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Abstract AKT is implicated in neurological disorders. AKT has three isoforms, AKT1/AKT2/

AKT3, with brain cell type-specific expression that may differentially influence behavior. Therefore,

we examined single Akt isoform, conditional brain-specific Akt1, and double Akt1/3 mutant mice in

behaviors relevant to neuropsychiatric disorders. Because sex is a determinant of these disorders

but poorly understood, sex was an experimental variable in our design. Our studies revealed AKT

isoform- and sex-specific effects on anxiety, spatial and contextual memory, and fear extinction. In

Akt1 mutant males, viral-mediated AKT1 restoration in the prefrontal cortex rescued extinction

phenotypes. We identified a novel role for AKT2 and overlapping roles for AKT1 and AKT3 in long-

term memory. Finally, we found that sex-specific behavior effects were not mediated by AKT

expression or activation differences between sexes. These results highlight sex as a biological

variable and isoform- or cell type-specific AKT signaling as potential targets for improving

treatment of neuropsychiatric disorders.

Introduction
Psychiatric disorders, including schizophrenia, major depressive disorder (MDD), and anxiety, are

important public health burdens with large societal and economic costs (Wittchen et al., 2011;

Vigo et al., 2016). Genetics is known to play a significant role in the manifestation of psychiatric ill-

nesses (Sullivan et al., 2003; Schumacher et al., 2011; Musci et al., 2019). Numerous studies in

humans and experimental model systems have identified genetic variations that can promote abnor-

mal neural function underlying the occurrence of these disorders (Renoir, 2014). Detailed molecular

studies have also led to the development of many pharmacological treatments for psychiatric ill-

nesses. However, the effectiveness of available therapies is still limited and many patients remain

untreated (Gould et al., 2007; Duman and Voleti, 2012). This may be due in part to lack of informa-

tion about the specificity of neuromolecular signaling pathways involved in the manifestation of indi-

vidual behaviors and processes associated with the symptomology of psychiatric disorders as well

the specific signaling effects within different neural cell types and those impacted by sex. Conse-

quently, further identification of critical signaling pathways are necessary for developing new thera-

peutic targets and improving efficacy of existing ones.

The protein kinase B (PKB/AKT) family of serine/threonine kinases is involved in numerous neuro-

molecular signaling processes (Kandel and Hay, 1999; Franke, 2008) and has been implicated in

neurological and psychiatric disorders (Saudou et al., 1998; Ikeda et al., 2004; Griffin et al., 2005).

For example, Akt1 haplotypes have been identified in schizophrenic patients (Emamian et al., 2004;

Wong, Levenga, et al. eLife 2020;9:e56630. DOI: https://doi.org/10.7554/eLife.56630 1 of 27

RESEARCH ARTICLE

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.56630
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access


Ikeda et al., 2004; Schwab et al., 2005; Xu et al., 2007). Additionally, antidepressants, antipsy-

chotics, and mood stabilizers are known to modify AKT activity (Li et al., 2004; Krishnan et al.,

2008; Beaulieu et al., 2009; Li et al., 2010; Park et al., 2014). AKT is expressed as three isoforms

termed AKT1/PKBa, AKT2/PKBb, and AKT3/PKBg in the brain. Each isoform shows significant

homology with one another and across species, being highly conserved in both humans and mice.

Despite this homology, the isoforms exhibit different expression patterns in the brain and regulate

the expression of synaptic plasticity differently (Levenga et al., 2017). Therefore, it is possible that

the different isoforms also contribute differentially to cognitive processes affected in schizophrenia

and affective disorders, such as memory formation and extinction. Unfortunately, the overwhelming

number of human and animal studies have investigated AKT from a general perspective not delineat-

ing between isoforms. A few single AKT isoform studies have been performed with conflicting results

(Chang et al., 2016; Wang et al., 2017). Additionally, no study to date has simultaneously examined

AKT isoform deficiencies using a comprehensive battery of behavior tests. Finally, the few studies

that have examined single AKT isoforms have ignored sex as a variable and, therefore, may have

missed important sex-linked effects.

To address these gaps in our knowledge of AKT signaling related to psychiatric disorders, we

selectively removed AKT isoforms from the mouse brain using complementary genetic approaches,

generating mutant mice with single-isoform deficiencies in AKT1, AKT2, or AKT3; selective loss of

AKT1 in forebrain excitatory neurons; or double loss of AKT1 and AKT3 isoforms. With these mice,

we performed murine behavioral assays that are models for affective behavior, spatial learning and

memory, and associative fear memory and extinction. The behavioral results provide multiple lines of

evidence demonstrating specific and overlapping roles for AKT isoforms in the activity of neural cir-

cuits that may model brain processes impacted in neuropsychiatric disorders. On balance, AKT1

exerts the strongest individual isoform effects on cognition and behavior, influencing males selec-

tively in many of the tests we performed. Like AKT1, AKT2 affects anxiety-like behavior in a sex-spe-

cific fashion and impacts contextual memory. AKT3 exerted no effects on its own but in the

background of AKT1 deficiency, enhanced deficits we observed in Akt1 mutants. Therefore, this

study provides novel evidence demonstrating AKT isoform-specific regulation of neural function in a

sex-specific fashion. Combined with the fact that AKT isoforms are expressed in a cell type-specific

fashion, these findings improve understanding of how AKT activity is specifically involved in distinct

behaviors and neurobiological processes relevant to diagnoses and therapies directed against AKT

signaling pathways for treating psychiatric disorders.

Results

Akt deficiency alters anxiety-like behavior in an isoform- and sex-
specific manner
To investigate the isoform-specific contributions of AKT and any sex-specific effects on cognitive

processes, we began all behavioral studies of Akt mutant mice with a basic locomotor assessment

using the open field arena (OFA) test. Besides locomotor activity, OFA assesses anxiety-like behavior

by measuring time spent exploring the periphery or exposed center of the arena (Bouwknecht and

Paylor, 2008). OFA testing revealed that male Akt1 KO mice spend significantly less time exploring

the center compared with wild-type (WT) littermate controls (Figure 1A; t(42)=4.789, p<0.001), indi-

cating increased anxiety-like behavior, which was not due to differences in overall movement

(Figure 1A). In contrast, female Akt1 WT and KO mice were indistinguishable (Figure 1B). No geno-

type effects were observed in Akt2 or Akt3 mutants for both sexes (Figure 1A,B).

To complement our OFA studies, we also performed elevated plus maze (EPM) testing, which

examines anxiety-like behavior and exploratory drive in rodents (Bouwknecht and Paylor, 2008).

Time spent exploring the EPM open (exposed) arms is a measure of anxiolytic-like behavior. Consis-

tent with increased anxiety-like behavior, Akt1 mutants also displayed a male-specific reduction in

open arm time compared with controls (Figure 1C; t(42)=2.156, p=0.037), which was not due to dif-

ferences in distance moved (Figure 1C). EPM testing also revealed decreased open arm time in

Akt2 mutant males compared with WT controls (Figure 1C; t(28)=2.651, p=0.013) that was not due

to differences in overall movement (Figure 1C), indicating increased anxiety-like behavior. In con-

trast, Akt1 or Akt2 deletion had no effect on female mice (Figure 1D) while Akt3 deletion had no
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effect on either sex (Figure 1C,D) in the EPM. Together these OFA and EPM data demonstrate that

Akt1 and Akt2 deficiency affect the expression of anxiety-related behaviors in a sex-specific fashion.

AKT1 deficiency leads to a mild spatial memory impairment
We next examined isoform-specific contributions of Akt to spatial learning and memory using the

Morris Water Maze (MWM) (Morris, 1984). In this assay, mice are trained to find a hidden escape

platform in a pool of water using visual cues. Spatial learning is measured by the escape latency

curve over the training period. Cognitive flexibility also can be tested in this assay with reversal train-

ing, in which mice are re-trained to find the platform in the quadrant of the maze opposite the origi-

nal training location. Finally, intact vision, required for this task, is assessed in a visible platform

training component. No latency differences in each training component were detected for any Akt

mutants compared to WT controls (Figure 2), indicating normal spatial learning, reversal learning,

and visual acuity. After MWM training, spatial memory efficacy is evaluated using a probe test in

which the escape platform is removed, and time spent in the target quadrant where the platform

had been located and frequency of crossing the specific platform location are measured. We found

no differences in target quadrant time between Akt1 KO and WT mice (Figure 2A,B; males t(16)

=1.187, p>0.05; females t(16)=-.489, p>0.05), but Akt1 KO males displayed reduced target platform

crossings compared with controls (Figure 2A; t(16)=2.389, p=0.030), indicating a sex-specific deficit

in more precise spatial memory. Probe tests revealed no differences in Akt2 KO (Figure 2C,D) or

Figure 1. Akt deficiency affects the expression of anxiety-related behavior in an isoform- and sex-specific fashion. Male and female mice with single-

isoform deletions of Akt1, Akt2, or Akt3 were assessed for anxiety-related behaviors in the open field arena (OFA) and elevated plus maze (EPM) tests.

