < 0.05).  
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Does Smoothened inhibitor block lithium-induced hedgehog pathway activation in 

mIMCD3 cells? 

To determine if lithium-induced hedgehog pathway activation is Smoothened 

dependent, mIMCD3 cells were treated with 10mM lithium or lithium/40µM GDC0449 

(Smoothened inhibitor, Smoi) for 24h. Hedgehog pathway target gene expression in 

control, lithium, and lithium/Smoi groups was analyzed using real-time PCR analysis. 

Lithium increased mRNA expression of Gli1 and Ptch1 in mIMCD3 cells (Gli1: Con 

1.00 ± 0.16 vs Li 35.49 ± 0.02, p value < 0.05; Ptch1: Con 1.00 ± 0.12 vs Li 1.41 ± 0.09, 

p value < 0.05). Smoothed inhibitor GDC0449 prevented these increases in lithium-

treated cells (Gli1: Li 35.49 ± 0.02 vs Li/Smoi 20.42 ± 0.17, p value < 0.05; Ptch1: Li 

1.41 ± 0.09 vs Li/Smoi 1.00 ± 0.15, p value < 0.05; Figure 5.3 A and B). However, 

Smoothened inhibitor had no effect on lithium-induced increase of Cyclin D1 mRNA 

expression in mIMCD3 cells (Figure 5.3 C). 

 

Does Smoothened agonist (SAG) potentiate lithium-induced activation of hedgehog 

signaling pathway in mIMCD3 cells? 

To determine if lithium-induced hedgehog pathway activation is Smoothened 

dependent, mIMCD3 cells were treated with l0mM lithium or 0.2µM SAG or the 

combination of both lithium and SAG for 24h. As shown in Figure 5.4, lithium increased 

mRNA expression of Gli1, Ptch1 and Cyclin D1 (Gli1: Con 1.00 ± 0.39 vs Li 40.93 ± 

0.07, p value < 0.05; Ptch1: Con 1.00 ± 0.09 vs Li 1.62 ± 0.10, p value < 0.05; CyclinD1: 

Con 1.00 ± 0.17 vs Li 1.50 ± 0.01, p value < 0.05), which was potentiated by SAG 

treatment in mIMCD3 cells (Gli1: Li 40.93 ± 0.07 vs Li/SAG 75.00 ± 0.08, p value < 
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0.05; Ptch1: Li 1.62 ± 0.10 vs Li/SAG 3.24 ± 0.06, p value < 0.05; CyclinD1: Li 1.50 ± 

0.01 vs Li/SAG 1.77 ± 0.02, p value < 0.05). SAG alone also increased Gli1 and Ptch1 

mRNA expression (Gli1: Con 1.00 ± 0.39 vs SAG 2.79 ± 0.39, p value < 0.05; Ptch1: 

Con 1.00 ± 0.09 vs SAG 2.55 ± 0.08, p value < 0.05; Figure 5.4).  
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Figure 5.3 Effects of Smoothened inhibitor GDC0449 on lithium-induced activation of 

hedgehog signaling pathway in mIMCD3 cells. SYBR Green I real-time PCR assay was 

used to analyze mRNA expression of Gli1, Ptch1 and CyclinD1 in control, lithium, 

lithium/GDC0449 treated cells. The results are expressed as mean relative abundance to 

control (100%) ± SE, n=3. * Significant difference vs. control group # Significant 

difference vs. lithium group (Student’s t-test, p value < 0.05). A: Gli1 mRNA expression. 

B: Ptch1 mRNA expression. C: CyclinD1 mRNA expression. 
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Figure 5.4 Effects of Smoothened agonist (SAG) on lithium-induced activation of 

hedgehog signaling pathway in mIMCD3 cells. SYBR Green I real-time PCR assay was 

used to analyze mRNA expression of Gli1, Ptch1 and CyclinD1 in control, lithium, 

lithium/SAG, and SAG treated cells. The results are expressed as mean relative 

abundance to control (100%) ±SE, n=3. * Significant difference vs. control group # 

Significant difference vs. lithium group (Student’s t-test, p value < 0.05). A: Gli1 mRNA 

expression. B: Ptch1 mRNA expression. C: CyclinD1 mRNA expression.   
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DISCUSSION 

A recent study of patients with chronic lithium therapy showed that both kidneys 

had focal interstitial inflammation, tubular atrophy, tubular cysts and interstitial fibrosis 

(6). The mechanisms involved in lithium-induced interstitial fibrosis are still under 

investigation. Hedgehog signaling pathway may be involved in lithium-induced kidney 

fibrosis. The study of CHAPTER 5 is to determine whether hedgehog signaling pathway 

is activated by lithium in renal collecting duct cells, which may potentially contribute to 

the renal fibrosis.  

 

The role of hedgehog signaling pathway in the lithium-induced nephropathy 

When the hedgehog pathway is activated, Ptch1 removes its inhibition on Smo, 

which actives Sufu-Glis complex ciliary translocation, processes Glis into their active 

forms, and translocate Glis activator into nuclei to promote target gene transcription (64; 

133; 162). Gli1 and Ptch1 are two of the target genes of Glis activator in response to Smo 

activation and hedgehog ligand binding, which act as read out of hedgehog pathway 

activation (107) (113) (71). Hedgehog pathway is also known to regulate cell cycle, 

whose activation promotes the cell cycle regulator, Cyclin D and Cyclin E, gene 

transcription (34). The activation of hedgehog by Shh also increased the expression of 

Cyclin D1 (73).  In addition, Gli3 is involved in modulating hedgehog signaling pathway 

activation, and it can be cleaved from Gli3 full length (Gli3FL, 190 kDa) into Gli3 

repressor (Gli3R, 83 kDa), which acts as the repressor of hedgehog pathway, mediating 

by cAMP-PKA (12; 183).   
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In the study of CHAPTER 5, real-time PCR assay was used to detect the mRNA 

expression of hedgehog pathway target genes in lithium-treated mIMCD3 cells. Lithium 

significantly increased the mRNA expression of Ptch1, Gli1 and Cyclin D1. Western blot 

was also used to confirm real-time PCR results. Lithium treatment significantly increased 

protein expression of Gli1 and downregulated protein expression of Gli3FL and Gli3R in 

mIMCD3 cells. Thus, both real-time PCR results and western blot results suggested that 

lithium activated the hedgehog signaling pathway in renal collecting duct cells in vitro.  

To determine if lithium activates hedgehog signaling pathway also in vivo, mice 

were fed with lithium diet for 4 weeks. Lithium treatment significantly decreased Gli3R 

protein expression in the renal cortex. However, we did not successfully detected Gli1 

protein expression in the kidney samples due to the lack of a good antibody for the tissue 

sample. These data suggests that lithium may also activate hedgehog pathway in the renal 

cells in vivo. Further studies are required to confirm the activation of hedgehog pathway 

in vivo.   

The study of CHAPTER 5 already demonstrated that lithium activates hedgehog 

signaling pathway in renal collecting duct cells. The role of hedgehog pathway in 

lithium-induced nephropathy still needs to be determined in future studies. Hedgehog 

signaling pathway is activated and involved in regulating liver fibrosis and systemic 

sclerosis (SSc) (56; 141). Systemic sclerosis is characterized by the tissue fibrosis on the 

skin in the lungs, heart and gastrointestinal tract. The sonic hedgehog (Shh) ligand and 

Ptch1 was increased in SSc patients’ skin. The overexpression of SHH increased dermal 

thickness, myofibroblasts and collagen maker hydroxyproline content in the mice, 

suggesting that the activation of hedgehog signaling pathway induces fibrosis in the skin 
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of mice (57). The inhibition of hedgehog signaling pathway by Smo inhibitor or by small 

interfering RNA against Smo decreased the skin thickness, reduced α-SMA and 

hydroxyporline content in the skin fibrosis mouse model (56). The similar results were 

observed in the mice model of liver fibrosis, in which the expression of shh and Gli2 was 

significantly increased. The Smo inhibitor GDC0449 successfully reduced hedgehog 

activation and improved liver fibrosis (141).  These previous studies suggested that the 

activation of the hedgehog pathway was associated with development of renal fibrosis.  

Chronic lithium treatment induces interstitial fibrosis in both human and rat 

model (6; 181). In the rat lithium model, α-smooth muscle actin was increased in renal 

inner medulla, outer medulla and cortex with chronic lithium treatment from 3 month up 

to 6 month, indicating lithium-induced fibrosis in the kidney (181). More recently, 

hedgehog signaling pathway was demonstrated to be involved in regulating renal fibrosis 

in UUO model and UIRI model. The key components of hedgehog pathway, Ptch1 and 

Gli1, were increased in UUO model and UIRI model, whose downregulation by Smo 

inhibitor improved renal fibrosis, suggesting the role of hedgehog signaling pathway in 

kidney fibrosis (31; 37). Since hedgehog signaling pathway plays an important role in 

regulating fibrosis, we could propose that the activation of hedgehog pathway in the renal 

cells may be involved in lithium-induced kidney fibrosis. In the study of CHAPTER 5, 

mice were only treated with one month lithium diet and did not observe any increase of 

renal fibrosis (data are not shown). In the future, the chronic lithium treatment may be 

used to determine whether lithium-induced activation of hedgehog pathway is associated 

with renal fibrosis in lithium model. The Smo inhibitor such as GDC0449 may be used to 
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determine if the inhibition of hedgehog pathway activation improves lithium-induced 

renal fibrosis.      

 

The mechanisms involved in lithium-induced hedgehog pathway activation 

To the best of our knowledge, the study of CHAPTER 5 is the first study 

showed that lithium activates hedgehog signaling pathway in the renal collecting duct 

cells. It is still unknown how lithium activates hedgehog pathway in renal cells. Smo is a 

key regulator of hedgehog pathway activation, which is trafficking to the cilia and 

activates the downstream of the hedgehog when the pathway is on (64; 133; 162). To 

study whether lithium-induced hedgehog pathway activation in the renal collecting duct 

cells is Smo-dependent, the Smo inhibitor (GDC0449) or Smo agonist (SAG) were used 

to treat mIMCD3 cells along with lithium.  

The inhibition of Smo prevented lithium-induced increase of Ptch1 mRNA 

expression in mIMCD3 cells. However it partially blocked lithium-induced increase of 

Gli1 mRNA expression. These data suggested that lithium-induced activation of 

hedgehog pathway in renal collecting duct cells may be not only through a classic Smo-

dependent pathway but also via a non-classic Smo-independent pathway. These findings 

were confirmed by using SAG, the agonist of Smo activation. SAG significantly 

increased mRNA expression of Gli1 and Ptch1 in mIMCD3 cells, and also potentiated 

lithium-induced increase of Gli1 and Ptch1 mRNA expression, suggesting that lithium 

activates hedgehog signaling pathway in renal collecting duct cells may via both Smo-

dependent classic pathway and Smo-independent non-classic pathway. However, the 

study of CHAPTER 5 did not determine the mechanisms and signaling pathways 
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involved in the Smo-independent hedgehog pathway activation by lithium in the renal 

collecting duct cells. 

