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Abstract

Objectives—We examined mechanisms that contribute to the rapid antidepressant effect of 

ketamine in mice that is dependent on glycogen synthase kinase-3 (GSK3) inhibition.

Methods—We measured serotonergic (5HT)-2C-receptor (5HTR2C) cluster microRNA 

(miRNA) levels in mouse hippocampus after administering an antidepressant dose of ketamine (10 

mg/kg) in wild-type and GSK3 knockin mice, after GSK3 inhibition with L803-mts, and in 

learned helpless mice.

Results—Ketamine up-regulated cluster miRNAs 448-3p, 764-5p, 1264-3p, 1298-5p and 

1912-3p (2- to 11-fold). This up-regulation was abolished in GSK3 knockin mice that express 

mutant constitutively active GSK3. The GSK3 specific inhibitor L803-mts was antidepressant in 

the learned helplessness and novelty suppressed feeding depression-like behaviours and up-

regulated the 5HTR2C miRNA cluster in mouse hippocampus. After administration of the learned 

helplessness paradigm mice were divided into cohorts that were resilient (non-depressed) or were 

susceptible (depressed) to learned helplessness. The resilient, but not depressed, mice displayed 

increased hippocampal levels of miRNAs 448-3p and 1264-3p. Administration of an antagonist to 

miRNA 448-3p diminished the antidepressant effect of ketamine in the learned helplessness 

paradigm, indicating that up-regulation of miRNA 448-3p provides an antidepressant action.

Conclusions—These findings identify a new outcome of GSK3 inhibition by ketamine that may 

contribute to antidepressant effects.
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Introduction

Ketamine produces a rapid antidepressant effect in many patients with major depressive 

disorder or bipolar disorder that occurs within a time-frame of hours, as opposed to several 

weeks required for conventional antidepressants (Niciu et al. 2014; Newport et al. 2015; 

Scheuing et al. 2015). The mechanism underlying this action of ketamine remains to be 

established, but it has been reported to depend on the inhibition of glycogen synthase 

kinase-3 (GSK3; Beurel et al. 2011). This is of interest because substantial evidence has 

implicated abnormally active GSK3 as a contributory factor for mood disorders, and 

inhibition of GSK3 as contributing to therapeutic actions of mood stabilisers and 

antidepressants (Jope 2011). GSK3 is primarily regulated by phosphorylation of an N-

terminal serine in each of the two isoforms, serine-21 in GSK3α and serine-9 in GSK3β 
(Beurel et al. 2015). Phosphorylation on these sites inhibits the activity of GSK3, and 

diminished serine-phosphorylation is thought to contribute to hyperactive GSK3 associated 

with mood disorders. The functional importance of this mechanism of GSK3 inhibition can 

be studied using GSK3 knockin mice in which serine-9 of GSK3β and serine-21 of GSK3α 
are mutated to alanines, thus preventing inhibitory serine-phosphorylation. GSK3 knockin 

mice reproduce normally and do not display any overt behavioural or morphological 

phenotypes (McManus et al. 2005), and are physiologically relevant because they express 

GSK3 at levels that are identical to wild-type mice (Polter et al. 2010). Administration of the 

antidepressants fluoxetine or imipramine to mice increased the inhibitory serine-

phosphorylation of GSK3 in mouse brain (Li et al. 2004). Inhibitory serine-phosphorylation 

of GSK3 in mouse brain also was found to occur rapidly after administration of ketamine, 

and the rapid anti-depressant effect of ketamine in mice is dependent on inhibition of GSK3 

(Beurel et al. 2011). Also, GSK3 inhibitors enhanced the antidepressant effects of sub-

therapeutic levels of ketamine in mice, suggesting that the agents cooperate via a common 

mechanism (Ghasemi et al. 2010; Liu et al. 2013; Chiu et al. 2014). Furthermore, in patients 

with depression, ketamine administration increased inhibitory serine-phosphorylation of 

GSK3 in lymphocytes (Yang et al. 2013). Taken together, these findings demonstrate that 

GSK3 is inhibited by ketamine and that this may contribute to the antidepressant action of 

ketamine.

