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Abstract

Chronic lithium treatment stimulates adult hippocampal neurogenesis, but whether increased 

neurogenesis contributes to its therapeutic mechanism remains unclear. We use a genetic model of 

neural progenitor cell (NPC) ablation to test whether a lithium-sensitive behavior requires 

hippocampal neurogenesis. NPC-ablated mice were treated with lithium and assessed in the forced 

swim test (FST). Lithium reduced time immobile in the FST in NPC-ablated and control mice but 

had no effect on activity in the open field, a control for the locomotion-based FST. These findings 

show that hippocampal NPCs that proliferate in response to chronic lithium are not necessary for 

the behavioral response to lithium in the FST. We further show that 4–6 week old immature 

hippocampal neurons are not required for this response. These data suggest that increased 

hippocampal neurogenesis does not contribute to the response to lithium in the forced swim test 

and may not be an essential component of its therapeutic mechanism.
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Introduction

Lithium is a first-line treatment for bipolar disorder, which affects 1–2% of the population 

[17–19, 46, 52]. Lithium treatment has a narrow therapeutic index and can inhibit several 

widely-expressed targets [18, 29, 38, 42, 46]. Understanding the mechanisms by which 

lithium causes behavior phenotypes will help distinguish therapeutic mechanisms from side 

effects and facilitate the development of targeted therapies.

Behaviors altered by lithium in mice include the forced swim test (FST) [30, 40], tail 

suspension test [21, 30], elevated zero maze [40, 41], and exploratory behavior [40, 41]. 

Interestingly, chronic exposure to antidepressants influence these behaviors similarly [33, 

51, 58].

Lithium causes these behaviors through direct inhibition of glycogen synthase kinase-3 

(GSK-3) [29, 40, 53, 57]. Lithium reduces time immobile in the FST [40], as do structurally 

diverse GSK-3 inhibitors [20, 25, 47, 49], genetic deletion of Gsk3a [20, 25, 47, 49], or 

heterozygous deletion of Gsk3b [40]. The effects of lithium or Gsk3b haploinsufficiency on 

the FST are reversed by overexpression of Gsk3b in the central nervous system, supporting 

that the effects of lithium are specifically due to inhibition of GSK-3 [41]. Lithium and 

antidepressants that mimic lithium in multiple behavior tests enhance inhibitory 

phosphorylation of GSK-3 [8, 10, 32, 45], and these phosphorylation sites are required for 

several lithium-responsive behaviors, further supporting the central role of GSK-3 in 

behavioral responses to lithium [1, 4, 50].

GSK-3 inhibition and other agents that activate Wnt signaling induce proliferation of neural 

progenitor cells (NPCs) [9, 13, 22, 27, 28, 44, 62, 64, 67]. Antidepressants similarly induce 

proliferation of hippocampal NPCs [26, 35, 54, 59] and require hippocampal neurogenesis to 

produce behaviors that are also sensitive to lithium [2, 26, 54]. Airan et al. [2, 26, 54] 

reported that neurogenesis is required for response to fluoxetine in the FST. Furthermore, 

antidepressants of several classes induce GSK-3 phosphorylation in cultured cells and 

mouse brain [4, 32, 45]. Given strong parallels between antidepressants and lithium in 

behavior, hippocampal neurogenesis, and signaling, we hypothesized that lithium may 

require hippocampal neurogenesis for behavioral response.

To test whether hippocampal neurogenesis is required for lithium-induced behavior, we 

inducibly ablated NPCs using an established transgenic mouse model [6, 15] and assessed 

whether the response to lithium was mitigated by ablation of proliferating NPCs and their 

progeny. The FST was selected for its large effect size, facilitating analysis of two variables-

lithium and neurogenesis—and because the response to lithium in the FST is highly 

reproducible across genetic strains and laboratories [3, 30, 40, 41, 43, 56]. We additionally 

assessed these mice in the Open Field to rule out confounding changes in locomotor activity.
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Materials and methods

Animals

Heterozygous glial fibrillary acidic protein-thymidine kinase (GFAP-TK) mice (Jackson 

Laboratory, line 005698) were bred to C57BL/6J mice (Jackson Laboratory, line 000664) to 

produce experimental cohorts. Males and females were used as follows: Fig. 1C: n = 12, 4 

per group, 8 males, 4 females; Fig. 2: n = 38, 8–10 per group, 20 males, 18 females; Fig. 3: n 

= 29, 7–8 per group, 16 males, 13 females. Mice were housed 2–3 per cage in standard 

conditions with 12-hour light/dark cycles, with controlled temperature and humidity. All 

mouse protocols were approved by the University of Pennsylvania Institutional Animal Care 

and Use Committee.