More recent studies showed that hedgehog signaling pathway cross-talks with 

mTOR signaling pathway (186).  In esophageal adenocarcinoma (EAC) cells, tumor 

necrosis factor-α (TNF-α) increased Gli1 expression in a Smo-independent manner. Since 

TNF-α-induced promotion of Gli1 activity was blocked by rapamycin, mTOR signaling 

pathway was suggested to be involved in regulating the activation of hedgehog pathway 

by TNF-α. The study also showed that the mTOR pathway downstream component S6K1 

induced phosphorylation of Gli1, which was abolished by rapamycin treatment in BE3 

cells (186).  

This study supports our findings that Smo inhibitor partially blocked the 

increase of Gli1 mRNA expression in lithium-treated mIMCD3 cells, but completely 

blocked the increase of Ptch1 mRNA expression. It is possible that lithium-induced 

mTOR activation is also involved in regulating hedgehog signaling activation 

independent of Smo in renal collecting duct cells.  In summary, our previous study 

showed that lithium activates mTOR signaling pathway in renal collecting duct cells via 

Akt/mTOR/rS6 pathway (44). Thus, the smo-independent pathway of hedgehog 

activation in lithium-treated renal collecting duct cells may be mediated by mTOR/rS6 

pathway. Rapamycin can be used in the future studies to determine the cross-talk between 

lithium-induced mTOR signaling pathway and hedgehog pathway in the renal collecting 

duct cells.  
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CHAPTER 6: DISCUSSION 

 

Brief summary of results 

Lithium is the most effective treatment for bipolar disorder, and may be 

potentially used as a treatment of neurodegenerative diseases (22; 23; 109). Patients with 

the chronic lithium treatment have chronic tubulointerstitial nephropathy including 

lithium-induced NDI, the formation of microcysts in their kidneys along the cortical-

medullary renal tubule axis, and severe interstitial fibrosis, which in some cases 

progresses into end-stage renal disease (ESRD) (38; 108; 108; 173; 181). However, the 

mechanisms and signaling pathways involved in lithium-induced renal nephropathy are 

still not uncovered. The purpose of our study is to understand the mechanisms and 

signaling pathways involved in nephropathy induced by lithium treatment.  

Similar to our lithium model, polycystic kidney disease is also associated with 

the abnormal renal cell proliferation, the formation of fluid-filled cysts in the kidney, and 

the severe interstitial fibrosis (182). In polycystic kidney disease model, mTOR pathway 

activation is responsible for abnormal renal proliferation and the cysts formation (63). 

Since polycystic kidney disease is a ciliopathy, primary cilia are involved in regulating 

renal cell proliferation and in modulating mTOR pathway activation (14; 99). In addition, 

previous study suggests that renal fibrosis is associated with the activation of hedgehog 

signaling pathway (31; 37). Thus, the overall hypothesis of our study is that activation of 

mTOR signaling pathway, primary cilia, and activation of hedgehog signaling pathway 

contribute to lithium-induced nephropathy.  
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As shown in our published study (CHAPTER 2 and APPENDIX 1), lithium 

activated mTOR signaling pathway in renal medullary collecting duct cells, which may 

be via activating Akt/TSC2/rS6 pathway. The inhibition of mTOR activation by 

rapamycin reversed lithium-induced renal cell proliferation in renal inner medulla. 

Rapamycin also reduced lithium-induced increase of cell cycle modulator gene 

expression such as Egr-1 mRNA expression in renal inner medulla. However, rapamycin 

did not improve lithium-induced downregulation of urine osmolality, and the reduction of 

CD (collecting duct) protein, AQP2 and urea transporter UTA1 in the renal inner medulla.  

In CHAPTER 3, lithium increased renal collecting duct proliferation in renal 

cortex, which was then prevented by rapamycin treatment, confirming the study of 

CHAPTER 2 that mTOR pathway activation is responsible for regulating lithium-induced 

renal cell proliferation in vivo. Lithium also activated mTOR signaling pathway in renal 

collecting duct cells in vitro. To determine the role of primary cilia in regulating lithium-

induced activation of mTOR and cell proliferation, primary cilia deficient MEF cells, 

IFT20 -/- MEF cells and Kif3a -/- MEF cells, were used in the study of CHAPTER 3.  

Lithium-induced activation of mTOR and cell proliferation was intact in control MEF 

cells, however abolished in primary cilia deficient MEF cells.   

In CHAPTER 4, the focus of the study was primary cilia length regulation in 

renal collecting duct cells in response to lithium treatment. Lithium increased primary 

cilia length in renal collecting duct in renal cortex, outer medulla, and inner medulla in 

vivo. Rapamycin reversed the increase of primary cilia length in renal cortical and outer 

medullary collecting duct cells in vivo. It also blocked lithium-induced elongation of 

primary cilia in mIMCD3 cells in vitro. These data suggest that lithium induced primary 
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cilia elongation in renal collecting duct, which may be mediated by mTOR signaling 

pathway. 

In CHAPTER 5, the focus of the study was to determine if lithium activates 

hedgehog pathway in the response to lithium in renal collecting duct cells. The real-time 

PCR results and western blot results suggest that lithium activates hedgehog signaling 

pathway in renal collecting duct cells. 

 

mTOR signaling pathway and renal cell proliferation in the lithium model 

The relationship between mTOR signaling pathway and lithium-induced renal 

cell proliferation was well studied in CHAPTER 2 study (published as APPENDIX 1) 

and CHAPTER 3 study. We hypothesize that mTOR signaling pathway may be 

responsible for lithium-induced renal collecting duct cell proliferation. Previously, the 

immunohistochemistry assay, the gene microarray and proteomic analysis showed that 

lithium increased renal cell proliferation, upregulated the expression of cell cycle 

modulator, and activated cell proliferation associated pathways such as PKB/Akt and 

GSK3β pathways (24; 130; 156). Our study confirmed these previous studies that lithium 

increases renal collecting duct cell proliferation both in vivo and in vitro. The results of 

western blot, immunohistochemistry, and real time PCR in CHAPTER 2 and 3 provided 

evidence supporting that lithium-induced renal cell proliferation is mediated by the 

activation of mTOR signaling pathway.   

Lithium activated mTOR signaling pathway in renal collecting duct both in vivo 

and in vitro. Lithium increased the phosphorylation of mTOR, rS6, TSC2 and Akt, 

suggesting that lithium activates mTOR signaling pathway via a classic pathway 
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Akt/TSC2/rS6 pathway. The inhibition of mTOR by rapamycin blocked the activation of 

rS6 in lithium-treated group, however, did not have effects on lithium-induced activation 

of Akt and TSC2. These data suggest that the mTOR downstream component rS6 is 

rapamycin sensitive. Rapamycin does not have effects on the upstream of mTOR 

signaling pathway. 

Different from p-rS6, the phosphorylation of 4EBP was significantly increased 

by lithium in vitro but not in vivo. Rapamycin did not reduced p-4EBP expression in 

renal medulla of lithium-treated mice. These data suggest that 4EBP and rS6 may play a 

different role in regulating lithium-induced renal cell proliferation in vivo.  The CNS 

injury study supported the difference role of two mTOR downstream components. Optic 

nerve regeneration is mediated by rS6K activation not 4EBP activation in optic nerve 

crush mice model (195). Other studies also showed that rS6 is sensitive to rapamycin. 

However, rapamycin does not have potent inhibitory effects on p-4EBP (39; 172).   

In the present study, lithium activated mTOR signaling pathway in renal 

collecting duct cells via Akt/TSC2/rS6 pathway. Besides PI3K/Akt pathway, mTOR 

signaling pathway is known to be regulated through GSK3β pathway, ERK pathway and 

AMPK pathway (41). Future studies may focus on identifying the upstream pathways of 

mTOR activation induced by lithium in renal collecting duct cells, using specific 

inhibitors of each pathway. PI3K/Akt pathway inhibitor such as wortmannin or 

LY294002 could be used to confirm the Akt/TSC2-mediated activation of mTOR 

pathway by lithium.  The specific activators or inhibitors of ERK pathway or AMPK 

pathway may also be used to identify if lithium activates mTOR pathway via these 

upstream signaling pathways.  
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In the present study, mTOR signaling pathway was shown to mediate lithium-

induced renal cell proliferation. The inhibition of lithium-induced mTOR activation may 

be a potential way to prevent cyst formation in patients with lithium therapy. However, 

rapamycin in the present study slightly reduced urine osmolality and AQP2 expression in 

lithium-treated mice. Thus, it may have unwanted effects on urine concentrating 

mechanisms, suggesting that rapamycin is not an ideal treatment for long-term lithium 

therapy-induced microcysts formation in the kidney. As mentioned above, if future 

studies could identify the upstream signaling pathway of mTOR activation in the lithium 

model, the inhibitors or activators of mTOR upstream pathway may potentially be tested 

in vivo to determine whether they are the better drug to treat lithium-induced renal cell 

proliferation and the formation of renal microcysts. 

In the present study, lithium was shown to increase renal collecting duct cell 

proliferation in inner medulla and cortex in vivo, and in mIMCD3 cells in vitro. However, 

the limitation of our study became the conclusion of lithium-induced renal cell 

proliferation is based on the increase of PCNA expression, which is a protein marker for 

S phase of the cell cycle. A recent study showed that lithium induces G2 arrest in renal 

principal collecting duct cells with an increase of PCNA staining (28). Thus, future 

studies may use a cell proliferation marker other than PCNA to determine if lithium 

promotes cell proliferation in renal collecting duct.  

 

Primary cilia and renal cell proliferation in the lithium model 

The relationship of primary cilia and lithium-induced renal cell proliferation was 

studied in CHAPTER 3. We hypothesize that primary cilia are necessary for lithium-
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induced renal cell proliferation. As reviewed in CHAPTER 1, primary cilia are known to 

modulate the renal cell proliferation and renal cyst formation in polycystic kidney disease 

(PKD). However, previous studies showed conflicting results in the role of primary cilia, 

which may be due to the different animal models used in the studies. One study showed 

the loss of primary cilia reduced renal cysts in PKD1 or PKD2 knockout PKD mouse 

models (99). The other study showed that the loss of primary cilia increased renal cell 

proliferation and enhanced the renal cysts in unilateral nephrectomy model (8). In our 

studies, the loss of primary cilia prevented lithium-induced cell proliferation, suggesting 

that mTOR-mediated proliferation is primary cilia dependent. 