Although inhibition of GSK3 by ketamine is required for the rapid antidepressant effect in 

mice, it is unclear how this relieves depression. We were interested in the possibility that it 

may involve regulation of the serotonin (5HT) 2C receptor (5HTR2C). The 5HTR2C has 

been linked to modulation of mood-relevant behaviours in rodents and suggested to be 

linked to depression, but this remains controversial and it is unclear what effect 

antidepressants have on 5HTR2C expression (Van Oekelen et al. 2003; Chagraoui et al. 

2016). The 5HTR2C gene is located on the X-chromosome and the 5HTR2C gene locus 

hosts five intronic microRNAs (miRNAs), 448-3p, 764-5p, 1264-3p, 1298-5p and 1912-3p 

(Eacker et al. 2011; Hinske et al. 2014). These miRNAs share the same transcriptional 
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direction as the 5HTR2C gene, raising the possibility that their expression may be 

coordinately regulated with the expression of 5HTR2C messenger RNA (mRNA). The five 

intronic miRNAs in the 5HTR2C gene are expressed in human brain (Ziats and Rennert 

2014) and in mouse brain, where their expression correlates with 5HTR2C expression 

(Hinske et al. 2014).

Here we report that administration of an anti-depressant dose of ketamine leads to increased 

expression of the cluster of five intronic miRNAs within the 5HTR2C gene in mouse 

hippocampus, that this requires ketamine-induced inhibition of GSK3, and that 

administration of an antagonist to miRNA 448-3p diminished the antidepressant effect of 

ketamine in the learned helplessness paradigm.

Methods

Mice

Male, adult (8–10 weeks old) C57BL/6 wild-type and homozygous GSK3α/β21A/21A/9A/9A 

knockin mice (McManus et al. 2005) were used. GSK3 knockin mice develop and reproduce 

normally with no overt phenotype (McManus et al. 2005; Eom and Jope 2009; Polter et al. 

2010). Mice were housed in groups of three to five in standard cages in light and 

temperature controlled rooms and were treated in accordance with National Institutes of 

Health and the University of Miami Institutional Animal Care and Use Committee 

regulations. Mice were treated intraperitoneally (i.p.) with vehicle, ketamine (10 mg/kg), 

2,3-dihdroxyl-6-nitro-7-sulfamoylbenzo(f)quinoxaline-2, 3-dione (NBQX, 10 mg/kg; 

Tocris) or fluoxetine (20 mg/kg; National Institute of Mental Health Chemical Synthesis and 

Drug Supply Program). The specific GSK3 inhibitor L803-mts, a substrate-competitive 

peptide inhibitor (Plotkin et al. 2003), was dissolved in DDX1 vehicle (128 mM NaCl, 8 

mM citric acid, 17 mM Na2HPO4, 0.0005% benzalkonium chloride), using a protocol (60 

μg/mouse; intranasal, 24 hr pretreatment) that was effective in previous studies 

(Kaidanovich-Beilin et al. 2004; Beurel et al. 2013). For miRNA antagonism experiments, 2 

and 4 h after ketamine was administered (10 mg/kg; i.p.), mice received a miR448-3p 

mirVANA inhibitor (5 mg/kg hsa-miR-448 in DDX1; intranasal; 5 μl/nostril in each nostril; 

Ambion catalogue number MH10520, Thermo Fisher Scientific), which was designed to 

specifically bind to and inhibit endogenous miRNA-448.

Quantitative real-time polymerase chain reaction

Total RNA from mouse hippocampus and prefrontal cortex was isolated by TRIzol 

extraction according to the manufacturer’s instructions (Invitrogen). RNA was converted to 

cDNA using ImProvII reverse transcriptase (Promega) according to the manufacturer’s 

instructions. Quantitative changes in the mRNA levels were determined by real-time PCR 

using TaqMan Gene Expression Assays for 5HTR2C (00434127) and 18S (4332641) 

according to the manufacturer’s instructions. Low-molecular weight RNA fractions were 

isolated from total RNA using the NanoSep 100K spin column (Pall). Low molecular weight 

RNA fractions were then concentrated using the RNeasy MinElute spin column (QIAGEN). 

Low molecular weight RNAs were converted to cDNA using the TaqMan miRNA reverse 

transcription kit. Quantitative changes in the miRNA levels were determined by real-time 
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PCR using TaqMan miRNA expression assays for miRNAs 193a-3p (002250), 448-3p 

(001029), 764-5p (002031), 1264-3p (464426), 1298-5p (002861), 1912-3p (464370), 

1941-3p (121130) and for the small nuclear RNA U6 (001973), according to the 

manufacturer’s instructions. Experiments were performed on a 7900 HT Fast (Applied 

Biosystems) instrument.