(A–B) OFA activity shown as percent time spent exploring the center zone out of total arena time in Akt mutant (A) male and (B) female mice. Akt1 KO

male mice show reduced center time compared to their WT controls. (C–D) EPM activity shown as percent time spent in the open arms out of total

maze time in Akt mutant (C) male and (D) female mice. Akt1 KO and Akt2 KO male mice show reduced open arm time compared with their respective

WT controls. Differences in OFA center or EPM open arm times are not explained by locomotor alterations between KO and WT mice. No differences

between female KO and WT mice were observed. *p<0.05. N = Akt1 (WT-M = 22, KO-M = 22, WT-F = 16, KO-F = 13); Akt2 (WT-M = 13–14, KO-

M = 15–16, WT-F = 12–13, KO-F = 11); Akt3 (WT-M = 19, KO-M = 23, WT-F = 17–18, KO-F = 18).

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Figure 1 source data.

Figure supplement 1. Schematic representation of the experimental timeline.
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Akt3 KO mice (Figure 2E,F). Combined, these data suggest a subtle requirement for Akt1 in males

during spatial memory formation.

Akt deficiency impacts conditioned fear in an isoform- and sex-specific
manner
To identify further isoform-specific contributions of AKT and sex-specific effects on cognitive pro-

cesses, we examined associative fear long-term memory (LTM) in Akt mutant mice conditioned to

associate an aversive foot-shock to an initially neutral tone. We found no effects on training perfor-

mance or contextual and cued LTM evaluated 24 hr post-training in Akt1 KO mice (Figure 3A,B).

For Akt2 KO mice, contextual LTM was impaired relative to WT littermates in males (Figure 3C; t

(28)=-2.474, p=0.020) but not females (Figure 3D). In Akt3 KO mice, we detected no fear condition-

ing effects (Figure 3E,F).

Because AKT mutations and single nucleotide polymorphisms (SNP)s have been linked to psychi-

atric disorders like schizophrenia (Emamian et al., 2004; Ikeda et al., 2004; Schwab et al., 2005;

Xu et al., 2007) and extinction is altered in the disorder (Craske et al., 2018), we also examined

extinction learning in Akt isoform mutants after fear conditioning. Interestingly, Akt1 KO mice

Figure 2. Akt deficiency affects spatial memory formation in an isoform- and sex-specific fashion. Spatial learning and memory were assessed using the

Morris Water Maze (MWM) in male and female mice with single-isoform deletions of Akt1, Akt2, or Akt3. Left graph: Learning measured by latency of

mice to escape the MWM during training to locate a hidden escape platform (days 1–8), reversal training to locate the hidden escape platform moved

to the opposite quadrant (days 9–11), and visible platform training to locate the escape platform marked by a visual cue (days 12–13). Memory

measured by percent time spent in the target quadrant where mice were trained to locate the hidden escape (left bar graph) and number of platform

location crossings in the target quadrant (right bar graph) during a probe test. MWM performance in (A) Akt1 KO male, (B) Akt1 KO female, (C) Akt2

KO male, (D) Akt2 KO female, (E) Akt3 KO male, and (F) Akt3 KO female mice. Akt1 KO male mice showed a significant reduction in platform crossings

compared with WT controls during the probe test. No other differences were detected between Akt isoform KO and WT mice. *p<0.05. N = Akt1 (WT-

M = 9 KO-M = 9, WT-F = 9, KO-F = 9); Akt2 (WT-M = 9, KO-M = 11, WT-F = 11, KO-F = 9); Akt3 (WT-M = 10, KO-M = 11, WT-F = 10, KO-F = 9).

The online version of this article includes the following source data for figure 2:

Source data 1. Figure 2 source data.
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Figure 3. Single Akt isoform deficiency does not impact cued fear LTM but Akt2 deficiency affects contextual fear

LTM in males. Associative fear conditioning acquisition and long-term memory (LTM) in Akt isoform mutant male

and female mice shown as percent time spent freezing. In training, freezing behavior was assessed during the

baseline (pre) and 30 s after the first (CS1) and second (CS2) CS-US presentations. Contextual and cued LTM were

assessed 24–25 hr after training by measuring freezing behavior during the entire test for contextual LTM and

during the baseline (pre) and CS presentations (CS1, CS2) in the cued LTM test. Performance of (A) Akt1 KO male,

(B) Akt1 KO female, (C) Akt2 KO male, (D) Akt2 KO female, (E) Akt3 KO male, and (F) Akt3 KO female mice. Akt2

KO male mice showed impaired contextual LTM compared with WT controls. No other significant differences were

detected between Akt isoform KO and WT mice. *p<0.05. N = Akt1 (WT-M = 16–17, KO-M = 13–15, WT-F = 10,

Figure 3 continued on next page
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showed a male-specific enhancement in extinction learning compared with WT controls (Figure 4A,

B; males F(1,30)=8.571, p=0.006). No extinction acquisition differences were observed in Akt2 KO

(Figure 4C,D) or Akt3 KO (Figure 4E,F) mice. To determine the efficacy of extinction training in Akt

mutant mice, we tested the resulting expression of cued fear memory. Consistent with their more

rapid extinction learning, extinction LTM was enhanced specifically in Akt1 KO males compared with

WT controls (Figure 4A; F(1,30)=9.121, p=0.005). When we tested renewal of extinguished fear by

re-exposing mice to the CS in the original training context, Akt1 KO male mice also showed reduced

renewal relative to WT controls (Figure 4A; F(1,30)=7.187, p=0.012). With Akt2 KO mice, we

detected no differences in extinction LTM from WT controls (Figure 4C,D), but KO males showed

enhanced fear renewal (Figure 4C; F(1,26)=5.969, p=0.022). Akt3 KO mice showed no differences

from WT controls in extinction LTM or renewal (Figure 4E,F). These data support a role for Akt1 and

Akt2 in associative fear memory processes of males.

Restoring AKT1 expression in the PFC rescues fear extinction processes
in Akt1 KO males
Because extinction memory relies on the prefrontal cortex (PFC) for normal display (Courtney et al.,

1998; Fallgatter, 2001; Bussey et al., 2012), we next tested if restoring AKT1 activity in the PFC

might rescue the observed extinction effects in male Akt1 KO mice (Figure 4). To do this, we

injected the PFC of male WT and Akt1 KO mice with AAV vectors to express either AKT1-GFP or

Cre-GFP as a sham control (Figure 5A). We confirmed AAV expression in both the prelimbic (PL)

and infralimbic (IL) regions of the PFC (Figure 5B). Furthermore, we confirmed that expression of

AKT1 in the PFC of Akt1 KO males (Akt1 KO+AKT1PFC) is restored in neurons (Figure 5C), both

excitatory and inhibitory neurons (Figure 5—figure supplement 1). We found no difference in con-

ditioned fear learning or contextual and cued 24 hr memory in Akt1 KO+AKT1PFC mice compared to

sham-treated WT and KO males (Figure 5D). However, we found a significant effect on extinction

learning (Figure 5E; F(2,34)=5.400, p=0.009). In agreement with our previous experiment (Figure 4),

Akt1 KO-sham mice showed enhanced extinction learning compared with WT-sham mice (p=0.009).

Akt1 KO+AKT1PFC males showed a significant difference in extinction learning from Akt1 KO-sham

mice (p=0.047) but not from WT-sham mice (p=0.875), consistent with the idea that PFC AKT1 activ-

ity underlies the extinction effects we observed in Akt1 KO mice. We also found a significant differ-

ence in extinction LTM between Akt1 KO-sham and WT-sham groups (Figure 5E; F(2,34)=4.388,

p=0.020, post-hoc comparison p=0.035) but no significant difference between WT-sham and Akt1

KO+AKT1PFC groups (post-hoc comparison p=0.985), supporting the notion that PFC-expressed

AKT1 rescued Akt1 KO effects on extinction LTM. Finally, we examined extinction renewal following

PFC AKT1 expression. We did not observe a significant difference between WT-sham and Akt1 KO

+AKT1PFC groups (Figure 5E; F(2,29)=1.018, p=0.374, post-hoc comparison p=0.605). Unexpect-

edly, we also did not observe a significant difference between WT-sham and Akt1 KO-sham groups

(post-hoc comparison p=0.375), as we did with WT and Akt1 KO mice in the previous experiment

(Figure 4). However, the combined data support that idea that AKT1-mediated PFC function under-

lies effects of Akt1 deficiency on the expression of extinction-related behaviors.

Restricted Akt1 deficiency affects contextual fear memory but not fear
extinction
To determine if systemic or developmental Akt1 deficiency led to the phenotypes we observed in

Akt1 KO males, we generated conditional KO mice with Cre-mediated Akt1 removal (Akt1 cKO)

from excitatory neurons of the forebrain, including the amygdala and PFC (Figure 6—figure supple-

ment 1) and hippocampus (Levenga et al., 2017), late in development (Hoeffer et al., 2008). We

found no differences in OFA center time (Figure 6A) or EPM open arm time (Figure 6B) between

Figure 3 continued

KO-F = 10); Akt2 (WT-M = 14, KO-M = 14–16, WT-F = 10–11, KO-F = 10); Akt3 (WT-M = 18, KO-M = 18–20, WT-

F = 17, KO-F = 16–17).