We used Kif3a knockout MEF cells to monitor the proliferation after lithium 

treatment. Kif3a is known as the motor subunit of Kinesin-II complex, which powers the 

IFT anterograde ciliary protein transport. Kif3a is necessary for ciliary formation, and 

loss of function (95). However, loss of primary cilia may not be the only effect resulted 

from the deletion of Kif3a in cells. Kif3a was found to be associated with changes in 

microtubular dynamics and cell migration. The deletion of Kif3a in MDCK cells reduced 

microtubule growth rate and cell migration (13). More recently, Kif3a was demonstrated 

to be involved in cell proliferation in advanced prostate cancer (96). Thus, one limitation 

became that our study could not exclude other roles of Kif3a play in regulating cell 

function other than ciliary formation. Therefore, there is a possibility that abolishment of 

lithium-induced cell proliferation in Kif3a -/- MEF cells is not only due to the loss of 

primary cilia. Future studies using other primary cilia deficient cells such as IFT20 

knockout cells and IFT88 knockout cells or deleting primary cilia in cells using mechano- 

or chemical- tools could resolve this issue.  
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In addition, only MEF cells were used in our study to study the role of primary 

cilia in regulating lithium-induced renal cell proliferation, which may not be a good 

representative of renal collecting duct cells. Future studies may use mIMCD3 cells as a 

renal collecting duct cell model. The knockout of ciliary formation genes such as IFT20 

or Kif3a or IFT88 in mIMCD3 will help to identify the role of primary cilia in regulating 

lithium-induced renal collecting duct cell proliferation. The Kif3a knockout mice or 

IFT20 knockout mice or IFT88 knockout mice may also be used in future studies to 

determine whether primary cilia modulate lithium-induced renal collecting duct cell 

proliferation in vivo.   

  

mTOR signaling pathway and primary cilia in the lithium model 

The relationship between lithium-induced mTOR pathway activation and 

primary cilia was studied in CHAPTER 3 and 4. We hypothesize that primary cilia are 

necessary for lithium-induced mTOR pathway activation. We also hypothesized that 

lithium elongates primary cilia length, which is mediated by mTOR signaling pathway in 

renal collecting duct cells. Previous PKD studies showed that the loss of primary cilia in 

the renal cells released inhibition of mTOR pathway and triggered mTOR activation (8; 

14). In our study, the activation of mTOR signaling pathway by lithium was abolished in 

Kif3a -/- MEF cells and IFT20 -/- MEF cells, which are primary cilia deficient, 

suggesting that lithium-induced mTOR pathway activation may be primary cilia 

dependent. However, as mentioned above, Kif3a is involved in regulating cell functions 

other than the formation of primary cilia. As reviewed in CHAPTER 1, IFT20 was also 

involved in cellular vesicle trafficking. Thus our study did not exclude the possibility that 
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abolishment of mTOR pathway activation by lithium treatment may be due to the 

disturbance of other cellular function and not only the loss of primary cilia.    

It is still unknown how exactly primary cilia modulate lithium-induced 

activation of the mTOR pathway. Primary cilia are known as dynamic structure balancing 

between the ciliary assembly and disassembly, which depends on protein trafficking from 

the cell to the cilia and from the cilia back into the cells (5; 68; 111; 112; 139). Since 

many proteins are transported into the cilia or out of the cilia, primary cilia act as a 

perfect platform for protein-protein interaction. Previous study showed that Lkb1 was 

localized in primary cilia and the basal body of the MDCK cells, and was accumulated in 

the basal body, where the p-AMPK is localized under the stimulation of the flow (14). 

TSC1, the upstream negative regulator of mTOR signaling pathway, has been reported to 

localize at the basal body of primary cilia (49).  According to the previous studies, we 

could propose that primary cilia mediate lithium-induced mTOR activation may be 

through regulating ciliary localization of the mTOR key components such as TSC1/TSC2, 

AMPK, mTOR rS6 and 4EBP. These mTOR components may be transported into the 

primary cilia or the basal body where they interact with each other and activate the 

mTOR signaling pathway. 

Future studies will identify the mechanisms involved in primary cilia mediated 

mTOR pathway activation. To test our hypothesis, the mTOR components will be co-

stained with the protein marker of primary cilia and the basal body in the renal collecting 

duct cells in order to track the protein trafficking in response to lithium treatment.  

In the study of CHAPTER 4, lithium increased primary cilia length in renal 

collecting duct cells, which is regulated by mTOR signaling pathway. If lithium 
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activation of mTOR pathway in renal collecting duct cells is mediated by increasing 

mTOR key components trafficking to the primary cilia or the basal body, and enhancing 

protein-protein interaction in primary cilia, it is possible that these protein trafficking will 

result in elongation of primary cilia.  In other words, activation of mTOR to modulate 

primary cilia length may be via increasing protein ciliary trafficking, which increases the 

rate of primary cilia assembly.  

Base on this proposal, future studies will identify the ciliary trafficking 

associated proteins, which are also regulated by lithium-induced the mTOR activation. 

We could examine whether lithium alters the expression or localization of proteins in 

renal cells involved in ciliary trafficking during the assembly and disassembly of the 

primary cilia such as Rab proteins (Rab8-Rab11-Rabin-8 complex), the SNARE proteins, 

the BBsome proteins, Arf or Arl proteins, IFT20, IFT88, Kif3a, HEF1, Aurora A, 

HDAC6, and  NEK (reviewed in CHAPTER 1). After identifying the ciliary trafficking 

associated proteins in response to lithium, we could determine whether these proteins are 

associated with mTOR pathway activation and whether these proteins are involved in 

elongation of primary cilia in renal collecting duct cells. 

 

The mechanism of lithium-induced renal cell proliferation 

In our study, lithium activated mTOR signaling pathway in renal collecting duct 

cell, leading to lithium-induced renal cell proliferation. However, we did not exclude the 

possibility that other signaling pathways may also contribute to lithium-induced renal cell 

proliferation such as GSK3 pathway. Lithium induced the phosphorylation of GSK3β in 

renal collecting duct cells both in vivo and in vitro. GSK3 was proposed to be responsible 
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for lithium-induced renal cell proliferation (149). GSK3 is also known as the upstream 

regulator of mTOR pathway activation via phosphorylation of TSC2 (65). There is 

possibility that GSK3 regulates lithium-induced renal cell proliferation by modulating 

mTOR pathway activation via TSC2. However, the present studies did not determine 

whether GSK3β overlap with mTOR signaling and is thereby involved in regulating 

lithium-induced renal cell proliferation. Future studies will identify other signaling 

pathways involved in lithium-induced renal cell proliferation and also determine whether 

mTOR signaling pathway overlaps with other signaling pathways such as GSK3 in 

regulating lithium-induced renal cell proliferation.  

 

The mechanism of lithium-induced renal fibrosis 

In the study of Chapter 5, lithium activated hedgehog signaling pathway, which 

is partially dependent on Smo. mTOR signaling pathway was shown to overlap with 

hedgehog signaling to activate Gli1 via rS6 in a Smo-independent manner in EAC cells 

(186). Future studies will determine whether lithium-induced hedgehog signaling 

pathway is mediated by mTOR signaling pathway in the renal cells. In addition, the 

present study could not identify the role of hedgehog signaling pathway in lithium-

induced renal fibrosis. Future studies will determine whether the inhibition of hedgehog 

signaling pathway improves renal fibrosis induced by long-term lithium treatment. 

 

The mechanisms of lithium-induced NDI 

Lithium downregulated urine osmolality, reduced the expression of AQP2 and 

decreased the expression of UTA1, which were not reversed by rapamycin, suggesting 
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that mTOR signaling pathway does not contribute to lithium-induced NDI. Previous 

studies propose that GSK3 may be responsible for lithium-induced NDI via mediating 

cAMP-PKA pathway or COX-PGE2 pathway (149).  Our study did not give a clear 

answer to the mechanisms involved in lithium-induced NDI. Future studies will focus on 

identify the mechanisms involved in lithium-induced NDI.  

 

Conclusion 

In conclusion, data presented in this thesis identify a role for mTOR signaling, 

primary cilia, and the activation of hedgehog signaling in lithium-induced renal cell 

proliferation and potentially in the development of nephropathy. These studies also 

showed the relationships among lithium-induced mTOR pathway activation, primary cilia 

and their length regulation, and lithium-induced renal cell proliferation, specifically in 

renal collecting duct cells. These studies will assist in identifying therapeutical targets of 

lithium-induced nephropathy including lithium-induced renal cell proliferation leading to 

the formation of renal cysts. 
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APPENDIX 1 

PUBLISHED STUDY 

Gao Y, Romero-Aleshire MJ, Cai Q, Price TJ and Brooks HL. Rapamycin 

inhibition of mTORC1 reverses lithium-induced proliferation of renal collecting 

duct cells. Am J Physiol Renal Physiol 305: F1201-F1208, 2013. 
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renal collecting duct cells 
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Gao Y, Romero-Aleshire MJ, Cai Q, Price TJ, Brooks HL. Rapamy- 
cin inhibition of mTORC1 reverses lithium-induced proliferation of renal 
collecting duct cells. Am J Physiol Renal Physiol 305: F1201–F1208, 2013. 
First published July 24, 2013; doi:10.1152/ajprenal.00153.2013.—Nephro- 
genic diabetes insipidus (NDI) is the most common renal side effect 
in patients undergoing lithium therapy for bipolar affective disorders. 
Approximately 2 million US patients take lithium of whom  50% 
will have altered renal function and develop NDI (2, 37). Lithium- 
induced NDI is a defect in the urinary concentrating mechanism. 
Lithium therapy also leads to proliferation and abundant renal cysts 
(microcysts), commonly in the collecting ducts of the cortico-medul- 
lary region. The mTOR pathway integrates nutrient and mitogen 
signals to control cell proliferation and cell growth (size) via the 
mTOR Complex 1 (mTORC1). To address our hypothesis that mTOR 
activation may be responsible for lithium-induced proliferation of 
collecting ducts, we fed mice lithium chronically and assessed 
mTORC1 signaling in the renal medulla. We demonstrate that mTOR 
signaling is activated in the renal collecting ducts of lithium-treated 
mice; lithium increased the phosphorylation of rS6 (Ser240/Ser244), 
p-TSC2 (Thr1462), and p-mTOR (Ser2448). Consistent with our 
hypothesis, treatment with rapamycin, an allosteric inhibitor of 
mTOR, reversed lithium-induced proliferation of medullary collecting 
duct cells and reduced levels of p-rS6 and p-mTOR. Medullary levels 
of p-GSK3 were increased in the renal medullas of lithium-treated 
mice and remained elevated following rapamycin treatment. How- 
ever, mTOR inhibition did not improve lithium-induced NDI and did 
not restore the expression of collecting duct proteins aquaporin-2 or 
UT-A1. 
 

aquaporin-2; urea transporter; GSK3 ; collecting ducts 

predominantly in the initial inner medulla. Indeed, chronic 
lithium  treatment  in  rats  substantially  modifies the  cellular 
composition of the medullary collecting duct. Furthermore, 
gene array analyses have identified lithium-induced changes in 
the expression of cell cycle modulators associated with an 
increase in proliferation (28). Proteomic analyses of inner 
medullary collecting ducts in lithium-treated rats identified 
proteins with an altered abundance, including an increase in 
phosphorylated  PKB/Akt  (25);  GSK-3 ,  as  previously  re- 
ported  (27);  and  confirmed our  previous  observations  that 
lithium decreases P27/Kip1 in the renal medulla (28), suggest- 
ing an attenuation of its cell cycle inhibitory effect. 