Learned helplessness

Inescapable foot shocks were used to induce learned helplessness depression-like behaviour 

in mice as described previously (Polter et al. 2010; Beurel et al. 2013). Mice were placed 

inside a Modular Shuttle Box (Med Associates, St. Albans, VT), with the gate between the 

two chambers closed. One hundred and eighty inescapable foot shocks were delivered at an 

amplitude of 0.3 mA, at random durations of 6–10 s, with a randomised inter-shock interval 

of 5–45 s. Twenty-four hours later, depression-like behaviour was tested using the shuttle 

box by exposing the mice to 30 escapable 0.3-mA foot shocks that lasted for a maximum of 

24 s. Latency to escape from these foot shocks was recorded using the MED-PC Data 

Acquisition software. An escape failure was tallied if a mouse did not escape within the 24-s 

time limit. Mice with greater than 15 escape failures were defined as having acquired 

learned helplessness depression-like behaviour.

Novelty suppressed feeding

The novelty suppressed feeding (NSF) test was carried out as previously described (Beurel 

et al. 2013). Mice were weighed prior to and after a 24-h period of food deprivation to assure 

that body weight loss was equal between groups. During testing mice were allowed to 

explore a novel open field arena with a food pellet placed in the centre on a small platform 

for a maximum of 10 min. Latency to begin feeding on the pellet was recorded. Mice were 

then returned to their home cages, and latency to feed and total food consumed was 

monitored during a 5-min period in order to control for potential differences in feeding not 

due to the novel environment.

Statistical analysis

Statistical significance was analysed with a Student’s t-test or one- or two-way analysis of 

variance (ANOVA) with a Bonferroni post-hoc test using Prism software, and P <.05 was 

considered significant.

Results

Ketamine treatment up-regulates 5HTR2C mRNA and an associated cluster of five miRNAs

Examination of 5HTR2C mRNA expression 24 h after treatment with a sub-anaesthetic, 

antidepressant dose of ketamine (10 mg/kg; i.p.), revealed a modest, but significant, increase 

in 5HTR2C mRNA levels (1.5 ± 0.1-fold of control levels) in mouse hippocampus (Figure 

1(a)). We used GSK3 knockin mice, in which the regulatory serines in both isoforms of 

GSK3 are mutated to alanine to abrogate inhibitory serine-phosphorylation, to test if the 

regulation of the 5HTR2C mRNA by ketamine requires inhibition of GSK3. This 

demonstrated that up-regulation of 5HTR2C mRNA induced by ketamine treatment was 
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dependent on inhibition of GSK3 because ketamine treatment did not increase 5HTR2C 

mRNA levels in the hippocampus of GSK3 knockin mice.

Introns in the 5HTR2C gene code for a cluster of five miRNAs (Hinske et al. 2014), which 

we examined for changes in expression following administration of ketamine. Treatment 

with ketamine (10 mg/kg; 24 h) significantly increased the levels of all five miRNAs in 

mouse hippocampus, increasing miRNA 764-5p (2-fold), 1912-3p (6-fold), 1264-3p (5-

fold), 1298-5p (7-fold) and 448-3p (11-fold) (Figure 1(a)). Two miRNAs not within the 

5HTR2C cluster, 193a-3p and 1941-3p, were unaltered or down-regulated by ketamine 

treatment (Figure 1(b)), demonstrating selectivity of the response to ketamine. GSK3 

knockin mice were used to test if the up-regulation of the 5HTR2C cluster miRNAs by 

ketamine requires inhibition of GSK3. Without drug treatment, levels of all five 5HTR2C 

cluster miRNAs were equivalent in the hippocampi of wild-type mice and GSK3 knockin 

mice except for a lower level of 764-5p in GSK3 knockin mice (Figure 1(a)). The ketamine 

treatment-induced increases in all five miRNAs were abolished in GSK3 knockin mice, 

demonstrating the requirement for ketamine-induced inhibition of GSK3 for the miRNAs to 

be up-regulated. In contrast to the hippocampus, ketamine treatment did not alter 5HTR2C 

mRNA expression or the levels of the 5HTR2C cluster miRNAs in the pre-frontal cortex 

(Figure 1(c)). Basal miRNA levels were not significantly different in the hippocampus and 

the prefrontal cortex (Supplemental Figure 1 available online). Thus, ketamine up-regulates 

the expression of 5HTR2C mRNA and the 5HTR2C cluster of five miRNAs in mouse 

hippocampus and these responses are dependent on ketamine-induced inhibition of GSK3.

