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ABSTRACT 29 

Bipolar disorder (BD) is characterized by cyclical alternations between mania and depression, often 30 

comorbid with psychosis, and suicide. The mood stabilizer lithium, compared to other medications, is 31 

the most efficient treatment for prevention of manic and depressive episodes. The pathophysiology 32 

of BD, and lithium’s mode of action, are yet to be fully understood. Evidence suggests a change in the 33 

balance of excitatory/inhibitory activity, favouring excitation in BD. Here, we sought to establish a 34 

holistic appreciation of the neuronal consequences of lithium exposure in mouse cortical neurons 35 

and identify underlying mechanisms. We found that chronic (but not acute) lithium treatment 36 

significantly reduced intracellular calcium flux, specifically through the activation of the metabotropic 37 

glutamatergic receptor mGluR5. This was associated with altered phosphorylation of PKC and GSK3 38 

kinases, reduced neuronal excitability, and several alterations to synapse function. Consequently, 39 

lithium treatment shifts the excitatory/inhibitory balance in the network toward inhibition. Together, 40 

the results revealed how lithium dampens neuronal excitability and glutamatergic network activity, 41 

which are predicted to be overactive in the manic phase of BD. Our working model of lithium action 42 

enables the development of targeted strategies to restore the balance of overactive networks, 43 

mimicking the therapeutic benefits of lithium, but with reduced toxicity. 44 

45 
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INTRODUCTION 46 

Bipolar disorder (BD) is a major psychiatric illness affecting 1-3% of the population worldwide and 47 

one of the top 10 causes of disability (1, 2). BD starts in adolescence and has a life-long course, 48 

characterized by frequently disabling episodes of mania and depression, often associated with 49 

psychosis and suicide (3). The etiology of BD is complex and unclear, with genetic and environmental 50 

factors implicated. Currently, except for very rare cases, no monogenic cause has been consistently 51 

identified, and genome-wide association study (GWAS) hits have been found in varied biological 52 

processes, including pathways related to intracellular signal transduction, glutamate synaptic 53 

function, hormone signaling, and immune system regulation (4-6). The unknown cause and apparent 54 

genetic heterogeneity of BD are a challenge to research efforts, especially those aimed at developing 55 

appropriate disease models.  56 

Lithium is an effective treatment for mania and has been consistently shown to reduce suicide and 57 

overall mortality (7). Despite its narrow therapeutic range and potential side effects such as tremor, 58 

polyuria, decreased thyroid function, and renal toxicity in a minority of patients (8), lithium remains 59 

the first line treatment for prevention of both manic and depressive episodes in BD. For many 60 

patients, it is the most effective mood stabilizer (9, 10), and in addition to reducing suicide risk, it 61 

often enables patients to regain social and occupational function (7). Despite the widespread use of 62 

lithium as a BD treatment for over 60 years, the mode of action needs to be better understood, as 63 

does the reason why it is effective in only ~30% of BD patients (11, 12).  64 

 65 

Studies aimed at elucidating lithium’s mode of action have found macroscopic changes in brain 66 

structure (13) and alterations at the cellular level (14). For the latter, it has been shown that acute 67 

lithium administration increases glutamate signaling (15, 16). In contrast, longer-term chronic 68 

treatment over 6-7 days confers protection against glutamate-induced excitotoxicity, by reducing 69 

NMDA receptor-dependent calcium flux (17). It has also been shown that lithium alters various 70 

intracellular signaling cascades, by decreasing second messenger and calcium signaling, while 71 

inhibiting several enzymes and kinases such as glycogen synthesis kinase 3 (GSK3), extracellular-72 

regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) and inositol monophosphate 73 

phosphatase (IMPase) (14, 18, 19). The resulting alterations to intracellular signaling likely also 74 

converge upon the regulation of gene expression, synaptic transmission and plasticity, 75 

neuroprotection, and circadian biology.   76 
 77 
Several genomic studies correlated specific loci with lithium responsiveness (20), suggesting a shared 78 

genetic predisposition both to disease and response to treatment. Single nucleotide polymorphisms 79 

(SNPs) in the PLCG1 gene have been associated with response to lithium, indicating that the 80 

phospholipase C (PLC)-phosphatidylinositol4,5-biphosphate (PIP2)-inositol triphosphate (IP3) 81 

signaling pathway may be an important target of lithium. Interestingly, our unpublished data (72) 82 

report an association between a SNP in the GRM5 gene encoding the metabotropic glutamate 83 

receptor 5 (mGluR5) and response to lithium suggesting that mGluR5 activity and downstream PLC-84 

IP3 signaling is also involved in lithium’s therapeutic action. Other studies have found SNPs 85 

associated with BD in the GRIN2A(6) and GRIA2 genes that encode NMDA and AMPA receptor 86 

subunits, respectively. Intriguingly, only SNPs in GRIA2 were associated with lithium responsiveness 87 