NPC ablation and lithium treatment schedule

The GFAP-TK NPC ablation model uses a transgenic Gfap promoter to drive expression of 

herpes simplex virus thymidine kinase (HSV-TK) [6]. HSV-TK converts ganciclovir into a 

cytotoxic guanosine analog that terminates DNA replication and kills proliferating cells [12, 

14, 24].

To investigate the role of 0–3 week old NPCs and progeny on the FST, 8–12 week old 

GFAP-TK mice received 50 mg/kg ganciclovir (APP Pharmaceutical) or saline by 

intraperitoneal injection for 19 days. On day 8 of ganciclovir treatment, half of the mice 

were switched from control chow to 0.2% LiCl chow for 3 days followed by 0.4% LiCl 

chow (Teklad Custom Diet #5001, Envigo), (Fig. 1A and2A). Mice had ad lib access to 

standard drinking water and 450 mM NaCl. A separate cohort of mice was subsequently 

treated with intraperitoneal injection of 50 mg/kg 5-bromo-2’-deoxyuridine (BrdU) for four 

consecutive days and then perfused for tissue collection 24 hours after the last BrdU 

injection (Fig. 1A).

The role of 4–6 week old neurons on the FST was investigated using a similar experimental 

design. On day 31 after the start of ganciclovir treatment, half of the mice were switched 

from control chow to 0.2% LiCl chow for 3 days followed by 0.4% LiCl chow.

Open Field

Mice were tested in a photobeam activity system open field apparatus as described [40, 41]; 

distance traveled was determined with a Matlab-based (MathWorks) open source image 

analysis program [48].

Forced Swim Test

Mice were tested in the FST as described [40, 41] with water 25 ± 1 degree C; the last 4 

minutes of 6 minute trials were manually graded for time immobile.

Tissue Collection and Immunohistochemistry

Anesthetized mice were perfused with paraformaldehyde and brains harvested and stained 

for Doublecortin (DCX) (Abcam ab18723 1:100) as described [36]. Double staining for 

BrdU (US Biologicals B2850–10G 1:1000) and DCX (Abcam ab18723 1:1000) was 
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performed as described [37]. Double-positive (DCX+ BrdU+) cells in the subgranular zone 

(SGZ, 3 cell bodies or less from the hilus) were counted in 5 coronal sections per mouse 

sampled throughout the dentate gyrus.

Statistics

Data from both sexes were combined and analyzed together, as preliminary data with GFAP-

TK mice showed no effect of sex on the response to lithium in the FST. (A two-way 

ANOVA on this cohort demonstrated a significant effect of lithium treatment F(1,53)=19.72, 

p<0.001, but no significant effect of sex F(1,53)=1.53, p=0.22 or Li treatment*sex 

interaction F(3,53)=1.43, p=0.24). Furthermore, prior work has demonstrated no effect of 

sex or estrous cycle on NPC proliferation [31] or on the FST in C57BL/6 mice [63, 66], and 

both sexes respond to lithium in the FST [7]. Additionally, a 3-way ANOVA comparing 

lithium, ablation, and sex did not reveal a main effect of sex or significant interaction in our 

data. Data were tested for normality and homogeneity of variance before assessment by t-

test or 2-way ANOVA. Welch’s two sample t-test was performed when homogeneity of 

variance was not met. P-values in figure 1C were adjusted by multiplying by the number of 

tests performed (2). Significant p-values were defined as less than 0.05. All statistical 

analyses were performed using R and RStudio [60, 61]. Graphs were made using ggplot2 

[65].

Results

Ablation of hippocampal neurogenesis

GFAP-TK mice express HSV-TK in NPCs in the dentate gyrus. Proliferating NPCs that 

express HSV-TK are ablated by treatment with ganciclovir [15, 55]. Importantly, GFAP-TK 

NPC ablation phenocopies hippocampal irradiation of NPCs in neurogenesis-dependent 

behaviors [11, 55], further validating this model to probe for neurogenesis-dependent 

behaviors.

We established a modified protocol for ganciclovir delivery (see Methods and Fig. 1A) that 

maximized ablation of hippocampal neurogenesis without inducing previously described 

gastrointestinal toxicity [6]. Mice appeared healthy and had normal home cage behavior. 

Body weights were indistinguishable between saline and ganciclovir treated groups. Thus, 

the ganciclovir dosing schedule was well-tolerated and resulted in robust impairment of 

neurogenesis. DCX-positive cells were markedly reduced after 19 days of ganciclovir (Fig. 

1B), suggesting ablation of hippocampal neurogenesis at the time of the FST [5, 15]. 