We examined the time-dependence of ketamine-induced up-regulation of the 5HTR2C 

cluster miRNAs. In the hippocampus, the levels of all five miRNAs did not change 30 min 

or 3 h after ketamine administration, but were significantly elevated after 24 h, and levels 

returned towards basal levels after 48 h except for 764-5p, which was still significantly up-

regulated at this time (Figure 2(a)). These results demonstrated that miRNA up-regulation 

was maximal 24 hr after ketamine administration.

In order to determine if the ketamine-induced up-regulation of the 5HTR2C cluster miRNAs 

was unique or also was a response to a classical antidepressant, we tested the effect of 

fluoxetine treatment on the 5HTR2C cluster miRNAs. Expression of the 5HTR2C cluster 

miRNAs did not significantly change either 1 or 24 h after acute fluoxetine treatment 

(Figure 2(b)) or after 2 weeks of chronic fluoxetine treatment (Figure 2(c)).

Ketamine is administered therapeutically to patients with depression. Therefore, we tested if 

ketamine administration up-regulated the cluster miRNAs in mice that were previously 

rendered depressed by induction of learned helplessness. Indeed, ketamine administration 

up-regulated expression levels of all five cluster miRNAs and 5HTR2C mRNA in learned 

helpless mice to a similar extent as occurred in untreated mice (Figure 3(a)).

To test if the miRNA responses to ketamine were mediated by AMPA receptors, mice were 

pre-treated with the AMPA receptor antagonist NBQX (10 mg/kg) for 1 h followed by 

administration of a sub-anaesthetic, antidepressant dose of ketamine (10 mg/kg), and 

measurements of miRNAs 24 h after ketamine treatment. Ketamine significantly up-
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regulated each of the miRNAs and the 5HTR2C mRNA level, but there was not a significant 

increase in any of these by ketamine after blockade of AMPA receptors by NBQX (Figure 

3(b)), consistent with previous reports that the antidepressant effect of ketamine is mediated 

by signalling through AMPA receptors (Malinow and Malenka 2002; Maeng et al. 2008; 

Koike et al. 2011).

Inhibition of GSK3 up-regulates the 5HTR2C cluster miRNAs

The lack of up-regulation of the 5HTR2C cluster of miRNAs by ketamine in GSK3 knockin 

mice indicated that inhibition of GSK3 is necessary for this response. To test if inhibition of 

GSK3 is sufficient to up-regulate the expression of this cluster of miRNAs, we evaluated the 

effects of selectively inhibiting GSK3 on susceptibility to the learned helplessness and NSF 

depression-like behaviours and on expression of the 5HTR2C miRNA cluster by 

administering the specific GSK3 inhibitor L803-mts using a protocol (60 μg/mouse; 

intranasal, 24 h pretreatment) that was effective in previous studies (Kaidanovich-Beilin et 

al. 2004; Beurel et al. 2013). In the learned helplessness paradigm, 76% of control mice 

treated with intranasal administration of vehicle developed learned helplessness, which was 

reduced to 33% by L803-mts administration (Figure 4(a)). After exposure to the learned 

helplessness paradigm, vehicle-treated mice had a significantly increased feeding latency in 

the NSF test when placed in a novel arena containing a food pellet after a 24-h period of 

food deprivation, whereas L803-mts-treated mice exposed to the learned helplessness 

paradigm did not (Figure 4(b)). Control measurements found that there were no differences 

in weight loss or appetite (feeding in the home cage) between the groups of mice 

(Supplemental Figure 2). Therefore administration of L803-mts confers mice with protection 

from these two depression-like behaviour models. Administration of L803-mts also 

increased the levels of the cluster miRNAs to a similar extent as that caused by ketamine 

administration (Figure 4(c)). Thus, in vivo inhibition of GSK3 is sufficient to recapitulate 

the ketamine-induced protection from two depression-like behaviours and up-regulation of 

expression of the 5HTR2C cluster of miRNAs.