(5, 21), suggesting that lithium alters the regulation of Ca2+-permeable AMPA receptors. Beyond 88 

genomic association, it remains unclear how lithium interacts with mGluR5, PLCG1 and GluA2 89 

signaling to produce the beneficial outcome in lithium-responsive patients. 90 
 91 
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Here, we sought to establish a holistic appreciation of the neuronal consequences of chronic lithium 92 

exposure in mouse cortical neurons and begin to determine the underlying mechanisms. We 93 

performed messenger RNA (mRNA) sequencing in neurons treated chronically with lithium and 94 

discovered altered transcriptional regulation of genes involved in glutamate receptor trafficking and 95 

intracellular calcium signaling. We found that chronic (but not acute) lithium treatment significantly 96 

reduced excitatory receptor-mediated intracellular calcium flux, specifically through the mGluR5 97 

receptor. This was associated with altered phosphorylation of PKC and GSK3 kinases, reduced 98 

neuronal excitability, and several alterations to synapse function. Specifically, chronic lithium 99 

exposure reduced excitatory synapse activity and density, while increasing inhibitory synapse activity 100 

and density. Consequently, lithium treatment altered the excitatory/inhibitory (E/I) balance in the 101 

network, favouring inhibition. Together, the results shed light on how lithium may dampen neuronal 102 

excitability and glutamatergic network activity, which are predicted to be overactive in the manic 103 

phase of BD (22-24).  104 

In addition, this discovery strengthens the potential clinical use of lithium to treat disorder with 105 

altered excitatory/inhibitory network activity such as epilepsy and several forms of autism. This study 106 

could also help to develop targeted strategies to restore the balance of overactive networks, 107 

mimicking the therapeutic benefits of lithium, but with reduced toxicity. 108 

 109 

110 
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MATERIALS AND METHODS  111 

 112 

Primary neuronal cultures and animals 113 

Cortical neurons were prepared from wild-type (WT) embryonic (E15.5) C57BL/6 mice as previously 114 

described (25). Animals were maintained within the Centre for Neurological Disease Modeling 115 

according to the Canadian Council on Animal Care regulations (AUP 2017-7888B). Briefly, cortical 116 

neurons were plated in Neurobasal medium (ThermoFisher 21103049) supplemented with 1x B27 117 

(ThermoFisher 1750044), 1x glutaMax (ThermoFisher 35050061) on 60-mm dishes or 12-mm glass 118 

coverslips (VWR) pre-coated with poly-D-Lysine (0.1 mg mL-1; Sigma). Neurons (600,000 cells per 60-119 

mm dish or 80,000 cells per 12-mm coverslip) were then used at 18- 20 days in vitro (DIV). 120 

 121 

Drug treatment 122 
  123 

The therapeutic range of LiCl (lithium) treatment is between 0.75-1.5mM. In this study, neurons were 124 

treated chronically with ~1.5mM LiCl (Sigma L9650) for 7 days starting at 11 DIV post-differentiation. 125 

As controls, neurons were treated with ~1.5mM of NaCl (Sigma S5886) to keep the same amount of 126 

chloride in the dish as neurons treated with LiCl. Experiments were performed at 18 to 20 DIV.  127 

 128 

Data manipulation and statistical analyses  129 
 130 

Statistical analyses were performed using GraphPad Prism software (GraphPad software, Inc). All 131 

data are expressed as mean ± standard error of the mean (s.e.m.). Paired t-tests (Fig 5A,B,C), 132 

parametric unpaired t-tests (Figs: 2C-G; 5D-F; Supplementary Figs: 3B; 4C,f; 5A-C) or non-parametric 133 

Mann-Whitney tests (Figs: 2H; 3B-E; 4; Supplementary Fig. 2A-C) were used to compare medians of 134 

two sets. One-sample t-tests were used with hypothetical value 100 for control (Figs: 3G; 5G, H; 135 

Supplementary Fig: 2D, E). Normality for all groups was verified using the Shapiro-Wilk tests and 136 

p<0.05 was considered significant.  137 

 138 

Data availability 139 
 140 

 All relevant data are in the figures and supplementary figures. Raw data could be requested from 141 

the corresponding author. 142 

 143 

A detailed “Materials and Methods” section can be found in the supplementary information. 144 

145 
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RESULTS 146 

Chronic lithium treatment alters the expression of genes involved in synaptic activity, calcium 147 

signaling and neuronal excitability.  148 

To identify the cellular processes altered by long-term exposure to lithium, we used a concentration 149 

designed to match those used in clinical practice. We examined whether there were detectable 150 

changes to neuronal gene expression induced by chronic lithium (cLiCl) treatment, using whole 151 

transcriptome sequencing in cortical neuron cultures at 18 DIV. Thirty genes were differentially 152 

expressed following 7 days of cLiCl treatment, relative to control (Fig. 1a and Supplementary Fig. 1). 153 

Using Reactome and GO analyses of gene clusters, we determined which pathways were significantly 154 

altered by cLiCl treatment. We identified pathways associated with trafficking of AMPA receptors, 155 

glutamate binding, activation of AMPA receptors and synaptic activity (P=9.7E-5). Calcium ion 156 

signaling (P=4.9E-4), CREB phosphorylation and RAS signaling (P=2.5E-4 and P=2.8 E-4) pathways 157 

were also implicated, as were pathways related to neurotransmission by chemical synapses (P=1.1E-158 