Similarly, GFAP-TK mice that received BrdU, a synthetic thymidine analog used to detect 

proliferating cells, for four days after completion of behavior testing had almost complete 

loss of BrdU+DCX+ cells in the SGZ (2.75 ± 0.63, mean ± SEM) compared to wild-type 

littermates (224 ± 26, adjusted p = 0.003 by Welch’s t-test). Lithium did not prevent 

ganciclovir-induced reduction of double-positive cells in GFAP-TK mice (5.5 ± 3.0, adjusted 

p = 1 by Welch’s t-test) (Fig. 1C). The loss of BrdU+DCX+ cells indicates that proliferating 

NPCs were depleted.

Snitow et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2020 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



No effect of NPC ablation on lithium response in FST

Chronic lithium treatment increases NPC proliferation [9, 23, 27, 67] and reduces time 

immobile in the FST [40]. We hypothesized that hippocampal NPC proliferation is 

necessary for lithium-induced decrease in immobility in the FST. To test this, GFAP-TK 

mice were treated daily with ganciclovir or saline and started on a lithium or control diet a 

week later while continuing ganciclovir (Fig. 2A). The lithium diet was previously 

established to achieve therapeutic levels of serum lithium (0.6–1.2mM) [40]. After 12 days 

of lithium, mice were assessed in the FST. A two way ANOVA was performed to assess 

ablation (ganciclovir) and lithium effects. The analysis revealed a significant effect of 

lithium on time immobile (F(1,34) = 23.9, p<0.001). However, there was no effect of 

ablation (F(1,34) = 1.6, p=0.22) or lithium × ablation interaction on time immobile (F(1,34) 

= 2.07, p = 0.16), indicating that NPC ablation did not affect the FST and that the effect of 

lithium on the FST was resilient to NPC depletion (Fig. 2B).

To assess the effects of NPC ablation and lithium treatment on their general state, mice were 

tested for overall activity levels in an open field arena. No differences were seen in the 

distance traveled between the groups [lithium: F(1,34) = 0.59, p = 0.45; ablation: F(1,34) = 

3.5, p = 0.07; lithium × ablation: F(1,34) = 0.88, P = 0.36] (Fig. 2C). These results show that 

neither ganciclovir-mediated ablation of NPCs nor lithium treatment influence overall state 

or activity, supporting that time immobile in the FST is not due to hypoactivity.

Depleting 4–6 week old immature neurons does not affect lithium phenotype in FST

Immature neurons (4–6 week old neurons) have outsized effects on the hippocampal circuit 

due to their greater synaptic plasticity and increased excitability compared to mature granule 

cell neurons [16, 39, 68, 69]. Furthermore, hippocampal neurogenesis-dependent behaviors 

can require these 4–6 week old immature neurons rather than younger or older neurons [11]. 

A report of neurogenesis-dependence for response to fluoxetine in the FST did not 

discriminate between stages of neural differentiation [2]. We therefore hypothesized that 

although actively proliferating NPCs and their 0–3 week old progeny are unnecessary for the 

effect of lithium in the FST, this behavior phenotype could still be hippocampal 

neurogenesis-dependent with a requirement for 4–6 week old immature neurons.

To assess the role of 4–6 week old neurons, mice were treated with the same ganciclovir 

paradigm and then behavior was tested 6 weeks after starting ganciclovir (Fig. 3A). Lithium 

or control chow was introduced two weeks prior to behavior testing. Mice appeared healthy 

and had normal home cage behavior. Body weights and serum lithium concentrations were 

indistinguishable between saline and ganciclovir treated groups.

A two-way ANOVA to assess the effects of ablation and lithium revealed a significant effect 

of lithium on time immobile (F(1,25) = 17.632, p<0.001), but no effect of ablation (F(1,25) 

= 0.32, p = 0.58). Additionally, there was no significant interaction between ablation and 

lithium on time spent immobile (F(1,25) = 0.089, p = 0.778), indicating that ablation of 4–6 

week old neurons did not mitigate the effect of lithium on time spent immobile in the FST 

(Fig. 3B).
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Open field activity was measured two days before FST to assess overall activity levels. No 

effect on distance traveled in the open field was observed with ablation or lithium treatment 

[lithium: F(1,24) = 1.98, p = 0.17; ablation: F(1,24) = 1.91, p = 0.18; lithium × ablation: 

F(1,24) = 0.57, p = 0.46] (Fig. 3C). Once again, neither ganciclovir-mediated ablation nor 

lithium influenced overall state or activity.

Discussion

These experiments using GFAP-TK to ablate adult hippocampal neurogenesis reveal that 

hippocampal neurogenesis is not required for the behavioral response to lithium in the FST. 

Ablation of NPCs during the time-frame of lithium dosing or ablation of 4–6 week old 

immature neurons has no effect on lithium-induced reduced time immobile in the FST.