However, although a gap remains in our understanding of 
the  proliferative  mechanisms  of  lithium  on  collecting  duct 
cells, studies in the polycystic kidney have identified mTOR 
activation as a leading contributor of proliferation in collecting 
duct cells and in cyst formation (32, 38). The mTOR pathway 
integrates nutrient and mitogen signals to control cell proliferation 
and cell growth (size) via the mTOR Complex 1 (mTORC1) (41), 
which is sensitive to rapamycin and mTORC2, which is mostly 
rapamycin insensitive (41). Activation of mTORC1 leads to 
phosphorylation and activation of the kinase S6K (S6K1) (13, 
15, 16, 22). Active S6K1 stimulates the initiation of protein 
synthesis through activation of S6 ribosomal protein (rS6) and 
other components of the translational machinery (9, 26). 
mTORC1 activation can also phosphorylate eukaryotic trans- 
lation initiation factor 4E (eIF4E) binding proteins (4EBPs). 

Here, we hypothesize that mTOR activation may be respon- 
sible for lithium-induced proliferation of collecting ducts. To 
address this hypothesis, we fed mice lithium chronically and 
assessed mTORC1 signaling in the renal medulla. Our data 
show that mTOR signaling is activated in the renal collecting 
ducts of lithium-treated mice and that treatment with an allo- 
steric inhibitor of mTOR, rapamycin, reversed lithium-induced 
proliferation of medullary collecting duct cells. 

NEPHROGENIC   DIABETES   INSIPIDUS   (NDI)  is  the  most  common 
renal side effect in patients undergoing lithium therapy for 
bipolar affective disorders. Approximately 2 million US pa- 
tients take lithium of whom  50% will have altered renal 
function and develop NDI (2, 37). Lithium-induced NDI is a 
defect in the urinary concentrating mechanism. In addition to 
NDI,  patients  can  develop  chronic  renal  disease,  including 
focal interstitial nephritis. When combined with the progres- 
sive and often nonreversible defect in urinary concentrating 
ability,  chronic  renal  insufficiency can  occur  (3,  39).  The 
appearance of lithium nephropathy has been evaluated by 
magnetic resonance imaging (10); in patients diagnosed for 
chronic renal insufficiency secondary to lithium therapy, abun- 
dant  renal  cysts  (microcysts)  are  seen  (10)  and  commonly 
occur in the cortico-medullary region (14). 

Lithium-induced proliferation occurs in the kidneys of ro- 
dents  (7)  and  is  highly  localized  to  renal  collecting  ducts 

MATERIALS  AND  METHODS 

Animals. Eight-week-old male ICR mice were purchased from 
Harlan Laboratories (Indianapolis, IN). Animals were housed under 
standard light cycles and humidity in standard cages. Animals were 
allowed ad libitum access to food and water. Body weight was 
measured weekly before dosing and then daily once dosing regimen 
started. All experiments were approved by the University of Arizona 
Institutional Animal Care and Use Committee. Experimental mice 
were switched from the standard University Animal Care diet (Harlan 
Teklad 7013) to a 0.2% LiCl (40 mM·kg 1·food 1) in 7013 diet 
(Teklad TD09326). Controls remained on the standard diet. Animals 
were fed their respective diets for the entire duration of the study. At 
the end of the study, animals were euthanized and kidneys were 
harvested. 

Address for reprint requests and other correspondence: H. L. Brooks, Dept. 
of Physiology, College of Medicine, Univ. of Arizona, MRB, 1656 E Mabel 
St., Tucson, AZ 85724-5218 (e-mail: brooksh@email.arizona.edu). 
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dilution,  Cell  Signaling  9452),  phospho-Tuberin/TSC2  (Thr1462, 
1:500 dilution, Cell Signaling 3617), Tuberin/TSC2 (1:1,000 dilution, 
Cell Signaling 3990), phospho-Akt (Ser473, 1:1,000 dilution, Cell 
Signaling 4060), Akt (1:1,000 dilution, Cell Signaling 9272), phos- 
pho-GSK-3 / (Ser21/9,  1:1,000  dilution,  Cell  Signaling  9331), 
GSK3 (1:1,000, Cell Signaling 9315), and UTA1–3 (1:1,000 dilu- 
tion, gifts of Dr. M. A. Knepper, National Institutes of Health). 
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1: 
2,000 dilution, Cell Signaling 7074) was used for 1 h at room 
temperature for all the above antibodies. Mouse anti-proliferating cell 
nuclear antigen (PCNA; 1:1,000 dilution, Santa Cruz Biotechnology 
sc-25280) was used with goat anti-mouse IgG (1:2,000 dilution, Cell 
Signaling Technology 7076). Horseradish peroxidase was visualized 
using Supersignal West Femto Maximum Sensitivity Substrate 
(Fisher, 34095). Images were obtained and quantified by Quantity 
One (Bio-Rad, Hercules, CA). To facilitate comparisons, intensity 

Fig. 1. Decreased urine osmolality and aquaporin-2 (AQP2) expression in mice 
on a lithium diet. Top: mice were fed a 0.2% LiCl diet for 28 days (d28). Urine 
was collected and osmolality was measured using a vapor pressure osmometer. 
Data are presented as means  SE; n  4. *Significant difference between 
control mice and lithium-treated mice (t-test, P 0.05). Bottom: immunoblots 
examining AQP2 protein abundance in inner medulla homogenates of control 
and lithium-treated mice (2 wk). Each lane represents a homogenate from an 
individual medulla. 

Rapamycin treatment. Rapamycin (LC laboratories R-5000) was 
solubilized in DMSO and then diluted daily to a concentration of 0.55 
mg/ml in PBS. Two studies utilizing rapamycin were conducted. For 
the first study, mice were fed 0.2% LiCl for a week before daily 
injections of rapamycin (ip) were initiated at a concentration of 5 
mg/kg. In the second study, mice were fed 0.2% LiCl diet for 2 wk 
before daily injections of rapamycin were initiated which continued 
for 14 days. In both studies, control groups were injected with 5% 
DMSO in PBS vehicle and fed either the 0.2% LiCl or the regular diet. 
An additional rapamycin group was included which was maintained 
on the regular diet. 

Urine analysis. Twenty-four-hour urine was collected weekly for 
urine osmolality measurement. Osmolality was measured by a vapor 
pressure osmometer (Wescor model 5600). 

RNA isolation and real-time quantitative PCR. Kidney medullas 
were dissected and RNA was isolated using the Qiagen RNeasy Mini 
Kit (74104) according to the manufacturer’s instructions and per our 
previous studies (6, 24). A DNase (Qiagen, 79254) incubation was 
performed to remove potential DNA contamination. RNA was quantified 
using a Nanodrop ND1000 spectrophotometer (Wilmington, DE). 

Real-time PCR was performed as previously described (24). 
Briefly, 2.5 g of RNA were reverse transcribed and resulting cDNA 
was diluted to 8 ng/ l for real-time PCR which was performed on a 
RotorGene RG3000 (Qiagen, Valencia, CA). Primer sequences for 
c-Ret, c-Ret9, c-Ret51, cyclin D1, egr-1, and dynactin are previously 
published (6, 20). Primer sequences for cyclooxygenase (COX)-2 were 
forward: ttaggctgttggaatttacgc, reverse: cttacagggccttcaaaatgtc. Ct values 
were used to calculate the expression levels of genes of interest relative 
to the expression of dynactin mRNA, ran in parallel (24). 

Protein isolation and Western blot. Renal medulla and cortex were 
dissected and protein isolation and semiquantitative immunoblotting 
were performed as previously published (4, 5). 

Antibodies used were as follows: aquaporin-2 (AQP2; 1:2,000 
dilution,  Novus  Biologicals,  NB110 –74682),  phospho-mTOR 
(Ser2448, 1:1,000 dilution, Cell Signaling 5536), mTOR (1:1,000 
dilution, Cell Signaling 2972), phospho-S6 ribosomal protein 
(Ser240/244, 1:1,000 dilution, Cell Signaling 2215), S6 ribosomal 
protein (1:3,000 dilution, Cell Signaling 2217), phospho-4EBP1 
(Thr37/46,  1:500  dilution,  Cell  Signaling  9459),  4EBP1  (1:1,000 

Fig. 2. mTOR signaling is activated in the renal medulla of lithium-treated 
mice. Mice were fed a 0.2% LiCl diet for 2 wk. Top: Western blot analysis of 
protein homogenates from control and lithium-treated mice was probed for 
PCNA, p-rS6, p-4EBP, p-TSC2, and p-Akt. Total rS6, 4EBP, TSC2, and 
Akt were used as loading control for densitometry. Each lane represents a 
homogenate from an individual medulla. Bottom: densitometry results for 
top. Each phospho protein was normalized to total protein, n  3 vs. 3. 
*Significant difference  between  control  mice  and  lithium-treated  mice 
(t-test, P 0.05). 
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Fig. 3. Localization of lithium-induced phos- 
pho-mTOR expression in mouse renal inner 
medulla. Phospho-mTOR immunoperoxidase 
labeling was performed in paraffin-embedded 
mouse kidney sections from control mice and 
lithium-treated mice. Representative photo- 
graphs depict phospho-mTOR staining, dem- 
onstrating an increase in the renal medulla 
following  lithium  treatment  (magnification 

400). 

values were normalized, such that the mean value of the control group 
is defined as 100%. 