3; Fig. 1B). 159 

 160 

Sub-toxic lithium treatment reduces spine density and alters dendritic spine morphology  161 

The therapeutic window for lithium is very narrow (0.5 to ~1.5mM) and the line between efficacy and 162 

toxicity is fine. It is proposed that lithium is toxic above 2mM (26); thus, we confirmed that our 163 

chronic lithium treatment at ~1.5mM for 7 days had no detectable toxicity, as assayed by a cell 164 

viability test, in primary cortical neurons (Fig. 2C).  165 

Excitatory synapses develop their specialized synaptic structures as they mature, over a similar 166 

timeframe in vivo and in primary culture. Immature postsynaptic protrusions, filopodia and thin 167 

spines, re-appear on dendrites between 4 & 7 DIV after excitatory neurites have regenerated, and 168 

new contacts begin to form between axons and dendrites. As postsynaptic structures mature, they 169 

become shorter, fatter, and mushroom-like. By 21 DIV spine densities stabilize, with 80-90% of 170 

protrusions exhibiting mature morphology (27-29). Several studies have suggested lithium treatment 171 

leads to dendritic spines morphological changes (30-32). To determine whether chronic lithium 172 

treatment affects dendritic spine density and maturation, we analyzed the presence and morphology 173 

of dendritic protrusions in GFP-filled neurons after cLiCl treatment (Fig. 2A, B).  174 

 175 

cLiCl treatment slightly reduced the density of protrusions in mouse cortical neurons (Fig. 2D; control 176 

8.34 ± 0.21; cLiCl 7.33 ± 0.21 / 10μm) suggesting a reduction in the number of excitatory synapses. 177 

Analyses of the morphology of the remaining protrusions showed a significant reduction of ~5.3% in 178 

the number of mature spines (mushroom spine type, see supplementary Methods for spine 179 

characterization guidelines; Fig. 2E). No changes occurred in the number of stubby spines (~25%), but 180 

the percentage of immature spines (thin and filopodia spines) increased by ~5% in cLiCl-treated 181 

neurons (Fig. 2F, G), matching the reduction in mature protrusions. In addition, we observed a 182 

tendency towards a reduction in the mean head diameter of mature spines with cLiCl treatment, 183 

from ~0.68μm to ~0.64μm (Fig. 2H). Together, the data show that cLiCl treatment results in smaller 184 

and fewer mature spines, indicating that lithium affects either spine maturation or maintenance of 185 

spine maturity in primary mouse cortical neurons.   186 

  187 

Lithium induces excitatory and inhibitory synaptic changes 188 
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To examine whether the cLiCl induced changes to synapse densities reflecting the results obtained 189 

with spines in Fig. 2, we assayed for pre- and post-synaptic markers of excitatory and inhibitory 190 

synapses. To estimate excitatory synapse number, we quantified the density, intensity and 191 

colocalization of the presynaptic vesicular glutamate transporter 1 (VGluT1) and postsynaptic density 192 

protein 95 (PSD95; Fig. 3A, C).  PSD95 puncta density was significantly reduced by cLiCl treatment 193 

(control 18.9 ± 1.5; cLiCl 12.9 ± 0.9 puncta/10µm), in agreement with the reduction in protrusion 194 

density and number of mature spines in neurons treated with cLiCl (Fig. 3C, D). Further, there were 195 

significantly fewer VGluT1/PSD95 co-clusters in cLiCl-treated neurons (control 5.9 ± 0.5; cLiCl 4.5 ± 196 

0.4 co-clusters/10µm; Fig. 3D), indicative of a reduction in excitatory synapse number after cLiCl 197 

treatment. VGluT1 (and VGAT, see below) puncta intensity was increased in remaining cLiCl-treated 198 

clusters (Supplementary Fig. 2B, C; VGlut1: control: 10.97 ± 0.3; cLiCl: 13.41 ± 0.5 a.u; VGAT: control, 199 

12.91 ± 0.4; LiCl, 17.07 ± 0.6 a.u). Conversely, PSD95 puncta intensity was reduced in cLiCl-treated 200 

cultures (control, 6.99 ± 0.4; cLiCl: 5.67 ± 0.2 a.u.; Fig. 3E), in agreement with the reduction of the 201 

mean head diameter of mature spines seen in Fig 2H. Puncta density and colocalization of the 202 

inhibitory presynaptic vesicular GABA transporter (VGAT) and postsynaptic GABA receptor scaffold 203 

Gephyrin were also quantified (Fig. 3A, B). We observed a significant increase in the density of 204 

Gephyrin puncta, and VGAT/Gephyrin co-clusters, in cLiCl-treated neurons (control: 7.34 ± 0.5; cLiCl: 205 