5HTR2C cluster miRNAs expression and learned helplessness

Since administration of an antidepressant dose of ketamine up-regulated the 5HTR2C cluster 

miRNAs, we tested if their expression levels were altered by the induction of the learned 

helplessness depression-like behaviour. Mice were exposed to inescapable foot shocks 

followed 24 h later by exposure to escapable foot shocks, and failure to escape from 15 out 

of 30 trials of escapable foot shocks is defined as learned helplessness behaviour. Mice were 

grouped into a resilient group that did not display learned helplessness and a learned 

helpless group, and mice that were not exposed to foot shocks were used as a control group. 

Twenty-four hours after the learned helplessness paradigm, mice that were resilient had 

significant increases in the hippocampal expression of miRNAs 1264-3p (7-fold) and 448-3p 

(5-fold), but not 764-5p, 1912-3p or 1298-5p compared to control mice (Figure 5(a)). Thus, 

stress-induced up-regulation of 1264-3p and 448-3p correlated with resistance to learned 

helplessness, suggesting that up-regulation of these two miRNAs may contribute to 

ketamine’s anti-depressant effect.
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To determine if the antidepressant effect of ketamine in mice is dependent upon up-

regulation of one of the 5HTR2C miRNAs, we tested if miRNA interference of 448-3p 

reduced ketamine’s antidepressant effect in the learned helplessness paradigm because it was 

up-regulated to the greatest extent by ketamine and was up-regulated in resilient mice. 

Seventy-five percent of control mice treated with vehicle developed learned helplessness and 

this was reduced to only 11% of mice treated with ketamine. However, co-treatment of 

ketamine plus a miRNA 448-3p antagonist resulted in 58% of mice developing learned 

helplessness (Figure 5(b)). Therefore miRNA 448-3p antagonism blocked approximately 

73% of ketamine’s antidepressant effect on this depression-like behaviour.

Discussion

Ketamine can induce a rapid antidepressant effect in patients with mood disorders and in 

mice with depression-like behaviours (Niciu et al. 2014; Newport et al 2015; Scheuing et al. 

2015). Although the antidepressant mechanism of action of ketamine has yet to be fully 

established, several studies have linked it to inhibition of GSK3 (Ghasemi et al. 2010; Beurel 

et al. 2011; Liu et al. 2013; Yang et al. 2013; Chiu et al. 2014; Zhou et al. 2014). Following 

up that link, here we found that in mouse hippocampus an antidepressant dose of ketamine 

up-regulated the expression of a cluster of five miRNAs intronic within the 5HTR2C gene, 

that this was dependent on inhibition of GSK3 and was matched by administration of a 

specific GSK3 inhibitor, and that blocking the most highly up-regulated miRNA, 448-3p, 

diminished the anti-depressant action of ketamine in mice.

Selectivity in the up-regulation of the 5HTR2C cluster miRNAs by ketamine treatment was 

indicated for three aspects of the response: the miRNA cluster, the hippocampus, and the 

drug. Two miRNAs, 193a-3p and 1941-3p, outside of the 5HTR2C gene were not up-

regulated by ketamine treatment, indicating that the effect of ketamine did not extend to all 

miRNAs. Brain region selectivity was indicated by the up-regulation of the 5HTR2C 

miRNA cluster in the hippocampus but not in the prefrontal cortex by ketamine treatment, 

which is in agreement with several previous studies that emphasised hippocampal responses 

to ketamine administration (Garcia et al. 2008; Maeng et al. 2008; Autry et al. 2011; Tizabi 

et al. 2012). Although our measurements were made primarily using hippocampal tissue, 

these results do not exclude similar effects in other brain regions that may contribute to the 

response to ketamine. In addition, the classical serotonin-specific re-uptake inhibitor 

antidepressant fluoxetine did not up-regulate the expression of the 5HTR2C cluster 

miRNAs, raising the possibility that this response to ketamine may contribute to its 

antidepressant capacity in patients non-responsive to classical antidepressants.