The online version of this article includes the following source data for figure 3:

Source data 1. Figure 3 source data.
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male Akt1 cKO and WT mice, suggesting AKT1 activity in forebrain excitatory neurons or late devel-

opment is not required for normal anxiogenic-like responses. Additionally, Akt1 cKO males per-

formed similarly in the MWM to WT controls (Figure 6C), suggesting AKT1 activity in forebrain

excitatory neurons or late development is not required for spatial memory as well. Conditional Akt1

removal also had no effect on associative fear learning and cued LTM (Figure 6D) or on extinction

learning and LTM (Figure 6E), although there was a trend for enhanced fear renewal (Figure 6E; F

(1, 22)=3.105, p=0.092). Interestingly, contextual LTM was impaired in Akt1 cKO males (Figure 6D; t

(22)=2.535, p=0.019), suggesting AKT1 activity in forebrain excitatory neurons or late development

Figure 4. AKT1 deficiency enhances fear extinction learning and AKT2 removal enhances fear renewal. Extinction training to the CS was performed

over three days (D1–D3) with 20 CS presentations each day. Extinction learning in mice measured as percent freezing during the baseline period prior

to the first CS (pre) and during each CS presentation shown as average percent freezing in 4 blocks of 5 CS presentations each for every day of training.

Efficacy of extinction learning assessed by testing extinction LTM (ext LTM) and renewal of extinguished cued LTM. Ext LTM measured as percent

freezing to 2 CS presentations in a novel context 24 hr after completion of extinction training. Renewal measured as percent freezing to 2 CS

presentations in the original training context 10 d after ext LTM testing. Performance of (A) Akt1 KO male, (B) Akt1 KO female, (C) Akt2 KO male, (D)

Akt2 KO female, (E) Akt3 KO male, and (F) Akt3 KO female. Akt1 KO males showed faster rates of extinction compared with controls while Akt2 KO

males showed increased renewal freezing compared with controls. No other significant differences were detected between Akt isoform KO and WT

mice. *p<0.05. N = Akt1 (WT-M = 17, KO-M = 15, WT-F = 10, KO-F = 10); Akt2 (WT-M = 13–14, KO-M = 15–16, WT-F = 9, KO-F = 9); Akt3 (WT-M = 18,

KO-M = 20, WT-F = 15–17, KO-F = 15–16).

The online version of this article includes the following source data for figure 4:

Source data 1. Figure 4 source data.
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Figure 5. Restoration of AKT1 expression in the PFC normalizes extinction learning and LTM in Akt1 KO males. (A) Experimental design to test the

function of AKT1 in the PFC. AKT1 expression was restored using AAV-mediated pan-neuronal (hSyn) co-expression of AKT1 and green fluorescent

protein (GFP) in the PFC of Akt1 KO male mice (KO+AKT1PFC). Sham surgeries were performed on Akt1 KO and WT males using hSyn-driven

expression of GFP-tagged Cre recombinase (Cre-GFP) to generate control groups (WT-sham, KO-sham). Mice were injected with AAV in the PL at 1.98

mm AP and then tested on associative fear conditioning and extinction beginning 21 days post-injection. (B) Left: Schematic of AAV expression spread

(green areas) in the mouse PFC at 1.70 mm AP overlaid for six subjects (N = 2/group). Right: Representative image of AAV expression. Green, GFP;

blue, Hoechst. Scale bar, 500 mm. (C) Higher magnification of PFC corresponding to orange boxed area in (B) right image. Staining for AKT1 (red) in the

PFC of KO+AKT1PFC mice confirms that AKT1 expression is restored in neurons and colocalizes with GFP (AAV-infected cells). Scale bars, 40 mm. (D)

Sham surgery and AKT1 restoration in Akt1 KO mice did not affect fear acquisition or 24 hr contextual and cued LTM. (E) Extinction learning and LTM

were restored to WT levels in KO+AKT1PFC mice but not renewal. KO-sham mice displayed reduced freezing compared with either WT-sham or KO

+AKT1PFC groups. *p<0.05. N(WT-sham, KO-sham, KO+AKT1PFC)=15,11,11 except for renewal, due to loss of animals between extinction and renewal

test phases: N = 13,11,8. Schematics of the mouse brain are guided by Franklin and Paxinos, 2007. PFC, prefrontal cortex; PL, prelimbic cortex; IL,

infralimbic cortex; CC, corpus callosum.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Figure 5 source data.

Figure supplement 1. Restoration of neuronal AKT1 expression in the PFC of Akt1 KO male mice.
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Figure 6. Conditional Akt1 deficiency in excitatory neurons impairs contextual fear LTM but does affect anxiety-related behaviors or fear extinction

processes. Behavior of conditional Akt1 KO (Akt1 cKO) male mice generated by removal of Akt1 with a forebrain excitatory neuron-specific Cre driver in

floxed Akt1 mice. (A) OFA activity, measured as percent time spent exploring the center zone, and (B) EPM activity, measured as percent time spent in

the open arms, were similar between Akt1 cKO and WT mice. Distance moved during OFA or EPM assays also were similar between genotypes. N = 14

WT, 20 cKO. (C) Akt1 cKO mice and WT controls showed similar latencies to escape the MWM during training, reversal, and visible platform phases

and similar probe test performance measured as percent time spent and number of platform location crossings in the target quadrant. N = 8 WT, 8

cKO. (D) Akt1 cKO mice showed impaired contextual fear LTM but no difference in fear learning or cued LTM compared with WT controls. N = 11 WT,

13 cKO. (E) No significant difference in extinction learning, extinction LTM (ext LTM) or renewal was seen between Akt1 cKO and WT mice. N = 11 WT,

13 cKO. *p<0.05.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Figure 6 source data.

Figure supplement 1. AKT1 expression in conditional Akt1 KO (Akt1 cKO) male mice under the excitatory neuron-specific T29-1 Camk2a-Cre driver.
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of male mice is required for contextual fear memory. Although we did observe some effect on mem-

ory formation, remarkably we did not identify a requirement for excitatory neuron AKT1 activity in

the normal expression of many behaviors. Taken together with our results from restoring neuronal

AKT1 expression in the PFC (Figure 5), these data suggest that AKT1 activity within interneurons is

required for normal extinction learning.

AKT1 and AKT3 function may substitute for each other during memory
processes
Because AKT1 and AKT3 are expressed in similar cell types in the brain (Levenga et al., 2017), they

may provide compensatory activity in the absence of the other. To test this idea, we generated mice

with conditional Akt1 removal in the Akt3 KO background (Akt1 cKO Akt3 KO) (Levenga et al.,

2017). When we assessed anxiety-like behavior in Akt1 cKO Akt3 KO mice, we found no perfor-

mance differences in the OFA (Figure 7A) or EPM (Figure 7B) compared to WT controls for either

sex. In the MWM, spatial learning was also indistinguishable between Akt1 cKO Akt3 KO and WT

mice for both sexes (Figure 7C,D). However, Akt1 cKO Akt3 KO mice did show significantly reduced

target quadrant time and target platform crossings compared with WT littermates for both males

(Figure 7C; quadrant time t(20)=2.172, p=0.042; crossings t(20)=3.406, p=0.003) and females

(Figure 7D; quadrant time t(22)=3.262, p=0.004; crossings t(22)=2.283, p=0.032), indicating pro-

nounced spatial memory deficits with simultaneous Akt1 and Akt3 removal. Similarly in associative

fear conditioning, training performance of Akt1 cKO Akt3 KO mice was normal but contextual LTM

Figure 7. Simultaneous removal of AKT1 and AKT3 isoforms from the brain promotes memory deficits in both male and female mice. Male and female

mice with conditional Akt1 removal in the background of Akt3 deficiency (Akt1 cKO Akt3 KO) were assessed in anxiety-related behavior, spatial

memory, and associative fear memory tests. No differences were detected between Akt1 cKO Akt3 KO mutant mice and WT controls for both sexes in

(A) OFA activity, measured as percent time spent exploring the center zone, and (B) EPM activity, measured as percent time spent in the open arms.

Distance moved during OFA or EPM assays were similar between genotypes for both sexes. N = 15 WT-M, 13 cKO/KO-M, 16 WT-F, 15 cKO/KO-F. (C)

Male and (D) female Akt1 cKO Akt3 KO mice had similar latencies to escape the MWM during training, reversal, and visible platform phases compared

to their respective WT controls but showed significantly reduced target quadrant time and platform crossings. N = 13 WT-M, 9 cKO/KO-M, 12 WT-F, 12

cKO/KO-F. (E) Male and (F) female Akt1 cKO Akt3 KO mice displayed normal fear learning but impaired contextual and cued LTM compared with their

respective WT controls. N = 11 WT-M, 11 cKO/KO-M, 14 WT-F, 10–11 cKO/KO-F. *p<0.05.

The online version of this article includes the following source data for figure 7:

Source data 1. Figure 7 source data.
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was impaired for both males (Figure 7E; t(20)=2.213, p=0.039) and females (Figure 7F; t(23)=2.250,

p=0.034) compared with WT controls. Taken together with the results in single Akt isoform KO mice

(Figures 2–3), these data suggest that AKT3 substitutes for AKT1 activity in female mice while AKT1

can substitute for AKT3 in both sexes during spatial memory tasks. Furthermore, these findings sug-

gest all three AKT isoforms play a role in contextual fear memory of male mice. Interestingly, Akt1

cKO Akt3 KO males and females also showed deficits in cued LTM (Figure 7E,F; males F(1,20)

=5.176, p=0.034; females F(1,22)=4.533, p=0.045), suggesting Akt1 and Akt3 can compensate for

each other in cued fear memory in both sexes. These data strongly implicate AKT1 and AKT3 in pro-

viding overlapping function in the brain. Importantly, they suggest that female behavior and memory

are in fact regulated by AKT1 activity but AKT3 can provide compensatory function in females not

available in male mice.