11.56 ± 1.4 Gephyrin puncta/10µm; control: 1.87 ± 0.09; cLiCl: 2.58 ± 0.2 of VGAT/Gephyrin co-206 

clusters/10µm; Fig. 3B). Gephyrin puncta intensity was unchanged but VGAT puncta density was 207 

increased in cLiCl-treated neurons (supplementary Fig. 2A, B). The data indicate that lithium 208 

treatment increased the number of inhibitory synapses. 209 

 210 

To further assess the reduction in number of excitatory synapses (Fig. 3D) induced by cLiCl, and 211 

determine whether other synaptic changes are occurring, we measured protein levels of PSD95, 212 

GluA1 and GluA2 AMPAR receptor subunits by western blot (Fig. 3F, G). GluA1 protein was 213 

unchanged, whereas GluA2 and PSD95 were significantly reduced in response to cLiCl (-13.8% GluA2 214 

and -16.9% PSD95 of controls; Fig. 3G). This data suggests that cLiCl treatment downregulates GluA2-215 

containing AMPA receptors, as well as the number of excitatory synapses. Interestingly, the results 216 

were accentuated by a higher dose of cLiCl (3.5mM; -54.42% GluA2 and -54.49% PSD95 of controls; 217 

Supplementary Fig. 2D). Notably, the expression level of AMPA receptors and PSD95 were 218 

unchanged when neurons were treated acutely (aLiCl,1.5mM) for 4h (Supplementary Fig. 2E), 219 

suggesting longer time is needed for LiCl to alter the levels of these proteins. The expression levels of 220 

Synapsin1 and Gephyrin were unchanged by cLiCl or aLiCl (1.5mM, Fig. 3G and Supplementary Fig. 221 

2D, E).   222 

 223 

Lithium decreases neuronal excitability and excitatory synaptic transmission, while increasing 224 

inhibitory synaptic transmission 225 

To examine the functional consequence of lithium treatment on neuronal networks, we assessed 226 

intrinsic membrane excitability and action potential generation, in addition to quantification of 227 

excitatory and inhibitory synaptic transmission. To assess neuronal excitability, we recorded 228 

membrane deflection in response to current injection (Supplementary Fig. 3B) and action potential 229 

(AP) firing induced by depolarizing currents in current clamp. Although highly variable, cLiCl-treated 230 

neurons appeared to fire fewer APs than control neurons (Fig. 4A-C and supplementary Fig. 3A), 231 

indicating that cLiCl reduces cell excitability. We then assayed sodium and potassium currents in 232 

voltage clamp and found both were reduced in cLiCl-treated neurons. Specifically,  peak sodium 233 

current was -16.3% of control (Fig. 4D, E; control: 4.97± 0.3 pA; cLiCl : 4.16± 0.3 pA), and  slow and 234 
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fast potassium currents were reduced -19.3% and -12.13% in cLiCl-treated neurons, compared to 235 

controls (Slow K current; control: 2.6± 0.15 pA; cLiCl: 2.1± 0.13 pA; Fast K current; control: 3.3± 0.19 236 

pA; cLiCl: 2.9± 0.16 pA; Fig. 4F-H, and supplementary Fig. 3C) These data demonstrate that cLiCl 237 

treatment alters sodium and potassium channel conductances, and decreases membrane excitability.   238 

 239 

Synaptic network activity was assessed by recording quanta of AMPAR-mediated miniature 240 

excitatory, and GABAR-mediated miniature inhibitory post-synaptic currents (mEPSCs and mIPSCs) by 241 

voltage-clamp recording (Fig. 4I, K). In neurons treated with cLiCl, mEPSC event amplitude was 27% 242 

increased compared to control neurons (control: 29.67 ± 1.5pA;   cLiCl: 37.71 ± 1.9pA) and event 243 

frequency was reduced by 47% (control: 12.44 ± 1.4 Hz; cLiCl: 6.5 ± 1 Hz; Fig. 2J and supplementary 244 

Fig. 4A, B), while no changes were observed in event decay tau (Fig. 4J). Event amplitude was not 245 

different for mIPSCs (control: 23.46 ± 1.8 pA; cLiCl: 24.25 ± 1.9 pA), but there was a significant 246 

increase in mIPSC event frequency in cLiCl treated cultures (control: 3.3 ± 0.35 Hz; cLiCl: 4.8 ± 0.53 247 

Hz; Fig. 4L and supplementary Fig. 4D, E), and again no change in event decay tau (Fig. 4l). Measures 248 

of membrane properties of voltage-clamp recordings can be found in supplementary Fig 4C, F. 249 

Together, electrophysiological experiments demonstrate that cLiCl treatment alters synaptic network 250 

properties by decreasing excitatory and increasing inhibitory activity. 251 
 252 

 253 

Chronic lithium treatment downregulates mGluR-mediated calcium response and signaling.  254 