Lithium treatment of bipolar disorder patients takes weeks to stabilize mood [17, 19, 46, 52], 

suggesting that chronic lithium treatment requires cellular changes for its therapeutic 

mechanism of action. Chronic lithium induces proliferation of NPCs in rodents [9, 23, 27, 

67] and evokes responses in several behaviors that are also sensitive to antidepressants, 

including the FST. Chronic antidepressant treatment induces hippocampal neurogenesis [34, 

35], and some antidepressant-induced behaviors also require hippocampal neurogenesis, 

including, in some reports, the FST [2, 54]. However, our results show that ablating NPC 

proliferation and depleting their 0–3 week old progeny does not diminish the lithium 

response in the FST. Thus, NPC proliferation does not have a critical role in this behavioral 

response to lithium.

A requirement for hippocampal neurogenesis in the FST response to fluoxetine was 

demonstrated 8 weeks after ablation of neurogenesis [2, 54]. Furthermore, Denny and 

colleagues [11] found that 4–6 week old immature neurons but not 2 week old neurons were 

required for a neurogenesis-dependent behavior test. We therefore tested the hypothesis that 

4–6 week old immature neurons may play a role in the response to lithium in the FST. 

However, depletion of 4–6 week old immature neurons did not alter the effect of lithium on 

time immobile in the FST. Therefore, immature hippocampal granule cell neurons do not 

play a measurable role in the response to lithium in the FST.

The FST has a large effect size that allows for statistical power while probing two variables-

cellular ablation and lithium treatment. Furthermore, the effect of lithium on time immobile 

in the FST is highly reproducible among different labs and mouse genetic backgrounds [3, 

30, 40, 41, 43, 56]. These strengths of the FST make it an optimal behavioral assay when 

using mouse genetic models to assess the importance of neuronal populations to lithium-

influenced behavior. While behaviors in rodents may be difficult to extrapolate directly to 

human psychiatric disorders, establishing the mechanism of lithium action on neuronal 

function and behavior requires a robust behavior assay.

Conclusions

This study demonstrates that adult hippocampal neurogenesis is not necessary for lithium 

effects on the FST, the most reproducible lithium-sensitive behavior in rodents. The lithium 

response in the FST is unaffected by ablation of proliferating NPCs and their 0–3 week old 
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progeny or 4–6 week old immature neurons. We conclude that lithium-induced NPC 

proliferation is not essential for the effect of lithium on this behavior. The cellular mediators 

of behavioral responses to lithium remain to be determined by future studies.
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Highlights

• The effect of lithium on mouse behavior in the forced swim test does not 

require hippocampal neurogenesis.

• Hippocampal neurogenesis is ablated in GFAP-TK mice treated with 

intraperitoneal ganciclovir.

• Ablation of hippocampal neurogenesis does not disrupt overall activity in the 

open field.
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Figure 1. 
Intraperitoneal ganciclovir ablates adult hippocampal neurogenesis.

A) Experiment schedule for quantification of NPC ablation.

B) Fluorescent immunohistochemistry for DCX, a marker of immature neurons that derive 

from GFAP-positive NPCs [15], in brains collected one day after the FST. Daily ganciclovir 

depletes DCX-positive NPC progeny in the dentate gyrus, indicating ablation of 

hippocampal neurogenesis. Scale bar: 100um.

C) Quantification of NPC ablation from mice treated with BrdU (after completing behavior 

testing). BrdU+ DCX+ double-positive cells in the SGZ are depleted in GFAP-TK mice 

compared to wild-type. Lithium treatment does not change the extent of NPC ablation. Bar 

graph and error bars represent mean ± SEM; n = 4 per group. Individual data points are 

color-coded by sex (red = male, blue = female). Significance: ** p < 0.005 by Welch’s two 

sample t-test. OF, Open Field; FST, Forced Swim Test; I.P., intraperitoneal; DCX, 

Doublecortin.
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Figure 2. 
Lithium response in FST is unaffected by NPC ablation.

A) Experiment schedule to ablate NPCs during lithium treatment.

B) Time immobile in the FST is reduced by lithium, and ganciclovir does not mitigate the 

effect of lithium.

C) Activity in the open field is unaffected by any treatment condition.

Bar graph and error bars represent mean +/− SEM; n = 8–10 per group. Individual data 

points are color-coded by sex (red = male, blue = female). OF, Open Field; FST, Forced 

Swim Test; I.P., intraperitoneal.
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Figure 3. 
Ablation of 4–6 week old immature neurons does not mitigate lithium response in the FST.

A) Experiment schedule to assess the role of 4–6 week old immature neurons.

B) Time immobile in the FST is reduced by lithium, and ganciclovir does not mitigate the 

effect of lithium.

C) Activity in the open field is unaffected by any treatment condition.

Bar graph and error bars represent mean +/− SEM; n = 7–8 per group. Individual data points 

are color-coded by sex (red = male, blue = female). OF, Open Field; FST, Forced Swim Test; 

I.P., intraperitoneal.
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