Expression of 5HTR2C mRNA was also up-regulated in conjunction with the miRNA 

cluster by treatment with ketamine. The 5HTR2C has been linked to depression in several 

studies, although its potential regulatory role remains to be firmly established (Chagraoui et 

al. 2016). Studies in 5HTR2C null mice (Tecott et al. 1995) and 5HTR2C knockin mice 

(Bombail et al. 2014) may be complicated if some of the phenotypes result in part by altered 

expression of intronic miRNAs in the 5HTR2C gene. However, since the ketamine-induced 

up-regulation of 5HTR2C mRNA was modest compared with the up-regulation of the 
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miRNAs we did not pursue further studies to determine if it contributed to the antidepressant 

action of ketamine.

The up-regulated expression of the cluster of miRNAs induced by ketamine was linked to 

the inhibition of GSK3 induced by ketamine by two findings. First, up-regulation of the 

miRNA cluster did not occur in GSK3 knockin mice, in which GSK3 cannot be inhibited by 

ketamine (McManus et al. 2005). Second, inhibition of GSK3 by administration of the 

specific inhibitor L803-mts was sufficient to diminish susceptibility to learned helplessness, 

a reduction in susceptibility equivalent to that caused by acute administration of ketamine 

(Beurel et al. 2011). This extends several previous reports that administration of GSK3 

inhibitors had antidepressant effects in rodent models of depression. Mouse immobility time 

in the forced swim test was reduced by several inhibitors of GSK3, including L803-mts 

(Kaidanovich-Beilin et al. 2004; Shapira et al. 2007), CHIR99021 (Pan et al. 2011), AR-

A014418 (Gould et al. 2004; Rosa et al. 2008), NP031115 (Rosa et al. 2008), SB216763 (Li 

et al. 2014) and lithium (O’Brien et al. 2004; Shapira et al. 2007; Silva et al. 2008; Can et al. 

2011; Pan et al. 2011), but not by SB216763 (Ma et al. 2013). Mouse immobility time in the 

tail suspension test was reduced by TDZD-8 (Beaulieu et al. 2008b) and lithium (Beaulieu et 

al. 2008a), but not by SB216763 (Ma et al. 2013), and lithium reduced mouse escape 

failures in the learned helplessness test (Beurel et al. 2011; Beurel et al. 2013). Molecular 

modifications of GSK3 also indicate its inhibition promotes antidepressant effects (reviewed 

in Jope 2011). L803-mts also was sufficient to up-regulate the expression of the 5HTR2C 

cluster miRNAs in the hippocampus to an extent similar to that of ketamine administration. 

Thus, inhibition of GSK3 is both necessary and sufficient to reduce susceptibility to learned 

helplessness and to increase the expression of the 5HTR2C cluster miRNAs.

The key question of whether the ketamine-induced up-regulation of this cluster of miRNAs 

contributes to the antidepressant response to ketamine was addressed by several approaches. 

Ketamine administration up-regulated expression of all five cluster miRNAs in mice that 

were previously rendered learned helpless, demonstrating that ketamine induces this 

response not only in untreated mice but also in learned helpless mice, which models the 

clinical situation better than testing responses in control mice. The peak increase in the 

expression of the 5HTR2C cluster miRNAs occurred 24 hr after ketamine treatment, which 

matches the time of the antidepressant effect of ketamine treatment in mice (Maeng et al. 

2008; Li et al. 2010; Autry et al. 2011; Beurel et al. 2011; Zanos et al. 2016), raising the 

possibility that the miRNAs contribute to the antidepressant effect. However, in patients 

ketamine can produce anti-depressant effects at shorter times, suggesting that either the 

kinetics may differ between humans and mice, or that up-regulated miRNAs do not have a 

role in human antidepressant responses to ketamine. Although not addressed here, it is also 

possible that ketamine-induced miRNA up-regulation is related to the recently described 

prophylactic effect of ketamine against stress-induced depressive-like behaviours in mice 