Since cLiCl treatment downregulated the major depolarizing AMPAR current at glutamatergic 255 

synapses, it is of interest to determine which regulatory signal transduction pathways are altered, 256 

and whether any changes in these are a consequence, or cause, of altered synaptic transmission. To 257 

this end, we investigated ionotropic and metabotropic glutamate receptor-mediated calcium 258 

signaling, in cultures acutely or chronically treated with LiCl. Ratiometric calcium imaging was 259 

conducted to measure intracellular calcium levels and flux upon stimulation. Tetrodotoxin (TTX) was 260 

added to block sodium channels and action potential burst firing, thus calcium flux was directly in 261 

response to glutamate receptor activation. The intracellular calcium level at rest was similar between 262 

cLiCl and control-treated neurons (Supplementary Fig. 5A). Control neurons were first exposed to 263 

repeated glutamate pulses, which did not attenuate calcium (Ca2+) flux upon repeated applications 264 

(Supplementary Fig. 5B). Then, following exposure to 1µM glutamate, an acute (5min 1.5mM) LiCl 265 

treatment was applied prior to repeated glutamate stimulations. The second calcium response was 266 

similar to the first, indicating that LiCl does not directly reduce glutamate-induced Ca2+ flux or act as 267 

an antagonist of glutamate receptors (Fig. 5A). The use of specific agonists of NMDA (Fig. 5B) and 268 

mGluR5 (Fig. 5C) shows that acute LiCl treatment had no differential effect on either NMDA or 269 

mGluR5-mediated Ca2+ responses (Fig. 5B, C). A medium-term LiCl treatment for 4h similarly did not 270 

alter glutamate-induced Ca2+ flux (supplementary Fig 5C).  271 
        272 

In contrast to acute application, glutamate stimulation of neurons that were chronically treated with 273 

cLiCl (7 days) exhibited a significant decrease in Ca2+ response amplitude (cLiCl: ∆F=73.9% of control; 274 

Fig. 5D). The amplitude of the Ca2+ response upon specific activation of NMDA receptors was 275 

unchanged, indicating that chronic LiCl treatment did not affect NMDAR-mediated Ca2+ responses 276 

(Fig. 5E). Conversely, cLiCl treatment significantly reduced Ca2+ response amplitude produced by 277 

direct stimulation of mGluR5 (by DHPG agonism; cLiCl, ∆F=70.8% of control; Fig. 5F). The data suggest 278 

that cLiCl exposure specifically reduces Ca2+ release from the endoplasmic reticulum (ER). This 279 

attenuation of Ca2+ responses to glutamate and DHPG stimulation could be due to impaired receptor 280 

activation e.g., a reduction in the number or sensitivity of mGluR5 receptors at the cell surface, or IP3 281 
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receptors on the ER. Alternatively, lithium may affect the mGluR5-PLC-PIP2-DAG-IP3 signaling 282 

cascade, i.e. through altered PLC activation, PIP2 hydrolysis or DAG and IP3 availability in the cell. 283 

Either possibility would result in reduced ER calcium release. 284 

To determine whether cLiCl-induced attenuation of glutamate-mediated Ca2+ responses affects 285 

downstream signaling pathways, we assayed a major downstream target of mGluR5 activation, 286 

protein kinase C (PKC), which is responsible for regulating a wide range of neuronal function, such as 287 

excitability, neurotransmission, and plasticity (33-37). PKC isoform is exclusively expressed in the 288 

brain, and its activity is regulated by phosphorylation at threonine 514 (phPKC). The levels of 289 

phPKC measured by Western Blot from neurons treated with 2, 5 and 10mM of LiCl for 4h were 290 

similar to controls (Fig. 5G). However, phPKC levels, were reduced following cLiCl (1.5mM) 291 

treatment (a reduction of 21.67%; Fig. 5G). Our data demonstrate that PKC activity is not directly 292 

affected by LiCl, but is a consequence of prolonged exposure.   293 

 294 

A second major downstream effector of mGluR5 stimulation is GSK3, a kinase involved in several 295 

neuronal processes such as cytoskeletal reorganization and neuroplasticity (38). Phosphorylation of 296 

GSK3B at the Serine 9 (phGSK3ß) residue inhibits GSK3ß kinase activity. In contrast to acute LiCl 297 

effects on PKC, a 4h LiCl treatment with increasing concentrations (2, 5 and 10mM) and chronic LiCl 298 

treatment both significantly increased phGSK3, in a dose-dependent manner (Fig. 5H). These results 299 

demonstrate that LiCl has a rapid, and likely direct, effect on GSK3 kinase activity (LiCl 2mM: 144%; 300 

LiCl 5mM: 147%; LiCl 10mM: 163% and cLiCl 1.5mM: 129.5% of controls).  301 

 302 

 303 

304 
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DISCUSSION 305 

Here, we provide the first holistic report of chronic lithium treatment decreasing the balance of 306 

excitatory to inhibitory synaptic transmission in cortical neuron networks. This appeared to be a 307 

result of altered intracellular calcium signal transduction, expressed by changes to the number and 308 

function of excitatory, and inhibitory synaptic connections.  309 

Throughout development and into adulthood, neural connectivity at synapses is subject to dynamic 310 

regulation including formation, maintenance, and elimination of synapses themselves. Synaptic 311 

transmission is believed to be the means by which all experiences and motivations are stored and 312 