AKT expression under normal and deficiency conditions are regulated
similarly between sexes
Our data support the idea that AKT isoforms play differential roles in behavior, and importantly,

these requirements are expressed in a sex-specific fashion. Behavioral results

are summarized in Table 1. To determine if the basis for these sex differences were due to inherent

variation between sexes or a sex-specific compensatory response to Akt isoform removal, we con-

ducted biochemical analyses of AKT isoform expression between the sexes. To do this, we immuno-

blotted proteins from the brains of Akt isoform mutant mice and WT controls and measured AKT

isoform and activation levels. Comparing WT males and females, we identified higher AKT2 levels in

the hippocampus of female mice (Figure 8A; t(19)=3.045; p=0.007). No sex differences in protein

levels were detected for the other isoforms or for total AKT levels measured with a pan-AKT anti-

body that recognizes all AKT isoforms (Figure 8A). When AKT activation was measured between the

sexes using isoform-specific and pan-AKT serine 473 phosphorylation (pAKT) antibodies, we also

found no differences in AKT1, AKT2, and total AKT activation levels (Figure 8A). These data suggest

sex differences in brain expression levels of AKT2 but not the fraction of phosphorylated AKT2 while

the other isoforms show similar expression and activation between sexes.

We next measured AKT expression and activation in Akt isoform mutants. Using the pan-AKT

antibody, we found reduced total AKT levels in all male Akt isoform-specific mutants compared with

WT controls (Figure 8B; Akt1 KO t(12)=3.427, p=0.005; Akt2 KO t(12)=2.282, p=0.042; Akt3 KO t(8)

=11.79; p<0.0001), with the greatest reduction in Akt3 KO mice. Interestingly, when we examined

AKT activation with the pan-pAKT antibody, we found increased pAKT levels in male Akt1 KO mice

compared with WT controls (Figure 8B; t(12)=2.541, p=0.026) but no differences in Akt2 KO or

Akt3 KO males (Figure 8B). When we performed the same analyses in female Akt isoform-specific

mutants and WT controls, we observed decreased total AKT levels in a pattern like that found in

males (Figure 8C; Akt1 KO t(14)=3.507, p=0.004; Akt2 KO t(10)=2.253, p=0.048; Akt3 KO t(7)

=11.77, p<0.0001). Similarly, we found increased pan-pAKT levels in female Akt1 KO mice compared

with WT controls (Figure 8C; t(14)=3.456, p=0.004) and no differences in Akt2 KO or Akt3 KO

females (Figure 8C). These data provide evidence for similar levels of total AKT isoform expression

and activation between sexes in response to removing one Akt isoform.

We next sought to determine how AKT isoforms were individually regulated in the Akt mutants.

Using the isoform-specific pAKT antibodies to assay AKT isoform activation, we found increased

pAKT2 levels in both male and female Akt1 KO mice compared with WT controls (Figure 8D; males

t(12)=2.645, p=0.021; females t(14)=2.160, p=0.049), contributing to the higher pan-pAKT levels

observed in Akt1 KO mice (Figure 8B,C). In Akt2 KO mice, we found no difference in pAKT1 levels

in either males or females (data not shown), but pAKT1 levels were significantly higher in both male

and female Akt3 KO mice compared with WT controls (Figure 8E; males t(8)=3.130, p=0.014;

females t(15)=3.724, p=0.002). Because Akt3 KO and WT mice showed similar pan-pAKT levels

(Figure 8B,C), the increased pAKT1 levels may compensate for the absence of pAKT3 in Akt3 KO

mice. However, isoform-specific antibodies for AKT3 phosphorylation are not available, so we did

not assess pAKT3 levels. These data demonstrate that male and female mice respond similarly to

Akt isoform deficiency by activating the other AKT isoforms.
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Single Akt isoform deficiency results in minimal changes to some
downstream and related AKT signaling pathways
To investigate the molecular mechanisms underlying the behavioral effects of Akt isoform deficiency

that we observed, we performed a candidate pathway analysis of AKT signaling in the brain (Fig-

ure 9—figure supplement 1). AKT is known to be regulated upstream by protein 3-phosphoinosi-

tide-dependent protein kinase 1 (PDK1), a direct target of several neuronal surface signaling

complexes (Hoeffer and Klann, 2010). PDK1 activity is regulated by phosphorylation of serine 241

(Scheid et al., 2005). A critical downstream substrate of AKT believed to play a role in neuropsychi-

atric disorders and be a target of psychotropic drugs used to treat the disorders is glycogen syn-

thase kinase three beta (GSK3b) (Beaulieu et al., 2004; Beaulieu et al., 2009). AKT phosphorylates

GSK3b at serine 9, downregulating its activity (Cross et al., 1994; Cross et al., 1995). The extracel-

lular regulated kinase (ERK) pathway also has been implicated in neurological disorders and neural

processes like extinction (Radulovic and Tronson, 2010; Vithayathil et al., 2018; Albert-

Gascó et al., 2020) and is a parallel signaling pathway to AKT that can have crosstalk (York et al.,

2000; Perkinton et al., 2002; Sutton and Chandler, 2002; Jones et al., 2003). ERK activity is regu-

lated by phosphorylation of threonine 202/tyrosine 204 (ERK1) and threonine 185/tyrosine 187

(ERK2), which could be indirectly affected by AKT activity (Ahn et al., 1990; Payne et al., 1991).

Using western blotting, we examined brain tissue from Akt isoform mutant mice to determine if

PDK1, GSK3b, and ERK1/2 signaling were affected in an isoform- or sex-specific fashion. Comparing

Akt1 KO and WT samples, we found no significant differences in phosphorylated or total levels of

the proteins examined from the hippocampus for either sex (Figure 9A,B; Supplementary file 1).

Because AKT1 loss affected extinction (Figure 4), we also examined signaling in the PFC of Akt1 KO

mice but found no differences in males (Figure 9C; Supplementary file 1). Akt1 KO females, how-

ever, showed reduced pGSK3b levels in the PFC compared with WT controls (Figure 9D; t(12)

=3.567; p=0.004). Comparing Akt2 KO and WT hippocampal samples, we found no significant differ-

ences in the proteins examined for either sex (Figure 9E,F; Supplementary file 1). In the hippocam-

pus of Akt3 KO mice, we previously found reduced pGSK3b levels in males compared with WT

controls (Levenga et al., 2017). In females, we found no difference in pGSK3b levels between Akt3

Table 1. Summary of behavioral impacts of Akt isoform deficiency.

Behavioral
assay

Genotype and/or viral expression manipulation

Akt1 KO Akt2 KO
Akt3
KO

Akt1 KO + virally
expressed PFC AKT1

(male only)

Akt1
cKO
(male
only) Akt1 cKO Akt3 KO

OFA reduced center time in
males

no effect no
effect

n/a no effect no effect

EPM reduced open arm time in
males

reduced open
arm time in

males

no
effect

n/a no effect no effect

MWM reduced platform crossings
during probe test in males

no effect no
effect

n/a no effect reduced quadrant time and platform
crossings during probe test in males and

females

Contextual
fear LTM

no effect impaired in
males

no
effect

no effect impaired impaired in males and females

Cued fear
LTM

no effect no effect no
effect

no effect no effect impaired in males and females

Fear
extinction
learning

enhanced no effect no
effect

restored to WT levels no effect n/a

Fear
extinction
LTM

reduced in males no effect no
effect

restored to WT levels no effect n/a

Fear
extinction
renewal

reduced in males enhanced in
males

no
effect

no statistical difference
from WT

no effect n/a
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Figure 8. AKT expression under normal and deficiency conditions are regulated similarly between sexes. (A) Western blot analysis of AKT isoforms

individually, detected with isoform-specific AKT antibodies, and all together, detected with pan-AKT antibodies, in the hippocampus of male versus

female WT mice. Left: Representative blots. Middle: Total levels of each AKT isoform and pan-AKT normalized by GAPDH levels and shown as percent

of immunoreactivity in WT males. Right: Phosphorylated (p) levels of individual and all (pan) AKT isoforms normalized by their respective total levels and

shown as percent of immunoreactivity in WT males. No differences between the sexes were detected except higher AKT2 levels in female WT mice

compared with males. N = AKT1,2, pan-AKT: 10 WT-M, 11 WT-F; AKT3: 9 WT-M, 10 WT-F. (B–C) Western blot analysis of total (pan-AKT) and

phosphorylated (pan-pAKT) AKT levels in the hippocampus of (B) male and (C) female mice with single-isoform deletions of Akt1, Akt2, or Akt3

compared with their respective WT controls. Top: Representative blots. Left: Total AKT levels normalized by GAPDH levels and shown as percent of

immunoreactivity in WT controls. Right: Pan-pAKT levels normalized by pan-AKT levels and shown as percent of immunoreactivity in WT controls. Both

sexes showed reduced total AKT levels with single Akt isoform deletions and an upregulation of pAKT levels with Akt1 deficiency. N = Akt1: 7 WT-M, 7

KO-M, 8 WT-F, 8 KO-F; Akt2: 7 WT-M, 7 KO-M, 6 WT-F, 6 KO-F; Akt3: 5 WT-M, 5 KO-M, 4 WT-F, 5 KO-F. (D) Western blot analysis of pAKT2 levels

normalized by total AKT2 levels in the hippocampus of Akt1 KO male (left graph) and female (right graph) mice compared with their respective WT

controls and shown as percent of immunoreactivity in WT controls. Left: Representative blots. Both sexes showed increased pAKT2 levels in response to

Akt1 deficiency. N = 7 WT-M, 7 KO-M, 8 WT-F, 8 KO-F. (E) Western blot analysis of pAKT1 levels normalized by total AKT1 levels in the hippocampus

of Akt3 KO male (left graph) and female (right graph) mice compared with their respective WT controls and shown as percent of immunoreactivity in

WT controls. Left: Representative blots. Both sexes showed increased pAKT1 levels in response to Akt3 deficiency. N = 5 WT-M, 5 KO-M, 8 WT-F, 9

KO-F. *p<0.05.