Immunohistochemistry. Kidneys were fixed in 4% paraformalde- 
hyde overnight, embedded in paraffin, and sectioned (4 m) by the 
University of Arizona Pathology Laboratory. Sections were processed 
as previously published (6). Nonspecific binding was blocked with 2% 
BSA in PBS. Sections were incubated at 4°C overnight in anti-PCNA 
(1:400 dilution; Santa Cruz SC-25280) or phospho-mTOR (Ser2448, 
1:100 dilution, Cell Signaling 2976), followed by biotin-rabbit anti- 
mouse IgG (1:400 dilution) for 30 min at 37°C and horseradish 
peroxidase-streptavidin conjugate (1:400 dilution) for 30 min at 37°C 
or by SignalStain Boost IHC detection reagent HRP rabbit (Cell 
Signaling 8114) for 1 h at room temperature. Labeling was visualized 
with chromogen diaminobenzidine (Invitrogen 00 –2020), and sec- 
tions were counterstained with hematoxylin (Zymed 00 – 8011) and 
dehydrated in graded ethanol. Coverslips were mounted with Histo- 
mount mounting solution (Invitrogen 00 – 8030). 

Statistics. Data were analyzed using Student’s t-test or one-way 
ANOVA followed by a Student-Newman Keuls post hoc test to 
identify differences between groups. Significance was determined as 
P     0.05. Results are represented as means SE. 

Lithium activates the mTOR signaling pathway in renal 
medullary collecting duct cells. Lithium treatment is known to 
induce a proliferative response in the principal cells of renal 
medullary collecting ducts, and this was consistent in our 
model; protein expression of PCNA was significantly increased 
after 2 wk of lithium (Fig. 2). Therefore, we asked whether 
lithium-induced renal cell proliferation was associated with an 
increase in mTOR signaling. 

Using phosphospecific antibodies, we examined the phos- 
phorylation of rS6 and 4EBP, downstream targets of mTOR, in 
the renal medulla of lithium-treated mice. Lithium treatment 
for 2 wk was associated with an increase in p-rS6; however, it 
had no effect on p-4EBP in the renal medulla (Fig. 2). In a 
quiescent state, TSC2 (tuberin) inhibits mTOR; however, phos- 
phorylation of TSC2 at Thr 1462 (23) by Akt can release this 
inhibition, activating the mTOR pathway. Consistent with our 
hypothesis, p-TSC2 (T1462) levels in the renal medulla of 
lithium-fed mice were significantly increased (Fig. 2). p-Akt 
(S473) abundance increased following 2 wk of lithium treat- 
ment, although when normalized to total Akt levels the in- 
crease was not significant. Immunohistochemistry data pre- 
sented in Fig. 3 demonstrate that mTOR activation in the renal 
medulla of lithium-treated mice was localized to collecting 
ducts. Faint p-mTOR staining seen in renal collecting ducts 
from control mice increased in the renal medullary collecting 
ducts following lithium treatment. 

Rapamycin reverses lithium-induced renal medullary cell 
proliferation. Rapamycin is an inhibitor of mTOR and has 
been demonstrated to reduce the rate of cell proliferation in 

RESULTS 

Lithium-induced NDI. To ensure that lithium treatment was 
consistent with previous studies in rats, ICR mice were treated 
with lithium (diet) for 28 days to evaluate the time course of 
induction of NDI. Urine osmolality decreased significantly 
after a week of lithium treatment, and continued to decline 
throughout the 28-day study (Fig. 1). AQP2 expression was 
significantly decreased in the renal medulla following 2 wk of 
lithium (Fig. 1). 

Fig. 4. Rapamycin reverses lithium-induced cell proliferation in medullary collecting ducts. Proliferating cell nuclear antigen (PCNA) immunoperoxidase labeling 
was performed in paraffin-embedded mouse kidney sections from control mice, lithium-treated mice, and lithium/rapamycin-treated mice. Representative 
photographs depict PCNA-positive cells in the renal medulla, demonstrating that rapamycin reverses lithium-induced proliferation in the initial mouse renal 
medulla (magnification 200). 
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mycin was sufficient to reduce p-rS6 in the renal medullas of 
lithium-fed mice. Lithium was fed to mice for 28 days, and 
rapamycin (ip) was initiated at day 14 of lithium (which 
correlated with an increase of proliferation and activation of 
mTOR). Following 28 days of lithium treatment, the phosphor- 
ylation of rS6 remained elevated in the renal medulla of 
lithium-treated mice compared with control mice (Fig. 5) and 
rapamycin treatment reversed this increase in p-rS6. Phosphor- 
ylated mTOR (p-mTOR) levels in the renal medulla were 
reduced by rapamycin both in the presence and absence of 
lithium (Fig. 5). Chronic lithium treatment had no effect on 
medullary p-4EBP levels, and remained unchanged when com- 
bined  with  rapamycin.  In  animals  treated  with  rapamycin 
alone, p-4EBP levels were significantly elevated and p-rS6 
levels were significantly reduced. 

Rapamycin, a direct inhibitor of mTOR, had no effect on the 
levels  of  phosphorylated  TSC2;  levels  of  p-TSC2  (T1462) 
were significantly increased in lithium-fed mice, and remained 
elevated in rapamycin-treated lithium-fed mice. p-Akt (S473) 
levels were elevated in the renal medulla after 4 wk of lithium 
and remained elevated with rapamycin treatment (Fig. 5). 

Lithium-induced increases in cell cycle modulators. We 
examined  the  mRNA  expression  of  cell  cycle  modulators, 
Egr-1 and cyclin D1, in the renal medulla of lithium-treated 
mice, along with the tyrosine kinase receptor proto-oncogene 
c-RET. Our previous studies identified Egr-1 and cyclin D1 as 
genes associated with medullary collecting duct proliferation 
(6, 28) and studies in a medullary collecting duct cell line 
(mIMCD3) identified c-Ret as inducible by lithium (20). The 
mRNA expression of Egr-1 and cyclin D1 was significantly 
increased by lithium. In contrast, c-Ret9 expression, the most 
highly expressed isoform of c-Ret, was significantly decreased 
(Table 1). Egr-1 expression was reduced by rapamycin treat- 
ment; however, cyclin D1 levels remain elevated (Table 1). 

Rapamycin did not prevent lithium-induced loss of AQP2 
mRNA or protein expression and subsequent NDI. Rapamycin 
treatment clearly prevented lithium’s ability to cause a prolif- 
erative response in the kidney, as shown in Fig. 4. An addi- 
tional side effect of lithium treatment is NDI, involving a 
significant decrease in AQP2 expression in the renal medullary 
collecting ducts (Fig. 1). We examined whether rapamycin 
treatment would improve lithium-induced NDI. AQP2 protein 
expression was significantly reduced after 4 wk of lithium as 
shown in Fig. 6, and treatment with rapamycin did not reverse 
the loss of AQP2 expression in the renal medulla. Indeed, when 

Fig. 5. Rapamycin inhibition reduces mTOR activity in renal medulla of 
lithium-treated mice. Mice were fed lithium (0.2%) or control diet for 4 wk and 
injected daily with rapamycin or placebo for 2 wk. Western blot analysis of 
protein homogenates from control, lithium-, lithium/rapamycin-, and rapamy- 
cin-treated mice was probed for p-mTOR, p-rS6, p-4EBP, p-TSC2, and p-Akt. 
Total mTOR, rS6, 4EBP, TSC2, and Akt were used as loading controls for 
densitometry. A: representative blots. Each lane represents a homogenate from 
an individual mouse. B: densitometry results for A. Each phospho protein was 
normalized to total protein; results are expressed as means  SE, n  4 in 
control vs. 5 experimental groups. *Significant difference vs. control mice. 
#Significant difference vs. lithium-treated mice as determined by Student- 
Newman-Keuls post hoc test following 1-way ANOVA. 

Table 1. 
medulla 

Effect of lithium on gene expression in mouse renal 

Gene C vs. Li C vs. Li-Rapa C vs. Rapa Li vs. Li-Rapa 

polycystic kidney disease (PKD). To test whether inhibition of 
mTOR could reverse lithium-induced medullary cell prolifer- 
ation, we treated lithium-fed mice with rapamycin. Mice were 
fed lithium for 14 days, with rapamycin treatment (daily ip) 
starting on day 7. Control mice received a placebo injection. 
One week of rapamycin treatment reduced lithium-induced 
medullary cell proliferation (Fig. 4). 

Rapamycin inhibited mTOR signaling in the renal medulla. 
Rapamycin is an allosteric inhibitor of mTOR and acts to 
decrease the activity of rS6 by reducing the level of phosphor- 
ylated rS6. We examined whether mTOR inhibition by rapa- 

AQP2 
COX-2 
Egr-1 
Cyclin D1 
c-Ret 
c-Ret9 
c-Ret51 

0.66 
1.09 
5.46* 
1.73* 
0.75 
0.36* 
0.63 

0.49* 
0.47* 
1.27 
2.09 
0.59 
0.35* 
0.55 

1.20 
0.67 
0.93 
1.64* 
0.50 
0.34* 
0.45 

0.82 
0.43* 
0.23 
1.20 
0.79 
0.96 
0.88 

SYBR green real-time PCR assay was used to derive Ct values for calcu- 
lation of mRNA abundance. Data shown are mean relative gene expression 
normalized to control group. AQP2, aquaporin-2; COX-2, cyclooxygenase-2; 
C,  control;  Li,  lithium;  Rapa,  rapamycin.  *Significant difference  between 
groups (t-test, P 0.05). 
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osmolality  was  significantly reduced  after  4  wk  of  lithium 
treatment, and remained significantly reduced in the rapamy- 
cin-treated lithium group (Fig. 7). 
 

DISCUSSION 

In addition to lithium’s ability to cause NDI, via the down- 
regulation of collecting duct AQP2 expression, lithium is also 
known to induce proliferation of collecting duct cells in the 
renal medulla. Lithium-induced proliferative signaling mecha- 
nisms are little understood, reviewed in Ref. 17, and were the 
focus of this study. The present study shows that lithium, when 
fed to mice, leads to cellular proliferation of medullary col- 
lecting ducts via the activation of mTORC1 pathway. Rapa- 
mycin, by inhibition of mTORC1, reversed lithium-induced 
proliferation. In contrast, rapamycin did not reverse the loss of 
AQP2 expression in the renal medulla and had no impact on 
lithium-induced NDI. 

Lithium-induced cell proliferation: role for mTOR activation. 
Renal cell proliferation has long been known to occur in 
response to the administration of lithium, leading to the ap- 
pearance of renal microcysts in humans (10) and rodents (7). 
Gene array and proteomic analyses of collecting ducts have 
identified lithium-induced changes in the expression of cell 
cycle modulators, associated with an increase in proliferation 
(28), and the activation of PKB/Akt (25) and phosphorylation 
of GSK3 (27). Here, we add mTOR activation to the list of 
signaling pathways involved in lithium-induced renal cell pro- 
liferation. Using Western blot analysis, immunohistochemis- 
try, and gene expression analysis, we demonstrate that lithium 
rapidly activates mTORC1, increasing the phosphorylation of 
TSC2 and rS6 in the renal medulla. 