utilized, and synaptic plasticity (rapid, activity-dependent alterations to synaptic transmission) is the 313 

leading candidate for the cellular basis of learning and memory. In the mammalian forebrain, most 314 

excitatory synapses occur on dendritic spines, and changes to their number, morphology, and activity 315 

are modelled by increases (long term potentiation; LTP) and decreases (long-term depression; LTD) in 316 

synaptic weighting (39, 40). With LTP, spines enlarge and become more mushroom-like, whereas LTD 317 

is associated with spine shrinkage. Disruptions to dendritic spine shape, size or number accompany 318 

many neurodegenerative diseases, and it has been suggested that dendritic spine alterations are also 319 

the substrate of many neuropsychiatric disorders, particularly those that involve deficits in 320 

information processing, such as autism spectrum disorder and schizophrenia (40). 321 

Decreased spine density has been shown post-mortem in a preliminary study of the subiculum in 322 

mood disorder patients (41), and the prefrontal cortex of BD patients (42). It is unclear how reduced 323 

spine density in these individuals might reflect a general state of the condition, a brain region-specific 324 

effect, or whether it could even be a result of successful medication. In our hands, lithium reduced 325 

measures of excitatory spine maturity, and appeared to utilize processes similar to those employed 326 

during physiological LTD, decreasing excitatory activity and the number of mature vs. immature 327 

spines. The increase of mEPSC amplitude observed here in neurons treated with cLiCl could reflect 328 

the increase of immature spines phenotype as suggested in previous studies (43-45).  329 

 330 

In support of our results, chronic lithium treatment reduced spine density in a Fragile X mouse model 331 

(30). However, spine density was shown to be increased with acute lithium treatment in a DIXDC1 KO 332 

mouse model of depression (31). It may be that lithium generally facilitates network rearrangements 333 

and normalizes spine dysfunction in whichever direction is required, but further investigations may 334 

provide consensus on which direction and over what time-frame changes usually occur. It has also 335 

been proposed that lithium rescues spine pathology in BD by reducing phosphorylation of the 336 

cytoskeleton regulator collapsing response mediator protein-2 (CRPM2) (32), in rat hippocampal 337 

cultures, chronic treatment with a dose 2x higher than here, resulted in enlarged spines and 338 

increased spine density. Here, we found that chronic lithium not only reduced spine number, but also 339 

decreased the percentage of mature spines, mature spine width, and PSD95 puncta intensity. These 340 

discrepancies may be due to the higher dose and/or different responses between rat hippocampus 341 

and mouse cortex. More studies will be required to settle this discrepancy.   342 

 343 

Several rodent models of mania have been generated which traditionally relied upon 344 

pharmacological (e.g., psychostimulant amphetamine-induced) or environmental (sleep deprivation-345 

induced) stresses to induce mania-like states, and more recently several transgenic mice have been 346 

developed (46, 47). A recent study using knock-in mice of the Ank3 W1989R (48), a variant reported 347 

as carried by a BD family (and found in approximately 1:10,000 European Americans) (49), showed a 348 

reduction in mIPSCs and an increase in mEPSC frequency, leading to neuronal hyperexcitability. If this 349 

is the case in untreated lithium-responsive patients, then our finding that chronic lithium treatment 350 
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has the opposite effect may explain its therapeutic effect. This could also explain the efficacy of 351 

lithium in BD Ank3 mutation carriers(48). Elsewhere, Yang el al (50) generated forebrain-specific 352 

PLC1 knock-out mice that exhibited manic-like behavior and cognitive deficits associated with a 353 

significant reduction in mIPSC frequency. Here, we show that chronic lithium treatment promotes 354 

inhibitory transmission, and increases gephyrin clusters at inhibitory synapses. Together, these 355 

studies suggest that manic phases correspond to an increased E/I synaptic ratio. Our results are in 356 

line with other studies (51, 52) indicating that chronic lithium treatment can counteract 357 

abnormalities in E/I circuit balance observed in the mania state of BD animal models, by rearranging 358 

the number, morphology and function of excitatory and inhibitory synapses, in a manner that favours 359 

inhibition. On this note, elsewhere, lithium has also been shown to reduce synaptic AMPA receptor 360 

expression (53-55), again consistent with the reduction in excitatory synapse number observed here.  361 

 362 

An important aspect of our results is the demonstration that chronic effects of lithium are distinct 363 

from acute effects. Specifically, lithium treatment from 5min to 4h did not affect glutamate-mediated 364 