The online version of this article includes the following source data for figure 8:

Source data 1. Figure 8 source data.
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KO and WT hippocampal samples (Figure 9—figure supplement 2). We also examined if interneu-

ronal expression was different between the sexes. Because we posit that interneuronal AKT1 activity

in the PFC is required for extinction learning in males based on our results (Figures 4–6), any sex dif-

ference in interneuronal expression in the PFC could contribute to the observed results. Using the

Figure 9. Examination of Akt isoform deficiency effects on neuromolecular signaling pathways. Upstream signaling of AKT was assessed by measuring

phosphorylation levels of phosphoinositide-dependent protein kinase 1 (PDK1) at serine 241. Downstream signaling of AKT was assessed by measuring

phosphorylation levels of glycogen synthase kinase three beta (GSK3b) at serine 9. Crosstalk between AKT and the extracellular regulated kinase (ERK)

pathway was assessed by measuring ERK1 and ERK2 phosphorylation levels at threonine 204/tyrosine 202 and threonine 185/tyrosine 187, respectively.

See Figure 9—figure supplement 1 for schematic of pathways. (A) Western blot analysis of phosphorylated (p) proteins normalized by their respective

total levels in the hippocampus (HPC) of Akt1 KO males and shown as percent of immunoreactivity in WT controls. Left: Representative blots. N = 7

WT, 7 KO. (B) Western blot analysis of signaling in the HPC of Akt1 KO females. N = 7 WT, 7 KO. (C) Western blot analysis of signaling in the prefrontal

cortex (PFC) of Akt1 KO males. pPDK1, pERK1/2: N = 6 WT, 6 KO; pGSK3b N = 8 WT, 8 KO. (D) Western blot analysis of signaling in the PFC of Akt1

KO females showed reduced pGSK3b levels compared with WT controls. pPDK1, pERK1/2: N = 6 WT, 6 KO; pGSK3b N = 7 WT, 7 KO. (E) Western blot

analyses of signaling in the HPC of Akt2 KO males and (F) females compared to their respective WT controls. N = 5 WT-M, 5 KO-M, 5 WT-F, 5 KO-F.

*p<0.05.

The online version of this article includes the following source data and figure supplement(s) for figure 9:

Source data 1. Figure 9 source data.

Figure supplement 1. Schematic of AKT-dependent and interacting signaling pathways.

Figure supplement 2. Akt3 deficiency does not alter GSK3b activation in the hippocampus of female mice.

Figure supplement 3. Interneuron expression in the PFC of male and female WT mice.
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interneuronal markers parvalbumin (PV) and glutamate decarboxylase 67 (GAD67), we assessed the

number of PV-positive interneurons and the level of GAD67 in the WT mouse PFC from both sexes

and found no differences between males and females (Figure 9—figure supplement 3). While cer-

tainly not a comprehensive examination of Akt isoform deficiency impacts on signaling in the brain,

these results may help to explain the isoform- and sex-specific behavioral effects we observed in Akt

mutant mice and suggest additional pathways are involved.

Discussion
We provide evidence for Akt isoform-specific functions underlying cognitive processes for affective

behavior, spatial and contextual memory formation, and extinction learning and memory. Our study

is the first to comprehensively investigate the behavioral consequences of Akt deficiency in the con-

text of sex-specific effects, brain-specific Akt1 deletion, and simultaneous Akt1 and Akt3 removal

from the brain. We find that AKT1 loss more broadly affects neural function, impacting anxiety-

related behavior, spatial memory, extinction learning, and renewal in Akt1 KO mice but only the

males. This may identify a role for Akt1 outside the brain or during development that preferentially

affects males. We also demonstrate that Akt2 is required for the display of normal anxiety-like

behavior and contextual fear memory. Although we found no evidence for Akt3-specific roles in the

assays we performed, Akt3 removal did enhance phenotypes in the Akt1 mutant background, impor-

tantly extending them to females. All behavior results are summarized in Table 1. Finally, we found

that the loss of individual AKT isoforms in the brain resulted in increased activation of the other iso-

forms and minimal changes to upstream PDK1, downstream GSK3b, and crosstalk with ERK signal-

ing, with some sex-specific differences in AKT regulation and signaling pathways. Sex differences in

neuropsychiatric disorders are well-recognized but poorly understood and understudied. By identify-

ing sex-specific effects on AKT isoform-specific and redundant activity in cognitive processes, our

study provides valuable new insight into how the highly influential AKT signaling pathway may affect

diagnosis and treatment of neuropsychiatric disorders.

AKT isoforms and behaviors linked to psychiatric disorders
Examining affective behavior, spatial and contextual memory, and extinction in mice has translational

relevance to neuropsychiatric disorders. Anxiety is featured in many psychiatric conditions, including

MDD, bipolar disorder (BD), and schizophrenia (American Psychiatric Association, 2013). Hippo-

campus-dependent memory functions such as spatial and episodic memory are impaired in schizo-

phrenia (Achim and Lepage, 2003; Titone et al., 2004; Achim and Lepage, 2005; Ragland et al.,

2015). Defects in extinction processes are observed in anxiety, depression, and schizophrenia

(Elliott et al., 1997; Boks et al., 2000; Maren and Holmes, 2016; Craske et al., 2018). Extinction

is also used in cognitive behavioral therapy to treat fear-associated disorders like PTSD and panic

disorders (Powers et al., 2017). Therefore, delineating AKT isoform-relevant information about the

neural circuitry and molecular signaling underlying these processes modeled in mice may aid thera-

peutic strategies.

Our study is the first to report on the effects of Akt deficiency in several murine behaviors and

expands previous knowledge on the contribution of AKT isoforms. For affective behaviors, no prior

study had examined Akt1 KO mice. An earlier study reported higher anxiogenic-like behaviors in

Akt2 KO mice, as we report, but did not examine sex-specific effects (Leibrock et al., 2013). In Akt3

KO mice, one earlier study reported increased anxiogenic-like EPM behavior (Bergeron et al., 2017)

while another reported hyperactivity but no anxiety-like behavioral alterations (Howell et al., 2017).

The discrepancies may result from using smaller sample sizes than our study, which can cause cohort

effects, and mixing sexes. For spatial memory, previous studies had tested Akt1 KO mice in the

MWM but did not examine sex-based performance comprehensively and reported conflicting results

(Balu et al., 2012; Chang et al., 2016; Wang et al., 2017). While our results support Balu et al.,

2012, reasons for discrepancies with the other studies are unclear, but in Chang et al., 2016 the

unusually superior MWM performance of WT females, achieving maximal training performance after

just one day, makes the apparently impaired KO performance difficult to interpret. Only one prior

study examined MWM performance in Akt2 KO mice and found no effects (Leibrock et al., 2013),

confirmed by our results for both sexes. In Akt3 KO mice, previous MWM studies had been con-

ducted with two reporting similar findings to ours (Bergeron et al., 2017; Howell et al., 2017) and
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another reporting a mild learning impairment but normal memory (Wang et al., 2017). For associa-

tive fear conditioning, unlike our results, a previous study reported impaired contextual fear memory

in Akt1 mutants (Balu et al., 2012) but used far fewer mice than our study and did not consider sex-

specific effects. Fear extinction in Akt1 mutants and both fear conditioning and extinction in Akt2

mutants had not been studied previously. A prior study examined fear extinction in Akt3 KO mice

using a different protocol but found no effects (Howell et al., 2017), in agreement with our findings.

Finally, no prior study had examined the behavioral impacts of conditional AKT1 deficiency or loss of

two isoforms simultaneously. Our results suggest that AKT1 and AKT3 have overlapping functions

but exert their effects in a sex-specific fashion, perhaps pointing to compensatory activities present

in females but not males, whereas AKT2 has unique but also sex-specific functions.