It is well-known that mTOR is a serine threonine kinase that 
exists in two structurally distinct signaling complexes, mTORC1 
and mTORC2. The Tuberous sclerosis complex (TSC) is itself 
a complex of TSC1/TSC2 proteins (also known as hamartin 
and tuberin) which, when quiescent, binds to an additional 
protein Rheb and inhibits mTOR activity. Akt phosphorylation 
of TSC2 (T1462) releases Rheb, leading to the activation of 
mTORC1. Once activated, mTORC1-mediated phosphoryla- 
tion of 4EBP and the ribosomal protein S6 kinases (S6K1/2) 
(13, 15, 16, 22) increases mRNA translation leading to an 
increase in cell proliferation and growth (12, 16). 

The data in this study are compatible with this pathway as 
rapamycin treatment reduced the activity of rS6 and reversed 

Fig. 6. Rapamycin inhibition did not restore AQP2 or UT-A1 expression. Mice 
were fed lithium (0.2%) or control diet for 4 wk and injected daily with 
rapamycin or placebo for 2 wk. Western blot analysis of protein homogenates 
from control, lithium-, lithium/rapamycin-, and rapamycin-treated mice was 
probed for AQP2, UT-A1, UT-A3, and p-GSK3 and . Total GSK3 was 
used as loading controls for densitometry. A: representative blots. Each lane 
represents a homogenate from an individual mouse. B: densitometric analysis 
of results for AQP2, UT-A1, and p-GSK3 is expressed as means SE, n 
4 in control vs. 5 experimental groups. *Significant difference vs. control mice 
(t-test, P 0.05). 

mRNA expression levels were examined, the combination of 
rapamycin and lithium caused a further reduction in AQP2 
mRNA in the renal medulla: AQP2 mRNA was significantly 
reduced in the LiRa group vs. lithium alone (Table 1). 

A reduction in apical urea transporter expression was also 
seen with lithium treatment; UT-A1 protein expression was 
significantly reduced by lithium treatment, and remained at 
reduced levels when lithium-treated mice were given rapamy- 
cin.  Interestingly,  rapamycin  alone  significantly  decreased 
UT-A1  expression  yet  had  no  effect  on  AQP2  expression. 
UT-A3 expression did not alter across all groups (Fig. 6). 

Lithium is known to inactivate GSK3 via phosphorylation of 
serine-9. Medullary levels of p-GSK3 were increased in the 
renal medullas of lithium-treated mice and remained elevated 
following rapamycin treatment (Fig. 6). However, COX-2 mRNA 
abundance was not increased in the renal medullas of lithium-fed 
mice compared with control mice. Furthermore, COX-2 mRNA 
abundance was significantly reduced in the renal medullas of 

Fig. 7. Rapamycin inhibition did not increase urine osmolality in lithium- 
treated mice. Mice were fed lithium (0.2%) or control diet for 4 wk and 
injected daily with rapamycin or placebo for 2 wk. Urine was collected and 
osmolality was measured using a vapor pressure osmometer. Data are 
presented as means SE; n 5. *Significant difference vs. control mice 
as determined by Student-Newman-Keuls post hoc test following 1-way 
ANOVA. 

lithium-fed  rapamycin-treated 
mice (Table 1). 

Finally,  rapamycin  had  no 

mice  compared  with  control 

significant effect  to  improve 
lithium-induced NDI as measured via urine osmolality; urinary 
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renal cell proliferation in lithium-fed mice. Rapamycin is a 
potent inhibitor of S6K phosphorylation, whereas recent stud- 
ies showed its effect on 4EBP is less robust and more transient 
perhaps explaining why rapamycin did not reduce 4EBP levels 
in our study, indeed rapamycin alone significantly increased 
4EBP in the renal medulla (11, 36). 

Paradoxically, while lithium increased the expression levels 
of cyclin D1 and Egr-1, confirming our previous studies 
associating increased expression of cell cycle modulators with 
an increase in medullary cell proliferation (6), rapamycin did 
not reduce cyclin D1 expression. Cyclin D1 serves as a regu- 
lator of continued cell cycle progression and increased cyclin 
D1 levels are an early indicator of carcinogenesis (1). Phos- 
phatidylinositol 3-kinase (PI3K)/PKB (Akt) activation can trig- 
ger a network that alters the regulation of cell cycle progression 
leading to an increase in cyclin D1, via GSK3 inhibition (21). 
mTOR activation via TSC2 phosphorylation participates in this 
network and rapamycin is under intense investigation as an 
anti-proliferative cancer therapy. However, recent studies have 
suggested that rapamycin inhibition of mTOR does not always 
result in a reduction of cyclin D1 expression, as sustained 
inhibition of S6K can lead to feedback activation of the Akt 
pathway and elevated cyclin D1 levels (40). Phosphorylated 
levels of Akt did remain high in the renal medulla of lithium- 
fed mice following prolonged treatment with rapamycin (2 wk) 
supporting the ability of rapamycin to enhance Akt activity. 

Lithium is itself a known inhibitor of GSK3 , a serine 
threonine kinase. GSK3 has two isoenzymes, beta and alpha, 
and is constitutively active in cells under resting conditions. 
GSK3 phosphorylates cyclin D1 on threonine-286 leading to 
its rapid proteasomal degradation (8). However, phosphoryla- 
tion of GSK3 (serine-9) inhibits GSK3 activity and thus its 
ability to degrade cyclin D1, which in turn can increase 
proliferation. Lithium has been shown to phosphorylate ser-9 
in the renal medulla, both in collecting duct cells and in renal 
interstitial cells (18, 25, 27). Furthermore, administration of 
lithium in utero induced an increase in p-GSK3 expression, 
an increase in cell proliferation, and led to structural injury of 
the kidney along with attenuation of the urinary concentrating 
capacity in adult life (18). 

An additional known effect of GSK3 inhibition (either by 
Wnt activation or by direct inhibition) is to stabilize -catenin 
which allows its translocation to the nucleus where it can then 
activate the transcription of a large number of genes. A study 
in a medullary collecting duct cell line (mIMCD3) demon- 
strated that lithium activated c-Ret, a tyrosine kinase receptor 
and proto-oncogene (20). Cells treated with lithium for 5–10 
days increased cRet9 mRNA abundance. This effect was mim- 
icked using another inhibitor of GSK3 , 6-bromomindirubin- 
3=-oxime. However, lithium’s ability to activate c-Ret was 
suggested to be independent of -catenin/TCF signaling path- 
way, despite lithium’s ability to increase cellular  -catenin 
levels. Indeed, the authors suggested that mTOR activation 
could contribute to c-Ret activation (20). These studies again 
demonstrate the possible overlap of mechanisms behind lithium’s 
ability to activate mTOR, inhibit GSK3 , and possibly activate 
PI3K/PKB (Akt). However, in contrast to the in vitro study 
where lithium increased c-Ret expression and activation, we 
did not see an increase in c-Ret expression in the renal medulla 
of lithium-treated mice. Indeed, c-Ret9 mRNA expression 
decreased significantly with lithium treatment in our study, 

highlighting  key  differences  between  in  vivo  physiological 
models of disease and in vitro studies. 

The degradation of cytoplasmic proteins or organelles is 
mediated via autophagy. mTOR activity negatively regulates 
autophagy, and inhibition of mTOR via rapamycin upregula- 
tes autophagy (reviewed in Ref. 29). It is known that lithium 
has opposing effects on autophagy (31) via its targets inositol 
monophosphatase (IMPase) and GSK3 . Initial studies in a 
Drosophila model of Huntingdon’s disease demonstrated that 
lithium induced autophagy in an mTOR-independent manner 
via the inhibition of IMPase (30). Subsequent studies demon- 
strated that lithium’s ability to inhibit GSK3 and activate 
mTOR suppressed autophagy (31). Combined use of lithium 
with rapamycin, where rapamycin inhibited mTOR down- 
stream of GSK3 , resulted in overall induction of autophagy. 
We did not examine autophagy in our current study; however, 
we can hypothesize that autophagic pathways would be in- 
duced following the combined treatment of lithium and rapa- 
mycin, and future studies should clarify whether autophagy 
plays a critical role in this model of renal cell proliferation. 

It is clear that constitutively activated mTORC1 leads to 
uncontrolled cell proliferation in many cell types. In renal 
collecting duct cells, the role of mTOR has been investigated 
as a signaling mechanism involved in the proliferation of 
principal cells in PKD. Although a genetic disease in origin, 
PKD is characterized by an increase in renal cell proliferation, 
leading to cyst formation and progressive renal dysfunction. 
Experimental studies in rodent models of PKD have used 
rapamycin (Sirolimus) to inhibit mTOR signaling, with bene- 
ficial results. Specifically in a mouse model with a deletion of 
PKD1, rapamycin inhibited epithelial cell proliferation, cyst 
formation, and inhibited fibrosis (33). Somewhat disappoint- 
ingly, recent clinical trials on the use of mTOR inhibitors in 
PKD were negative as they failed to reduce the progressive 
increase in single cyst and total kidney volume (34). 

Lithium and NDI. Several pathways have been identified to 
play a role in lithium’s ability to cause NDI. Lithium’s ability 
to increase urinary PGE2  excretion (35) and COX2 expression 
has been attributed to the inhibition of medullary GSK3
activity. Indeed, indomethacin, a nonspecific COX-inhibiting 
NSAID, reduced PGE2   excretion and improved polyuria in 
lithium-treated  mice  (35).  An  increase  in  COX2  and  local 
PGE2 excretion would antagonize the collecting duct cells 
response to vasopressin and reduce AQP2 expression. 

Our data confirmed the downregulation of AQP2 protein 
expression in the renal medulla of lithium-treated mice; how- 
ever, lithium had no significant effect on AQP2 mRNA ex- 
pression in the renal medulla. Rapamycin treatment of lithium- 
fed mice did not reverse this decrease in protein expression; 
however, rapamycin in combination with lithium significantly 
reduced AQP2 mRNA expression, along with a further small 
reduction in urinary osmolality. As discussed above, inhibition 
of mTOR with rapamycin activates autophagy. Whether au- 
tophagy is playing a role in the lithium-induced loss of expres- 
sion of AQP2 in the principal cell of the collecting duct has not 
been investigated. 

In addition to a significant decrease in AQP2 protein expres- 
sion, lithium is known to decrease the expression of the 
collecting duct urea transporter, UT-A1 (19). Our data con- 
firmed these observations. Indeed, rapamycin alone is suffi- 
cient to significantly decrease UT-A1 expression in the renal 
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medulla of mice, identifying a possible role for mTOR in the 
regulation of UT-A1 expression. 