(Brachman et al. 2016). Although ketamine treatment up-regulated all five 5HTR2C cluster 

miRNAs, there were several differences among their responses. Up-regulation of 764-5p by 

ketamine was lower than the other miRNAs in the cluster, 764-5p was the only miRNA in 

the 5HTR2C cluster that was significantly lower in GSK3 knockin mouse hippocampus 

compared with wild-type mice, and 764-5p was the only miRNA in the 5HTR2C cluster that 

did not return to basal levels 48 h after ketamine administration. miRNA 448-3p also 
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differed from the other cluster miRNAs in that it displayed the most robust increase after 

ketamine administration, and is the only miRNA that is in an intronic and coding region of 

the 5HTR2C gene. Particularly interesting was the finding that after exposure to learned 

helplessness only miRNAs 448-3p and 1264-3p were up-regulated in resilient mice that 

exhibited resistance to learned helplessness but not in mice that developed learned 

helplessness, raising the possibility that one or both of these miRNAs may play a role in 

promoting resilience. An antidepressant role for miR448-3p was supported by the finding 

that antagonising 448-3p counteracted the antidepressant effect of ketamine in the learned 

helplessness model.

In summary, this study found that ketamine up-regulates a cluster of intronic miRNAs 

associated with the 5HTR2C gene locus in mouse hippocampus. This ketamine-induced up-

regulation is dependent on GSK3 inhibition, is matched by administration of a GSK3 

inhibitor, and is diminished by antagonism of miRNA 448-3p. Thus, in mice ketamine-

induced up-regulation of miR448-3p appears to contribute to the antidepressant response.
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Figure 1. 
Ketamine treatment up-regulates 5HTR2C mRNA and the 5HTR2C cluster miRNAs in 

mouse hippocampus. Wild-type (n = 12–20) and GSK3 knockin mice (n = 6–8) were treated 

with ketamine (10 mg/kg; i.p.) and were sacrificed after 24 h. (a) Expression levels of 

5HTR2C mRNA and 5HTR2C cluster miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 

448-3p) in the hippocampus. Data represent means ± SEM (two-way ANOVA (genotype × 

treatment); 764-5p: Fgenotype(1,40) = 11.40; 1912-3p: Ftreatment(1,38) = 4.330; 1264-3p: 

Finteraction(1,38) = 6.048; 1298-5p: Finteraction(1,42) = 4.608; 448-3p: Finteraction(1,42) = 

6.347; Bonferroni post-hoc test, *P <.05, compared to saline-treated wild-type mice, **P <.

05, compared to ketamine-treated wild-type mice). (b) Expression levels of miRNAs 
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193a-3p and 1941-3p in the hippocampus of wild-type mice. Data represent means ± SEM, 

n = 3–4 (Student’s t-test; 1941-3p: t(4) = 4.901, *P <.05). (c) Expression levels of 5HTR2C 

mRNA and the 5HTR2C cluster miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 448-3p) 

in the prefrontal cortex of wild-type mice (means ± SEM).
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Figure 2. 
Time-dependence of the effects of ketamine or fluoxetine treatment on the 5HTR2C cluster 

miRNA expression in mouse hippocampus. (a) Expression levels of 5HTR2C cluster 

miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 448-3p) in the hippocampus 30 min (n = 

4), 3 h (n = 3), 24 h (n = 12) and 48 h (n = 5) after treatment with ketamine (open bars; 10 

mg/kg; i.p.) in wild-type mice. Data represent means ± SEM (one-way ANOVA; 764-5p: 

F(4,38) = 3.856; 1912-3p: F(4,36) = 2.782; 1264-3p: F(4,38) = 6.873; 1298-5p: F(4,40) = 

3.649; 448-3p: F(4,40) = 5.765; Bonferroni post-hoc test, *P <.05, compared to saline-

treated control mice). (b, c) Expression levels of 5HTR2C mRNA and the 5HTR2C cluster 

miRNAs in wild-type mice hippocampi (b) 1 or 24 h after acute treatment with fluoxetine 
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(Fluox; open bars; 20 mg/kg; i.p.) (n = 4) and (c) 24 h after 2 weeks of daily treatment with 

fluoxetine (20 mg/kg; i.p.) (n = 10) (means ± SEM).
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Figure 3. 
Ketamine up-regulates the 5HTR2C miRNA cluster expression. (a) Expression levels of the 

5HTR2C cluster miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 448-3p) and 5HTR2C 

mRNA in the hippocampus 24 h after treatment with ketamine (Ket; 10 mg/kg; i.p.; white 

bars) or saline (Sal; black bars) that was administered to wild-type mice 48 h after 

completion of the learned helplessness protocol (Depressed). Data represent means ± SEM, 

n = 6–10 (one-way ANOVA; 764-5p: F(2,20) = 4.820; 1912-3p: F(2,20) = 4.601; 1264-3p: 