These results are important given our previous work and others showing differential AKT isoform

expression in the brain (Zeisel et al., 2015; Levenga et al., 2017; DuBois et al., 2019). AKT1 and

AKT3 are expressed in overlapping neuronal populations but only AKT1 is found in interneurons

(Levenga et al., 2017) while only AKT3 is found in oligodendrocytes (DuBois et al., 2019). This may

explain the synergistic effects of Akt1 and Akt3 removal on memory and why Akt1 removal alone

was sufficient to affect anxiety-like behavior and fear extinction: GABAergic mechanisms linked to

interneuronal function were shown previously to mediate these behaviors (Delamater et al., 2009;

Maren et al., 2013). Indeed, our rescue experiment with viral-mediated AKT1 restoration in the PL

and IL regions of the PFC of Akt1 KO mice highlight a critical role for AKT1 in these brain regions

for extinction processes (Figure 5). This experiment contrasts with the results of our conditional

Akt1 KO studies, where Akt1 removal from excitatory neurons of the forebrain (Figure 6—figure

supplement 1) did not affect extinction (Figure 6). Our AKT1 restoration experiment does not dis-

tinguish between AKT1 activity in excitatory and inhibitory neurons for rescuing extinction pheno-

types in Akt1 KO mice (Figure 4); therefore, the results of our conditional Akt1 removal data

suggest that AKT1 activity within interneurons is required for normal extinction learning. Future

efforts aimed at refining AKT1 activity using interneuronal restoration of AKT1 expression or inter-

neuron-specific Akt1 removal may help to resolve this question. Another implication of our viral res-

cue result taken together with our conditional Akt1 removal experiments is that AKT1 activity is

unlikely to be required during perinatal development to affect cognition and memory (Figures 5 and

6); AKT1 activity appears to be required during active neurobiological processes rather than devel-

opmentally. AKT3 may be able to compensate for AKT1 during development but not post-develop-

mentally in active neurobiological processes like cognition and synaptic plasticity (Figure 6 and

Levenga et al., 2017). The behavioral effects of Akt2 deficiency are also interesting because AKT2 is

not expressed in neurons but rather astrocytes of the mouse brain (Levenga et al., 2017), and little

has been known about astrocyte function in cognitive processes. Because initial learning is normal in

the assays we performed (Figures 2, 3 and 6), sensory processing is likely intact in the Akt mutants

we studied, but our experiments do not distinguish between consolidation or retrieval processes.

Future experiments using reversible temporal control of AKT activity may be used to address these

questions.

Human and animal studies linking AKT to psychiatric disorders
Abnormal AKT signaling has emerged as a potential mechanism underlying several psychiatric disor-

ders. Schizophrenia, for example, has been associated with SNPs in AKT1 (Ikeda et al., 2004;

Tan et al., 2008; Blasi et al., 2011; Karege et al., 2012) and AKT3 (Psychosis Endophenotypes

International Consortium et al., 2014), reduced AKT1 levels in patient brains (Emamian et al.,

2004), and pathogenic AKT signaling (Liu et al., 2013). Other studies have failed to find statistically

robust links between schizophrenia candidate genes like AKT and the disorder (Loh et al., 2013;

Purcell et al., 2014; Farrell et al., 2015; Johnson et al., 2017). However, phenotypic and genetic

heterogeneity associated with complex brain disorders like schizophrenia, combined with divergent

clinical diagnoses, may impede current genomic studies from capturing AKT contributions. Addition-

ally, post-translational modification of AKT is critical for its activity and highly heritable (Hutz et al.,

2011) yet seldom considered in genetic association studies. Functional studies provide strong evi-

dence for AKT involvement in schizophrenia. Magnetic resonance imaging studies have linked AKT

signaling and SNPs in the pathway to structural and functional brain abnormalities in schizophrenia

patients (Jagannathan et al., 2010; Nicodemus et al., 2010; Wolthusen et al., 2015). Antipsy-

chotics for treating schizophrenia, which antagonize dopamine receptor-2 function, activate AKT and
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inhibit its substrate GSK3 (Emamian et al., 2004; Alimohamad et al., 2005; Li et al., 2007;

Beaulieu et al., 2009). Furthermore, genetic and pharmacological manipulations of the AKT/GSK3

pathway affect dopaminergic signaling and schizophrenia-related behaviors (Beaulieu et al., 2004;

Emamian et al., 2004; Gould et al., 2007). Atypical antipsychotics also promote AKT activity

(Alimohamad et al., 2005; Li et al., 2007). In other disorders, AKT has been implicated by post-

mortem brain tissue from suicide victims showing decreased AKT activity (Hsiung et al., 2003),

genetic studies associating AKT1 SNPs with BD (Karege et al., 2010; Karege et al., 2012) and

depression (Ellsworth et al., 2013; Pereira et al., 2014), and pharmacological studies showing that

lithium, used widely to treat schizophrenia and BP (Chalecka-Franaszek and Chuang, 1999;

De Sarno et al., 2002; Beaulieu et al., 2004; Beaulieu et al., 2008; Nciri et al., 2013), and the anti-

depressant ketamine (Park et al., 2014) induce AKT signaling. Altogether, these studies suggest

AKT is a key factor in the manifestation of psychiatric disorders and a key mechanism of action by

current treatments. Because these disorders are heterogeneous and available therapies still have lim-

ited effectiveness, our data identifying specific and redundant roles for AKT isoforms, combined

with the cell-specific expression of AKT in the brain (Levenga et al., 2017; DuBois et al., 2019), will

be useful for subdividing these disorders to improve diagnostic measures and develop more tar-

geted treatments.

Sex-specific effects of AKT signaling?
Sex-dependent differences in mental health are well-documented. Women are disproportionately

impacted by affective disorders (Rubinow and Schmidt, 2019), with higher rates of MDD

(Kessler et al., 1993; Weissman et al., 1993; Kessler et al., 2005) and anxiety disorders

(Yonkers et al., 2003; Maeng and Milad, 2015). In men, schizophrenia is more prevalent

(Abel et al., 2010) but over the course of normal aging, schizophrenia impacts women at higher

rates (Häfner, 2003; Meesters et al., 2012). Sex-dependent effects also are evident in treatment

profiles for neuropsychiatric disorders. Studies have found that women are more responsive to avail-

able treatments for schizophrenia and BD (Seeman, 2012; Crawford and DeLisi, 2016;

Alberich et al., 2019). In MDD, women generally report better treatment effects but also worse out-

comes during tricyclic treatment (Keers and Aitchison, 2010). In female mice, ketamine exerts more

potent and rapid effects in the forced swim test compared with males (Franceschelli et al., 2015).

Only one prior study has examined sex-dependent effects of AKT signaling in a neurological context,

showing Akt1 KO female but not male mice were resistant to pentylenetetrazol-induced epileptic

effects compared with controls (Chang et al., 2016), which is consistent with the generally increased

susceptibility of Akt1 KO males to behavioral alterations in the present study. Sex-specific differen-

ces in Akt mutant behavior reported here and previously cannot be explained by AKT expression or

activation differences between the sexes. Our data show that with the exception of AKT2 total lev-

els, male and female mice exhibit similar AKT isoform levels (Figure 8A), activation under Akt defi-

ciency conditions (Figure 8B,C), and compensatory responses to AKT isoform loss (Figure 8D,E).

Because AKT levels and activation are largely similar between males and females, sex-related differ-

ences in behavior are likely defined by sex-related differences in AKT signaling and interacting path-

ways. To begin to address this idea, we examined candidate signaling upstream, downstream, and

parallel of AKT (Figure 9 and Levenga et al., 2017). Interestingly, we found reduced phosphoryla-

tion of the AKT substrate GSK3b in the PFC of Akt1 KO females. Why this was not observed in males

is of significant future interest. It may indicate that for some downstream AKT targets, such as

GSK3b, males may recruit additional signaling to modulate their activities. These additional or com-

pensatory pathways that normalize GSK3b signaling in males may contribute to the behavioral differ-

ences observed between male and female Akt1 mutant mice (Figures 1–4). By contrast, pGSK3b

levels were reduced in the hippocampus of Akt3 KO male mice but unchanged in females compared

with WT controls (Figure 9—figure supplement 2 and Levenga et al., 2017). This may indicate that

AKT substrates also are regulated in Akt isoform-specific pools, each with specialized regulation.

These findings while very preliminary, do indicate that sex-specific differences in AKT-dependent or

-interacting signaling pathways exist. Future investigation using more comprehensive and unbiased

methodologies like RNAseq or protein mass spectrometry should help identify these sex-specific sig-

naling differences. Our findings greatly extend understanding of sex-specific AKT isoform effects in

cognitive processes, which further supports the need for more specialized diagnoses and
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treatments. Future studies will be important to determine how AKT is differentially expressed and

regulated in the brain between males and females.

Conclusion
Neuropsychiatric disorders are major health and economic concerns, with many afflicted individuals

going undiagnosed or misdiagnosed and inadequately treated. Given the links between AKT and

neuropsychiatric disorders, more studies like ours are needed to increase understanding of how this

potent molecular pathway, with multiple isoforms, impacts behaviors and neurobiological processes

modeled for these disorders. Because treatment responses can differ based on sex, newer more

effective treatments may be developed if sex-dependent differences in critical neuropsychiatric sig-

naling pathways, such as AKT, are better understood.