Ca2+ responses, demonstrating that lithium did not act as an antagonist of glutamate receptor 365 

transmission in our hands. Conversely, mGluR5 glutamate receptor-mediated Ca2+ signaling was 366 

specifically reduced in neurons chronically treated with LiCl, suggesting that time is required for 367 

lithium to attenuate the mGluR5-PIP2-IP3 pathway. Sourial-Bassilious et al (56) concluded lithium 368 

attenuates intracellular Ca2+ levels due to the downregulation of mGluR5 expression at the plasma 369 

membrane, as well as a decrease in intracellular Ca2+ in the ER. Others have suggested lithium 370 

inhibits inositol monophosphatase and inositol polyphosphate-1-phosphatase, in addition to the 371 

inositol transporter (57). This would reduce PIP2 and IP3 availability in the cell to trigger Ca2+ release 372 

from the ER.  Either way, we sought to find out whether a decrease in Ca2+ signaling caused by 373 

chronic lithium treatment altered downstream effectors.  374 

 375 

Our results demonstrate that chronic and acute lithium inhibit GSK3 kinase activity, in a dose 376 

dependent manner, but only chronic treatment reduces PKC kinase activity. These two kinases are 377 

major regulators of synaptic receptor traffic and function (58), actin cytoskeleton reorganization, 378 

neuronal transmission and plasticity, as well as gene expression (37, 38, 59-61). This may be the 379 

primary mechanism by which lithium acts to prevent mania in BD, where the glutamatergic system is 380 

predicted to be overactivated (22-24) and the inhibitory system downregulated (62, 63). On this 381 

background, increased PKC activity and levels have been found post-mortem in the frontal cortex of 382 

bipolar patients. Furthermore, PKC hyperactivity has been detected in the blood of BD patients (64)  383 

and animal models of mania, in agreement with our conclusions here and in support of the potential 384 

for PKC inhibitors as therapeutics for mania in BD (59, 65-67). It has been previously shown that 385 

lithium can reduce glutamatergic neurotransmission by slowing synaptic vesicle (SV) exocytosis (68). 386 

This may explain increased VGlut1 cluster intensity we saw here (Supplementary Fig. 2b, c). Although 387 

evidence is lacking for how lithium might alter the kinetics of the SV cycle, we would expect reduced 388 

GSK3 and PKC activity to impact presynaptic function. It may also be that intracellular Ca2+ signaling, 389 

via presynaptic mGluR5 autoreceptors (69) is reduced, which may impair vesicular release (70).  390 

 391 
 392 

Recent advances in human induced pluripotent stem cell (iPSC) technology have provided the means 393 

by which to study an individual patient’s neurons. Recently, Mertens et al (71) discovered 394 

hyperexcitability in iPSC-derived hippocampal-like neurons from BD patients, which was reversed by 395 

lithium treatment (in cells from BD lithium responders). These tools will facilitate our future studies 396 

of lithium’s mode of action, at the cellular and network level, in neurons from BD lithium responders 397 
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vs non-responders. We will also determine whether the working model we provide here operates in 398 

human scenarios. Ongoing efforts will examine the mGluR5-PLC-IP3 intracellular Ca2+ signaling 399 

pathway in neurons from BD lithium responders, and the effects of lithium treatment. We hope this 400 

will facilitate development of novel disease-modifying therapies for BD, with the same therapeutic 401 

benefit of lithium, but with less side-effects.    402 
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FIGURE LEGENDS 608 

 609 

Figure 1: Chronic lithium treatment alters gene expression in mouse cortical neurons.  610 

A) Gene clustering of differentially expressed genes of primary cortical mouse neurons at 18 DIV 611 

treated chronically with LiCl (1.5mM) for 7 days compared to controls. Each gene cluster is identified 612 

by a color. B) Significant pathways of gene clusters identified through gene network analysis for 613 

lithium treatment effect on primary cortical mouse neurons. 614 

 615 

Figure 2: Chronic lithium treatment leads to changes in spine morphology. 616 

A) Representative confocal image of dendrites expressing free GFP, bar 10µm. B) enlargement of a 617 

dendrite expressing free GFP treated or not with LiCl (1.5mM) for 7 days, bar 10µm. C) Cell viability 618 

test shows no toxic effect of LiCl (1.5mM) on neurons treated for 7 days, from 5 independent 619 

experiments. Scatter plots show the density of protrusions (D) and the relative proportion of 620 

mushroom spines (E) stubby spines (F) and thin spines (G) treated or not with LiCl for 7 days. H) 621 

Scatter plots show the spine head mushroom diameter from neurons treated or not by LiCl. Data 622 

shown in C-H are the mean ± s.e.m. and statistical significance determined by parametric unpaired t-623 

test for C-G and non-parametric Mann-Whitney test for H. N=~5000 protrusions per condition from 624 

~45 neurons from four independent experiments, ***p < 0.0005, **p = 0.0013.  625 

 626 

Figure 3: Chronic lithium treatment induces excitatory and inhibitory synaptic changes.   627 

A) Representative confocal image of dendrites expressing free GFP from neurons treated or not with 628 

LiCl (1.5mM) for 7 days, with antibodies directed against Vgat and Gephyrin. Arrowheads show the 629 

Vgat and Gephyrin puncta localization and the co-localization between Vgat and Gephyrin in the 630 

merge indicating the inhibitory synapses. Bar, 10µm. B) Scatter plots show quantification of Gephyrin 631 

puncta density/10 µm and Vgat-Gephyrin co-cluster density representing the density of inhibitory 632 

synapses per 10µm from secondary/tertiary dendrites from neurons treated or not with LiCl (1.5mM) 633 

for 7 days. N = 32 neurons per condition from three separate experiments.  634 

C) Representative confocal image of dendrites expressing free GFP from neurons treated or not with 635 