In  summary,  our  study  identifies mTOR  as  a  signaling 
pathway that is activated by lithium in the medullary collecting 
ducts of the kidney. We suggest that mTOR activation is 
responsible for lithium-induced renal cell proliferation, which 
was reversed by inhibition of the mTOR pathway with rapa- 
mycin. However, mTOR inhibition did not improve lithium- 
induced NDI and did not restore the expression of collecting 
duct proteins AQP2 or UT-A1. In fact, rapamycin alone may 
have unwanted effects to reduce the expression of key com- 
ponents of the renal concentrating mechanism. 
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APPEDNIX 2 
 

Length measurement of primary cilia in kidney 

regions CTX 

Control      Lithium         LiRa 

OM 

Control      Lithium         LiRa 

IM 

Control      Lithium         LiRa 

0.459            1.2             3.51 

2.07            2.53            2.63 

2.57             1.1             1.31 

1.03            2.57            2.88 

2.32            1.17            4.31 

1.36            1.68            3.15 

1.73            4.33            1.69 

1.1             1.03            1.54 

1.61           0.828           1.04 

1.3                2               2.55 

0.998           4.11            4.23 

2.5             1.69            2.38 

2.68            1.41            3.14 

1.23           0.828           2.13 

0.649           1.81             2.4 

2.27            2.27            0.98 

2.55            1.53           0.998 

3.38            1.82            1.61 

2.04            2.28            2.38 

2.25           0.484           2.49 

1.58               3               4.07 

2.54            1.68            1.57 

2.04             2.6             3.64 

2.32            2.01            2.73 

2.3             1.94            1.79 

1.53            1.49            2.71 

1.75            2.09            2.47 

1.63           0.433           4.61 

0.824           1.52            2.54 

1.82            2.33             3.8 

2.25            1.06            3.42 

1.83            1.53            4.86 

0.959            3.4            0.552 

0.959           8.47            2.55 

2.82            1.91            3.95 

2.01            3.18            4.01 

1.11            2.24            4.23 

3.23            1.61            1.84 

2.95            2.13            2.71 

2.76           0.788           2.03 

1.75            2.61            1.46 

4.53            2.02            1.99 

1.57            1.69            2.24 

1.92            2.45            4.07 

2.04            2.12            3.64 

2.68            3.22            4.23 

2.74            2.65           0.828 

1.47            3.44           0.934 

1.92            2.53            3.16 

2.24            2.23            1.14 

1.84            2.77            3.61 

2.49            1.55            1.69 

1.41            4.01            2.18 

0.552           2.16            1.53 

0.814            1.7             2.85 

1.84           0.922            2.2 

0.541           3.77           0.446 

2.11           0.541           1.46 

1.03            1.58            1.65 

1.41            3.88            3.05 

0.765            1.3             4.13 

3.29             3.1            0.799 

1.1             4.47            1.02 

1.61             2.2             1.82 

1.64            2.05            1.44 

1.84            1.03            4.36 

0.788           3.45             1.3 

1.27            4.71            2.78 

1.81            2.16            2.57 

1.17             4.2             2.36 

1.56            4.94            2.88 

0.617           3.03            4.82 

1.75            4.59            2.38 

1.51            2.62           0.814 

3.42            4.85           0.552 

1.64            1.57            2.55 

0.995           2.06           0.968 

0.765           3.14            1.21 

0.466           3.55            2.65 

1.69             2.1             2.46 

2.04             1.5             2.33 

2.3             1.36           0.922 

1.64            1.36           0.631 

1.62           0.598           0.39 

3.11            3.86            2.81 

2.23            2.06           0.788 

2.6             1.81            1.53 

1.71            2.91             1.3 

1.14           0.541           1.11 

1.51            4.69           0.412 

0.617           2.18            2.76 

1.38            2.23            4.62 

2.16            3.44            1.32 

0.995           3.29            1.72 

1.85            1.38            2.79 

1.69            2.18           0.922 

1.61             1.9             3.73 

1.28            1.81            3.44 

0.866          0.922            2.4 

1.34            2.87            1.56 

1.3             2.03            1.44 

1.23            3.32           0.446 

1.23            1.98            3.19 

3.16            2.38            4.55 

0.947          0.947           4.88 

2.28             1.7             4.59 

0.856           1.43            1.37 

1.91            1.92            3.73 

0.788           2.06            2.42 

2.4             2.65            1.16 

1.68            1.46            2.67 

1.58             2.5            0.536 

1.07            3.51            1.08 

1.15            1.54            3.69 

0.459           2.61           0.685 

0.383           1.59            2.12 

2.39            1.63            0.98 

1.55            1.36            1.65 

2.31            2.81            2.64 

1.03           0.631           2.24 

1.15            1.46           0.922 

2.38            1.17            2.87 

1.26           0.896          0.412 

1.58            1.37            2.04 

1.55            3.46            3.73 

1.03            2.76             4.2 

1.75             2.8            0.433 

1.41            1.59            3.75 

1.53           0.856            3.1 

1.04            1.32            3.46 

1.23           0.873           1.76 

2.63            1.86            3.82 

2.07           0.866           3.76 

1.53            2.82            3.23 

2.54            1.92           0.788 

1.76            2.28            1.69 

2.12            2.63            3.83 

2.05            2.34            1.55 

1.71            1.85            3.86 

1.17            2.81             2.4 

1.84             3.1            0.873 
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3.25 

2.42 

2.24 

0.824 

1.57 

1.9 

3.74 

1.19 

3.01 

2.83 

1.75 

1.85 

3 

2.01 

1.84 

1.58 

2.12 

2.09 

1.79 

2.71 

2.11 

2.36 

2.16 

2.98 

2.5 

1.02 

0.706 

2.85 

1.25 

1.61 

2.33 

1.92 

1.46 

2.67 

2.51 

2.66 

1.55 

2.81 

1.67 

2.13 

1.15 

1.41 

2.07 

1.23 

1.1 

0.824 

1.7 

1.89 

0.781 

1.79 

2.01 

3.44 

1.61 

2.66 

2.26 

3.26 

1.23 

2.26 

1.17 

3.9 

2.02 

1.04 

2.14 

5.83 

2.77 

2.33 

2.69 

1.73 

1.96 

3.69 

2.24 

3.15 

1.03 

1.04 

1.09 

1.72 

4.47 

2.49 

1.4 

2.23 

1.76 

1.52 

1.95 

2.54 

1.85 

1.72 

1.26 

2.04 

1.72 

2.36 

1.79 

0.706 

2.01 

4.02 

3.12 

1.38 

2.03 

0.922 

0.788 

2.71 

1.15 

1.85 

0.873 

1.84 

0.583 

2.74 

3.49 

2.64 

3.16 

3.05 

3.8 

3.55 

1.19 

2.02 

1.85 

1.69 

1.65 

1.49 

1.23 

2.14 

3.4 

1.1 

1.03 

1.61 

2.28 

1.96 

1.52 

2.57 

2.09 

0.828 

1.94 

2.57 

2.13 

0.934 

0.446 

3.35 

2.21 

0.959 

2.09 

2.83 

2.23 

2.11 

2.87 

3.08 

1.34 

2.85 

2.23 

1.61 

1.68 

2.37 

1.19            1.35            2.82 

1.48            1.36            1.07 

1.24            1.57            1.06 

3.66            1.08           0.583 

2.68            1.08            4.22 

1.58            2.62            1.31 

0.726           3.14            3.32 

1.17            3.94            1.87 

2.6             3.37            2.49 

4.06            1.75            1.58 

2.53            3.12            4.45 

1.58            2.77            2.11 

2.13            2.96            3.16 

1.84           0.947           4.83 

2.12            1.15            1.46 

1.75            3.19            2.23 

2.06           0.598           3.79 

3.27           0.484           3.93 

4.05            3.37            4.62 

3.35            1.86            1.46 

0.828           2.45            1.68 

0.541           1.09            2.92 

1.95            2.51            2.88 

1.96            3.27            2.48 

1.89            3.66            3.94 

1.21           0.765           2.16 

0.856              2               2.61 

2.62            1.37            3.29 

1.46            2.38           0.706 

0.598            1.1              6.1 

1.58            1.61            1.61 

2.35            1.25            1.41 

2.45            2.16            2.42 

0.693            3.4             3.18 

1.17            3.78            1.95 

1.79            4.97            3.64 

2.49            3.29            3.98 

1.73            1.21            2.77 

1.15           0.685           1.14 

1.76             2.6             1.62 

1.44             2.4             4.82 

2.42            2.28            3.05 

2.99            1.65            1.39 

2.02            2.73            1.57 

1.27            1.97            2.51 

0.654            4.9             2.37 

2.7             3.06             1.7 

1.21            3.06            1.34 

1.15            1.38           0.814 

1.62            1.91             2.3 

1.63            2.43            2.08 

0.824            1.2              3.9 

2.01            3.03             2.6 

2.24            2.46            4.83 

2.76            2.02             3.3 

1.44            1.17           0.893 

2.54            2.92            2.22 

0.598          0.769           1.89 

5.49            1.42            1.23 

1.38            2.18            1.88 

2.33            1.92            1.58 

1.9             2.22             2.3 

1.38            3.47            2.63 

1.28            2.59            1.46 

1.14             2.6             1.55 

2.35            1.77            1.93 

1.65            2.48            1.58 

0.552           2.73            2.76 

0.866          0.925           1.96 

1.23            0.49            1.68 

3.58            1.87            4.82 

1.79            1.56            3.09 

1.92            1.82            3.45 

1.41            1.99            1.99 

1.14            1.23            1.34 

1.93             1.9             1.64 

2.54            2.97            1.61 

3.77            2.81           0.845 

1.55            1.69            1.46 

2.45            1.55           0.693 

1.39            2.63           0.781 

1.61           0.769           1.53 

1.64            2.91            1.41 

0.446           3.15            5.37 

2.38            1.11            3.75 

2.38            1.54           0.925 

3               2.94            2.06 

3.1             1.58            2.16 

1.34            1.13            2.22 

0.922           1.57            1.21 

0.925           1.51           0.765 

1.46             1.2             2.34 

1.07            3.47            2.14 

1.81            2.02            1.61 

0.612           0.98            1.36 

1.46            2.04            1.03 

1.3             4.78            3.49 

1.14            3.24            2.86 

1.79            2.91            2.34 

1.19           0.788           2.85 
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1.89 

1.69 
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2.74 
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1.84 

1.07 
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2.14 
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1.55 

1.26 

1.73 

1.01 

0.856 
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1.04 

0.828 

2.32 

1.85 

2.24 

1.48 

1.81 

1.36 
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4.53 

6.65 
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1.88 
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1.28 