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Antibody anti-AKT1
(Rabbit monoclonal)

Cell Signaling Cat# 2938;
RRID:AB_915788

WB (1:2000)

Antibody anti-AKT1
(Rabbit monoclonal)

Cell Signaling Cat# 75692;
RRID:AB_2716309

IHC (1:100)

Antibody anti-AKT1 phospho-S473
(Rabbit monoclonal)

Cell Signaling Cat# 9081;
RRID:AB_11178946

WB (1:1000)

Antibody anti-AKT2
(Rabbit monoclonal)

Cell Signaling Cat# 2964;
RRID:AB_331162

WB (1:1000); IHC (1:100)

Antibody anti-AKT2 phospho-S474
(Rabbit monoclonal)

Cell Signaling Cat# 8599;
RRID:AB_2630347

(1:1000)

Antibody anti-AKT3
(Mouse monoclonal)

Cell Signaling Cat# 8018;
RRID:AB_10859371

WB (1:2000)

Antibody anti-AKT3
(Rabbit monoclonal)

Cell Signaling Cat# 14982;
RRID:AB_2716311

IHC (1:100)

Antibody anti-pan-AKT
(Rabbit monoclonal)

Cell Signaling Cat# 4685;
RRID:AB_2225340

WB (1:5000)

Antibody anti-pan-AKT phospho-S473
(Rabbit monoclonal)

Cell Signaling Cat# 4058;
RRID:AB_331168

WB (1:2000)

Antibody anti-GAPDH
(Rabbit monoclonal)

Cell Signaling Cat# 5174;
RRID:AB_10622025

WB (1:20000)

Antibody anti-b-actin
(Mouse monoclonal)

Cell Signaling Cat# 3700;
RRID:AB_2242334

WB (1:20000)

Antibody anti-PDK1 phospho-S241
(Rabbit polyclonal)

Cell Signaling Cat# 3061;
RRID:AB_2161919

WB (1:5000)

Antibody anti-PDK1
(Rabbit polyclonal)

Cell Signaling Cat# 3062;
RRID:AB_2236832

WB (1:1000)

Antibody anti-GSK3b phospho-S9
(Rabbit monoclonal)

Cell Signaling Cat# 5558;
RRID:AB_10013750

WB (1:5000)

Antibody anti-GSK3b
(Rabbit monoclonal)

Cell Signaling Cat# 9315;
RRID:AB_490890

WB (1:5000)

Antibody anti-ERK1/2 phospho-
T202/Y204
(Rabbit polyclonal)

Cell Signaling Cat# 9101;
RRID:AB_331646

WB (1:2000)

Antibody anti-ERK1/2
(Rabbit polyclonal)

Cell Signaling Cat# 9102;
RRID:AB_330744

WB (1:7500)

Antibody anti-NeuN
(Mouse monoclonal)

Novus Cat# NBP1-92693;
RRID:AB_11036146

IHC (1:1000)

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Antibody anti-GAD67
(Mouse monoclonal)

Millipore Cat# MAB5406
RRID:AB_2278725

IHC (1:1500)
WB (1:10000)

Antibody anti-paravalbumin
(Mouse monoclonal)

Millipore Cat# MAB1572;
RRID:AB_2174013

IHC (1:1000)

Antibody anti-rabbit Cy3
(Donkey polyclonal)

Jackson
ImmunoResearch

Cat# 711-165-152;
RRID:AB_2307443

(1:250)

Antibody anti-mouse IgG2b Alexa
647 (Goat polyclonal)

Invitrogen Cat# A-21242;
RRID:AB_2535811

(1:500)

Antibody anti-mouse IgG1 Alexa
488 (Goat polyclonal)

Invitrogen Cat# A-21121;
RRID:AB_2535764

(1:500)

Antibody anti-mouse HRP
(Goat polyclonal)

Promega Cat# W4021;
RRID:AB_430834

(1:5000–20000)

Antibody anti-rabbit HRP
(Goat polyclonal)

Promega Cat# W4011;
RRID:AB_430833

(1:5000–20000)

Other Hoechst Thermo Fisher Scientific Cat# H3569;
RRID:AB_2651133

(1:3000)

Genetic reagent
(Mus musculus),
both sexes

Akt1tm1Mbb,
C57BL/6 (Akt1 KO)

Jackson Laboratory Stock # 004912;
RRID:IMSR_JAX:004912

Genetic reagent
(Mus musculus),
both sexes

Akt2tm1.1Mbb,
C57BL/6 (Akt2 KO)

Jackson Laboratory Stock # 006966;
RRID:IMSR_JAX:006966

Genetic reagent
(Mus musculus),
both sexes

Akt3tm1.3Mbb,
C57BL/6 (Akt3 KO)

Easton et al., 2005;
PMCID:PMC549378

MGI Cat# 3804003,
RRID:MGI:3804003

Obtained from Birnbaum
lab (UPenn)

Genetic reagent
(Mus musculus),
both sexes

Akt1tm2.2Mbb,
C57BL/6 (Akt1fl/fl)

Jackson Laboratory Stock #026474;
RRID:IMSR_JAX:026474

Genetic reagent
(Mus musculus),
females only

Tg(CamkIIa-Cre)T29Stl,
C57BL/6 (Camk2a-Cre)

Hoeffer et al., 2008;
PMCID:PMC2630531

MGI Cat# 6273652,
RRID:MGI:6273652

Obtained from Kelleher lab
(MIT) before the Tonegawa lab
submitted a strain to Jax with
same name; not same strain
as listed at JAX. Expression
properties for this line
in Hoeffer et al., 2008.

Recombinant
DNA reagent

hSyn-hAKT1-
hSyn-eGFP (AAV)

Vector Biolabs RRID:SCR_011010
AKT1:Genbank
RefSeq# BC000479.2

Commercially produced
custom construct

Recombinant
DNA reagent

hSyn-eGFP-Cre (AAV) Penn Vector Core RRID:Addgene 105540

Software, algorithm IBM SPSS Statistics IBM Analytics RRID:SCR_002865

Software, algorithm Prism GraphPad RRID:SCR_002798

Software, algorithm ImageQuant TL GE Healthcare RRID:SCR_014246

Software, algorithm Icy Institut Pasteur and
France-BioImaging

RRID:SCR_010587 Open source image
processing

Mice
Single-isoform knockout (KO) mice for Akt1, Akt2, and Akt3 as well as Akt1fl/fl Akt3 KO mice were

generated on a C57B/l6 background as previously described (Levenga et al., 2017). To generate

mice with conditional removal of Akt1 in forebrain excitatory neurons, we bred Akt1fl/fl or Akt1fl/fl

Akt3 KO mice with Akt1fl/+ crossed to Camk2a::Cre mice on a C57Bl/6 background (Hoeffer et al.,

2008). Because it would have been logistically prohibitive to generate all Akt mutant combinations

from a single progenitor line, Akt mutant strains were maintained and tested separately. Mice from

all strains were assessed for general health and sensory and locomotor capacities compared to their

wild-type (WT) littermates. Apart from previously reported significant size differences in Akt1 and
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Akt3 mutant backgrounds (Cho et al., 2001; Easton et al., 2005) and lower than expected Mende-

lian frequencies for Akt1 KO mice (Cho et al., 2001), KO and WT mice were indistinguishable from

each other. We also observed no significant differences in mortality during the testing period. Mice

were group-housed in the same facility and maintained on a 12:12 hr light:dark schedule with food

and water available ad libitum. Mice of both sexes were used in all experiments and tested over mul-

tiple independent cohorts at 3–6 months old. All procedures were approved by the University of

Colorado, Boulder’s Institutional Animal Care and Use Committee and conformed to the National

Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Behavioral assays
Timeline: A schematic representation of the experimental timeline is shown in Figure 1—figure sup-

plement 1. For Figures 1–4 and 6, mice were tested first in the OFA, then EPM the next day, fol-

lowed by either MWM testing over 13 days or associative fear memory and extinction testing over

20 days. For Figure 5, mice were allowed to recover from surgery for 21 days and handled for three

consecutive days, 30 min each day, immediately prior to fear conditioning. For Figure 7, mice were

tested first in the OFA, then EPM the next day, followed by either MWM testing over 13 days or

associative fear memory testing. Mice were acclimated to the testing room for 1 hr before each

assay. All studies were performed with experimenters blind to genotype.

OFA: Mice were allowed 10 min to explore a white Plexiglas arena (40 � 40 cm2) with 180 lux

overhead lighting and 55 dB white noise present for their entire duration in the testing room. Data

were collected and analyzed using the Ethovision XT video tracking system (Noldus, Wageningen,

Netherlands), with the center zone defined as the area 10 cm from the arena walls.

EPM: Mice were allowed 5 min to explore a white EPM arena (30 cm arm length) under similar

testing conditions to OFA and activity was analyzed with Ethovision XT as previously described

(Hoeffer et al., 2013).

MWM: Mice were trained over 8 days as previously described (Wong et al., 2015) to locate a hid-

den escape platform 2–3 cm below the surface of a pool (112 cm diameter) of opaque water using

visual cues outside of the pool. After the probe test on day 8, a reversal phase was introduced on

days 9–11 in which mice were similarly trained to locate the hidden platform in the opposite quad-

rant. On days 12–13, mice were tested for visual acuity using a visible escape platform as previously

described (Wong et al., 2015). Data were collected and analyzed using Ethovision XT.

Fear conditioning and extinction: Mice were trained on day one with two pairings of a tone (CS,

30 s, 85 dB white noise) and foot-shock (US, 2 s, 0.5-mA) presentation, and freezing behavior was

measured to assess fear acquisition. On day 2, contextual and cued long-term memory (LTM) were

assessed by re-exposing mice to the training context (white light, grid floor, and peppermint odor)

or to the CS in a novel context, respectively, with no US. Order of testing contextual and cued LTM

with 1 hr between tests for each mouse was randomly counterbalanced among animals. Memory

was measured as percent time spent freezing during the 5 min contextual test or during the two 30

s CS presentations given 1 min apart in the cued test. On day 7, mice received extinction training in

the cued LTM testing environment over three consecutive days with a 35 min session each day con-

sisting of 20 (30 s) CS exposures at varying intervals. On day 10, extinction LTM was assessed like

cued LTM in a novel context. On day 20, renewal of conditioned fear was performed by re-exposing

mice to the CS in the original training context using the same protocol as for training except no US

was delivered. Baseline freezing was also monitored prior to the first CS presentation in any session.