LiCl (1.5mM) for 7 days, with antibodies directed against Vglut1 and PSD95. Arrowheads show the 636 

Vglut1 and PSD95 puncta localization and the co-localization between Vglut1 and PSD95 in the merge 637 

indicating the excitatory synapses. Bar, 5µm. D) Scatter plots show quantification of PSD95 puncta 638 

density/10 µm and Vglut1-PSD95 co-cluster density representing the density of excitatory synapses 639 

per 10µm from secondary/tertiary dendrites as well as PSD95 puncta intensity E from neurons 640 

treated or not with LiCl (1.5mM) for 7 days. N = 30 neurons per condition from three separate 641 

experiments. Data shown in B-E are the mean ± s.e.m. and statistical significance was determined 642 

using a non-parametric Mann-Whitney test. 643 

F) Representative immunoblots anti-Synapsin1, GluA1, GluA2, PSD95, Gephyrin and GAPDH of 18 DIV 644 

neuronal extract from neurons treated chronically or not with LiCl (1.5mM). G) Quantification with 645 

scatter plot of some presynaptic and postsynaptic protein expression levels normalized with GAPDH 646 

and represented as percentage of control of 18 DIV neuronal extract from neurons treated 647 

chronically or not with LiCl (1.5mM) from three to seven separate experiments. Data show the 648 

mean ± s.e.m and statistical significance was determined using one sample t test with hypothetical 649 

value 100 for control. 650 

 651 

 652 
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Figure 4: Chronic lithium treatment reduces neuronal excitability and excitatory transmission, while 653 

increasing inhibitory synaptic transmission. 654 

Representative action potential trains in control (A) and chronically LiCl (1.5mM) treated neurons (B) 655 

at DIV 18, in response to a 1 second depolarizing 120 pA current step from ~-65mV. C) Frequency-656 

current (F-I) plot among repetitively-firing neurons. Frequency represents the mean number of 657 

spikes/second from ~32 neurons per condition from four independent experiments. 658 

Voltage dependence of the amplitude of the sodium current in D and quantification of the peak 659 

amplitude of sodium currents in neurons treated or not chronically with LiCl (1.5mM) in E. Voltage 660 

dependence of the amplitude of the slow potassium current in F and quantifications of the peak 661 

amplitude of the slow and fast potassium currents in neurons treated or not chronically with LiCl 662 

(1.5mM) in G and H. The data from D-H are from five separate experiments and show the 663 

mean ± s.e.m and statistical significance was determined by a non-parametric Mann-Whitney test. 664 

I) Representative sample traces of mEPSCs from neurons treated or not with LiCl (1.5mM) for 7 days. 665 

Scale bar showed as inset. J) Scatter plot show quantification of amplitude, frequency and decay tau 666 

of mEPSCs of ~45 neurons from four independent experiments. K) Representative sample traces of 667 

mIPSCs from neurons treated or not with LiCl (1.5mM) for 7 days. Scale bar showed as inset. L) 668 

Scatter plot show quantification of amplitude, frequency and decay tau of mIPSCs of ~26 neurons 669 

from three independent experiments.  Data shown in J and L are the mean ± s.e.m. and statistical 670 

significance determined by non-parametric Mann-Whitney test. 671 

 672 

Figure 5: Chronic lithium treatment reduces mGluR-mediated calcium response and signaling. 673 

A-C) Representative sample traces of calcium responses after glutamate (1µM), NMDA (10µM) and 674 

DHPG (100 µM) stimulation with histograms showing the quantification of calcium changes upon 675 

stimulation in mouse primary cortical neurons. The second stimulations are preceded by acute LiCl 676 

(1.5mM) treatment of 5min, then followed by 2sec of KCl stimulation.  D-F) Representative sample 677 

traces of calcium responses after glutamate (1µM), NMDA (10 µM) and DHPG (100µM) stimulation 678 

with histograms showing the quantification of calcium changes as percentage of control upon drugs 679 

stimulations in mouse primary cortical neurons chronically treated or not with LiCl (1.5mM) for 7 680 

days. Number of neurons is indicated on each histogram from 3 independent experiments. Data 681 

shown in A-F are the mean ± s.e.m. and statistical significance determined by paired t-test for acute 682 

treatment (A-C) and unpaired t-test for chronic treatment (D-F).   683 

G-H) Representative immunoblots and quantification of anti-phosphorylated levels of PKC (Thr514) 684 

and GSK-3 (Ser9) normalized with GAPDH and represented as percentage of control from neuronal 685 

extract from mouse primary cortical neurons treated with 2, 5 and 10mM of LiCl for 4h, or chronically 686 

by LiCl (1.5mM) for 7 days. The data are from four (for phPKC) and six (for phGSK3) separate 687 

experiments and show the mean ± s.e.m. and statistical significance determined by one sample t-test 688 

with hypothetical value 100 for control.    689 

    690 

 691 

 692 

 693 
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