3.15 

3.87 

2.11 
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2.4 

4.59 

5.06 

1.66 

1.93 

2.77 

4.01 

1.3 

2.77 

3.18 

2.88 

1.53 

3.48 

4.91 

3.72 

2.61 

2.13 

3.57 

3.53 

3.75 

2.81 

1.79 

2.91 

1.41 

2.99 

3.85 

2.28 

2.08 

2.16 

3.35 

2.92 

2.15 

0.583 

2.54 

0.893 

3.03 

2.82 

2.6 

1.45 

0.612 

1.99 

2.45 

0.541 

1.09 

2.03 

1.41 

1.24 

1.2 

0.726 

1.68 

0.706 

2.3 

4.34 

1.89 

2.85 

3.32 

2.23 

1.09 

2.66 

2.26 

2.52 

3.64 

1.96 

3.02 

2.24 

1.15 

0.828 

1.71 

1.1 

2.22 

1.52 

1.55 

2.15 

3.41 

1.04 

1.88 

0.998 

1.07 

0.765 

2.53 

2.17 

1.79 

2.22 

2.64 

1.68 

2.53 

3.57 

1.42            2.98            2.19 

2.17            3.87           0.706 

0.995           4.31            1.24 

3.06           0.799           2.06 

1.32            3.45            1.63 

1.62            1.04            4.49 

1.13            2.92            2.75 

0.856           1.59            4.03 

1.25            3.37           0.541 

1.31           0.769           1.41 

1.69             1.3              1.2 

1.73            3.03           0.995 

1.5             2.98            1.58 

1.23            2.13            1.68 

1.44            1.58            1.75 

1.41            2.88            2.76 

1.69            2.99            2.81 

1.7             3.02            3.64 

3.38            2.71            2.91 

3.34            3.14           0.765 

1.64            3.08           0.788 

1.31            2.19            1.55 

1.1             3.95           0.998 

1.92            1.65            1.03 

1.85           0.557           1.19 

1.08            2.99             1.7 

2.13           0.513           1.07 

1.42            2.26            4.88 

1.19            1.68            4.11 

1.14            1.86            4.35 

1.47            2.71           0.754 

1.04            2.19            2.13 

2.64            1.31            3.07 

2.28           0.824           1.11 

1.61            3.68             3.8 

1.3              2.3             6.21 

2.66            2.33            2.76 

1.01           0.922           1.23 

0.617           2.26            4.06 

3.14            2.06           0.693 

2.57             2.4             1.09 

2.44            3.25            2.06 

1.85            1.85            1.55 

2.71            3.46             2.3 

1.04            3.16            1.11 

2.08            3.35           0.856 

2.44            1.31            3.99 

1.13           0.922           2.93 

1.38             3.6             4.63 

1.51           0.631            3.9 

2.92            1.09            1.75 

2.36            1.66            2.33 

2.79            2.38            1.72 

2               3.25           0.706 

2.88           0.583           1.75 

2.2             3.87            3.69 

3.45            1.22             2.2 

1.09            2.64            1.49 

3.47            1.64           0.828 

1.79            4.04            2.62 

1.77            1.76            1.23 

1.27            4.58            1.62 

2.98            1.86           0.934 

3.45            2.53           0.446 

1.3             2.71            1.88 

2.73            1.61            2.62 

2.47             1.3             2.44 

2.21            2.22            2.38 

2.44            1.76            3.22 

0.873            1.4             2.69 

1.99            2.54             2.4 

0.706           2.06            3.69 

2.85            2.13            1.75 

2.33             3.1             2.28 

1.72            1.84            2.92 

3.19            2.18            1.74 

2.12            3.45            1.17 

3.85            1.98            1.84 

2.55            3.15            2.78 

0.873           3.45            1.95 

0.931           2.57            1.84 

0.557           2.11            1.03 

3.04           0.383           3.39 

1.99            2.22            3.94 

2.59            1.62           0.893 

3.3             1.58            1.19 

3.15            4.66            2.94 

0.654          0.925           3.51 

1.07           0.922           3.97 

3.18            3.22           0.947 

2.25             2.4            0.726 

3.42            1.91            2.68 

1.27             3.4            0.552 

3.99               2 

1.04            3.57 

1.53            3.45 

1.54            2.88 

1.64           0.612 

1.74            2.93 

2.59           0.536 
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2.83 
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2.64 
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1.1 

0.706 

0.974 
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0.654 

1.89 

1.95 

2.78 

1.41 

1.86 

3.06 

2.45 

1.46 

0.814 
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4.94 

3.91 

2.49 
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5.04 

1.82 
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1.61 
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3.1 

1.85 

3.26 

0.685 
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3.39 

1.15 

1.85 

1.77 

4.28 

0.612 

3.93 

5.86 
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1.91 

3.46 

1.53 

0.513 

0.873 

1.08 

3.31 

1.95 

3.7 

0.856           4.93           0.947 
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1.44            1.75            1.25 
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0.934           3.29           0.706 

0.799           1.26             1.2 

1.61            1.35             1.3 

1.85            2.36            4.88 

1.23            2.93            6.08 

1.11            1.15            1.68 

1.81            1.31           0.722 

1.28            1.31             1.3 

0.828          0.513           1.68 

3.54            1.58            2.39 

0.706           1.25           0.866 

1.44            1.89            2.09 

2.72            1.45           0.617 

1.1             1.39            1.64 

2.54            1.41            1.07 

1.26            1.38            2.72 

2.23            3.23            3.84 

1.92            2.81            1.66 

2.08            1.65            2.45 

0.583           2.33             3.4 

2.5             1.54            3.37 

0.693           2.28            2.13 

0.583           1.45            3.49 

2.22            2.04            3.09 

1.17            2.16           0.781 

2.88            1.96            1.72 

1.36            2.45           0.769 

1.74           0.918           2.62 

1.43            2.37             2.3 

2.29            2.19            5.61 

2.37             2.9              3.5 

2.84            3.09            3.23 

1.09            2.87            2.23 

3.63            1.69            3.47 

2.38            1.62            1.38 

0.706            3.9             1.69 

2.86             3.7              2.3 

3.73           0.552           2.94 

0.617           2.52            1.47 

3.2             1.75            1.45 

1.31            2.65            4.82 

0.873          0.617           2.19 

2.07            1.41            2.82 

1.46             3.2             4.02 

0.959          0.552           1.69 

1.32            6.23            4.62 

1.64             1.9 

2.44            2.28 

2.3             1.77 

2.76            3.11 

3.21            2.21 

1.13            2.93 

2.62            2.24 

1.64             2.3 

2.79            2.98 

2.67             1.7 

4.09            1.31 

0.765           2.09 

2.06            1.01 

2.78            2.16 

1.08            2.09 

1.99           0.536 

2.34             1.3 

3.25           0.968 

3.68             1.2 

1.06            1.21 

0.998           1.09 

0.765            1.1 

1.68           0.893 

2.09            1.96 

3.27           0.934 

3.4             3.46 

3.05            3.14 

2.39            1.58 

2.16            3.25 

1.6            0.765 

0.922           1.98 

2.34           0.856 

2.28            1.89 

5.2             2.19 

2.53            1.99 

1.3              2.4 

3.34           0.685 

2.39            1.62 

1.54           0.617 

2.06           0.617 

0.873           1.61 

2               1.62 

2.99             2.6 

3.74           0.552 

1.25            1.31 

3.73           0.934 

2.88            2.28 

3.56           0.998 

1.47           0.765 

4.39           0.654 
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1.32            3.23            2.18 
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1.02            4.21           0.306 
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1.21            1.31 

3.01           0.856 

3.21            1.41 

1.38            1.48 

4.48            3.25 

1.46            1.47 

1.84           0.856 

3.16           0.706 

3.69            0.49 

2.42           0.631 

2.81            1.64 

2.83 

2.93 

2.06 

1.85 

2.51 

1.09 

3.41 

1.93 

3.17 

3.26 

2.55 

2.79 

2.91 

2.22 

3.47 

5.25 

4.05 

4.67 

2.54 

3.29 

2.43 

2.28 

2.68 

3.68 

1.35 

1.47 

3.47 

1.84 

3.26 

1.38 

3.42 

3.05 

1.03 

1.69 

3.4 

3.36 

4.13 

1.58 

3.05 
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2.09 

2.07 

5.52 

1.49 

3.64 

1.08 

3.88 

2.22 

3.9 

4.9 

2.71 

1.47 

3.03 

1.36 

5.45 

2.74 

1.89 

1.26 

2.6 

2.98 

3.23 

0.922 

1.3 

1.08 

2.85 

0.769 

1.96 

1.92 

3.91 

3.15 

2.66 

2.25 

0.866 

2.56 

3.66 

2.53 

2.14 

4.91 

2.25 

0.98 

0.922 

0.959 

2.5 

2.38 

2.88 

2.38 

0.896 

2.38 

3.6 

1.61 
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1.84 

3.56 

2.13 

3.5 

2.95 

5.17 

1.08 

1.31 

3.53 

6.63 

2.88 

2.5 

3.15 

2.42 

2.91 

4.25 

3.2 

3.15 

3.52 

2.76 

2.53 

3.04 

2.62 

3.83 

4.48 

0.617 

0.828 

3.75 

1.38 

0.959 

3.61 

3.7 

2 

2.06 

4.15 

0.922 

0.873 

4.38 

3.07 

2.08 

1.03 

1.79 

0.828 

1.61 

4.06 

2.36 

1.09 

3.25 

3.03 

2.05 
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2.02 

5.11 

1.93 

2.38 

3.59 

2.05 

3.33 

4.19 

3.14 

4.78 

2.48 

1.92 

3.25 

5.16 

1.31 

1.79 

2.89 

3.02 

4.14 

4.07 

3.1 

3.24 

0.617 

1.72 

3.97 

2.81 

1.64 

3.12 

4.59 

1.63 

2.3 

3.36 

1.6 

1.47 

3.07 

2.42 

2.71 

2.66 

3.14 

4.02 

0.552 

1.84 

0.998 

3.48 

2.86 

1.41 

2.02 

3.32 

1.41 

1.1 
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3.95 

4.21 

0.596 

2.4 

2.26 

1.03 

2.57 

1.7 

1.79 

2.54 

2.51 

1.03 

2.06 

0.484 
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APPENDIX 3 
 

N within the length range 

Length range <1.0µm 1-1.5µm  1.5-2.0µm 2.0-2.5µm 2.5-3.0µm 3.0-3.5µm  3.5-4µm >4µm 

CTX 

          Con                 13             24             42             49             20              7               1               1   

Li 14 21 38 49 35 28 19 16 

         LiRa                20             26             42             35             34             19             14             15   

OM 

          Con                 37             78             66             38             37             17              4               3   

Li 53 80 81 86 86 97 61 67 

         LiRa                68             80             63             47             52             34             22             42   

IM 

          Con                 20             34             31             24             14             10              6               1   

Li 23 28 48 40 38 20 11 9 

         LiRa                44             30             40             44             22             13             21              8   
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