F(2,20) = 4.587; 1298-5p: F(2,22) = 4.343; 448-3p: F(2,20) = 5.137; Bonferroni post-hoc 

test, *P <.05, compared to saline-treated control (Ctl, mice). (b) Wild-type mice were pre-

treated with NBQX (10 mg/kg; i.p.) or saline (Sal) for 1 h, and treated with saline or 

ketamine (Ket; 10 mg/kg; i.p.) for 24 hr. Expression levels of the 5HTR2C cluster miRNAs 

(764-5p, 1912-3p, 1264-3p, 1298-5p and 448-3p) and 5HTR2C mRNA were measured in 

the hippocampus 24 h after ketamine treatment. The four treatment groups are: saline (Sal), 

ketamine (Ket.), NBQX, or ketamine plus NBQX (Ket +NBQX). Data represent means ± 

SEM, n = 4–6 (two-way ANOVA (Treatment(NBQX) × Treatment(Ket)); 764-5p: 
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Finteraction(1,13) = 5.292; 1912-3p: Ftreatment(Ket)(1,15) = 5.925; 1264-3p: Finteraction(1,13) = 

7.315; 1298-5p: Ftreatment(Ket)(1,14) = 5.578; 448-3p: Ftreatment(Ket)(1,13) = 10.14; 5HTR2C: 

Ftreatment(Ket)(1,13) = 14.44; Bonferroni post-hoc test, *P <.05, compared to saline-treated or 

ketamine-treated mice as indicated).
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Figure 4. 
Inhibition of GSK3 attenuates depression-like behaviours and up-regulates expression of the 

5HTR2C miRNA cluster. (a) Escape failures in the learned helplessness test for wild-type 

mice treated with intranasal administration of vehicle (n = 21) or L803-mts (n = 12). Each 

symbol represents results from an individual mouse. The dashed line at 15 escape failures 

indicates the criteria for learned helplessness (Student’s t-test; t(31) = 2.958; *P <.05). (b) 

Latency to feed in the NSF test with (closed bars) or without (open bars) induction of 

learned helplessness (LH) in wild-type mice treated intranasally with vehicle (Veh) or L803-

mts. Data represent means ± SEM, n = 8–10 (two-way ANOVA (LH X treatment); 

Finteraction(1,32) = 4.181; Bonferroni post-hoc test, *P <.05, compared to the vehicle-treated 

control mice, **P <.05, compared to vehicle-treated learned helplessness mice). (c) 

Expression levels of the 5HTR2C cluster miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 

448-3p) in the hippocampus from wild-type mice treated intranasally with vehicle (black 

bars) or L803-mts (white bars). Data represent means ± SEM, n = 4 (Student’s t-test; 

1912-3p: t(6) = 2.547; 1264-3p: t(6) = 2.589; 1298-5p: t(6) = 2.578; 448-3p: t(6) = 

2.608; *<0.05).
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Figure 5. 
The 5HTR2C miRNA cluster and susceptibility to learned helplessness. (a) Expression 

levels of the 5HTR2C cluster miRNAs (764-5p, 1912-3p, 1264-3p, 1298-5p and 448-3p) in 

the hippocampus 24 h after administration of the learned helplessness protocol in wild-type 

mice. Mice were divided into two groups, those that were resistant to learned helplessness 

(non-depressed, ND) and those that developed learned helplessness (depressed, D), and 

these were compared to control (Ctl) mice that were not subjected to learned helplessness. 

Data represent means ± SEM, n = 6–12 (one-way ANOVA; 1264-3p: F(2,17) = 7.311; 

448-3p: F(2,22) = 5.261; Bonferroni post-hoc test, *P <.05, compared to control mice). (b) 

Escape failures in the learned helplessness test for wild-type mice treated with saline (Sal; n 
= 24), ketamine (Ket; n = 9), or ketamine plus a miRNA 448-3p antagonist (n = 12). Each 

symbol represents results from an individual mouse. The dashed line at 15 escape failures 

indicates the criteria for learned helplessness (one-way ANOVA; F(2,43) = 6.438; 

Bonferroni post-hoc test, *P <.05, compared to vehicle-treated or ketamine-treated mice).
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