Context novelty was generated using alternate lighting (red light), walls and flooring (changeable

acrylic inserts with different display patterns or textures), and odorants (vanilla or lavender) com-

pared to the training environment.

Intra-PFC AAV injections
Akt1 WT and KO male mice 3–4 months old were anesthetized with isoflurane and stabilized on a

stereotaxic apparatus (Kopf Instruments) for bilateral injections of recombinant AAV vectors into the

prefrontal cortex (PFC) at Bregma coordinates 1.98 mm anterioposterior, ±0.5 mm mediolateral, and

�2.35 mm dorsoventral. Akt1 KO mice were administered AAV (1 mL at 2.5e12 GC/mL over 10 min)

to express either human AKT1-GFP (Vector Biolabs, Malvern, PA) or Cre-GFP (Penn Vector Core,

Philadelphia, PA) under the human synapsin I promoter (hSyn) in each hemisphere. WT mice received
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only AAV-hSyn::Cre-GFP injections. Injectors were removed after an additional 10 min post-AAV

infusion. Following standard post-operative care, mice remained in their home cages for 21 d post-

surgery to allow AAV expression before fear memory and extinction testing. Following behavior

tests, the brains from these mice were fixed and sectioned for microscopy using similar procedures

described previously (Levenga et al., 2017) to confirm AAV expression in the PFC by GFP visualiza-

tion and AKT1 immunostaining.

Western blotting
Brain tissues were isolated from a subset of mice after completion of behavioral testing (Figure 1—

figure supplement 1) and blotted using procedures described previously to probe phosphorylated

and total levels of AKT isoforms, PDK1, GSK3b, and ERK (Levenga et al., 2017).

Immunohistochemistry
Fluorescent immunostaining of fixed brain sections from transcardially perfused mice was performed

using similar procedures described previously (Levenga et al., 2017) to visualize expression of

AKT1, AKT3, NeuN, PV, and GAD67.

Experimental design and statistical analysis
All data are presented as the mean ± SEM and were statistically evaluated using SPSS (IBM Corpora-

tion). Data were analyzed for each sex by Student’s t-test, one-way analysis of variance (ANOVA) or

one-way repeated-measures ANOVA where appropriate, with genotype as the between-subjects

factor (Supplementary file 1). Homogeneity of variance was assessed using Levene’s test. Outliers

were excluded based on Grubbs’ method, experimental criteria, or equipment errors

(Supplementary file 2). Akt isoform mutants were maintained in separate lines and were not tested

together, so Akt isoform experimental groups were compared only with their respective WT litter-

mates and not analyzed together. Because male and female mice were tested separately, we also

did not combine sexes for statistical analyses. However, we have included two-way ANOVA with sex

and genotype as independent variables for each Akt mutant line (Supplementary file 3) showing

that our findings using either statistical approach are largely unchanged. Experiments were designed

based on power analyses derived from previously conducted similar experiments (Hoeffer et al.,

2008; Hoeffer et al., 2013; Wong et al., 2015). All behavior experiments used a minimum of three

independent litters derived from separate dams. Significant ANOVA results were followed by

Tukey’s HSD test for multiple group comparisons where appropriate. All statistical tests were two-

tailed with p<0.05 considered significant.
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Krishnan V, Han MH, Mazei-Robison M, Iñiguez SD, Ables JL, Vialou V, Berton O, Ghose S, Covington HE, Wiley
MD, Henderson RP, Neve RL, Eisch AJ, Tamminga CA, Russo SJ, Bolaños CA, Nestler EJ. 2008. AKT signaling
within the ventral tegmental area regulates cellular and behavioral responses to stressful stimuli. Biological
Psychiatry 64:691–700. DOI: https://doi.org/10.1016/j.biopsych.2008.06.003, PMID: 18639865

Leibrock C, Ackermann TF, Hierlmeier M, Lang F, Borgwardt S, Lang UE. 2013. Akt2 deficiency is associated with
anxiety and depressive behavior in mice. Cellular Physiology and Biochemistry 32:766–777. DOI: https://doi.
org/10.1159/000354478, PMID: 24080829

Levenga J, Wong H, Milstead RA, Keller BN, LaPlante LE, Hoeffer CA. 2017. AKT isoforms have distinct
hippocampal expression and roles in synaptic plasticity. eLife 6:e30640. DOI: https://doi.org/10.7554/eLife.
30640, PMID: 29173281

Li X, Zhu W, Roh MS, Friedman AB, Rosborough K, Jope RS. 2004. In vivo regulation of glycogen synthase
kinase-3beta (GSK3beta) by serotonergic activity in mouse brain. Neuropsychopharmacology 29:1426–1431.
DOI: https://doi.org/10.1038/sj.npp.1300439, PMID: 15039769

Li X, Rosborough KM, Friedman AB, Zhu W, Roth KA. 2007. Regulation of mouse brain glycogen synthase
kinase-3 by atypical antipsychotics. The International Journal of Neuropsychopharmacology 10:7–19.
DOI: https://doi.org/10.1017/S1461145706006547

Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G, Duman RS. 2010. mTOR-dependent
synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Science 329:959–964.
DOI: https://doi.org/10.1126/science.1190287, PMID: 20724638

Liu Y, Li Z, Zhang M, Deng Y, Yi Z, Shi T. 2013. Exploring the pathogenetic association between schizophrenia
and type 2 diabetes mellitus diseases based on pathway analysis. BMC Medical Genomics 6 Suppl 1:S17.
DOI: https://doi.org/10.1186/1755-8794-6-S1-S17, PMID: 23369358

Loh HC, Chow TJ, Tang PY, Yong HS. 2013. No association between AKT1 gene variants and schizophrenia: a
malaysian case-control study and meta-analysis. Psychiatry Research 209:732–733. DOI: https://doi.org/10.
1016/j.psychres.2013.05.017, PMID: 23747160

Maeng LY, Milad MR. 2015. Sex differences in anxiety disorders: interactions between fear, stress, and gonadal
hormones. Hormones and Behavior 76:106–117. DOI: https://doi.org/10.1016/j.yhbeh.2015.04.002, PMID: 25
888456

Maren S, Phan KL, Liberzon I. 2013. The contextual brain: implications for fear conditioning, extinction and
psychopathology. Nature Reviews Neuroscience 14:417–428. DOI: https://doi.org/10.1038/nrn3492,
PMID: 23635870

Maren S, Holmes A. 2016. Stress and fear extinction. Neuropsychopharmacology 41:58–79. DOI: https://doi.org/
10.1038/npp.2015.180, PMID: 26105142

Wong, Levenga, et al. eLife 2020;9:e56630. DOI: https://doi.org/10.7554/eLife.56630 25 of 27

Research article Neuroscience

https://doi.org/10.1371/journal.pone.0024873
https://doi.org/10.1371/journal.pone.0024873
http://www.ncbi.nlm.nih.gov/pubmed/21949775
https://doi.org/10.1016/j.biopsych.2004.07.023
https://doi.org/10.1016/j.biopsych.2004.07.023
http://www.ncbi.nlm.nih.gov/pubmed/15522255
https://doi.org/10.1016/j.biopsych.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20691427
https://doi.org/10.1016/j.biopsych.2017.06.033
http://www.ncbi.nlm.nih.gov/pubmed/28823710
https://doi.org/10.1046/j.1471-4159.2003.01925.x
http://www.ncbi.nlm.nih.gov/pubmed/12911620
https://doi.org/10.1006/excr.1999.4690
http://www.ncbi.nlm.nih.gov/pubmed/10579924
https://doi.org/10.1111/j.1601-183X.2010.00578.x
https://doi.org/10.1111/j.1601-183X.2010.00578.x
http://www.ncbi.nlm.nih.gov/pubmed/20214684
https://doi.org/10.1016/j.schres.2011.12.015
http://www.ncbi.nlm.nih.gov/pubmed/22277669
https://doi.org/10.3109/09540261.2010.496448
http://www.ncbi.nlm.nih.gov/pubmed/21047161
https://doi.org/10.1016/0165-0327(93)90026-G
http://www.ncbi.nlm.nih.gov/pubmed/8300981
https://doi.org/10.1001/archpsyc.62.6.617
http://www.ncbi.nlm.nih.gov/pubmed/15939839
https://doi.org/10.1016/j.biopsych.2008.06.003
http://www.ncbi.nlm.nih.gov/pubmed/18639865
https://doi.org/10.1159/000354478
https://doi.org/10.1159/000354478
http://www.ncbi.nlm.nih.gov/pubmed/24080829
https://doi.org/10.7554/eLife.30640
https://doi.org/10.7554/eLife.30640
http://www.ncbi.nlm.nih.gov/pubmed/29173281
https://doi.org/10.1038/sj.npp.1300439
http://www.ncbi.nlm.nih.gov/pubmed/15039769
https://doi.org/10.1017/S1461145706006547
https://doi.org/10.1126/science.1190287
http://www.ncbi.nlm.nih.gov/pubmed/20724638
https://doi.org/10.1186/1755-8794-6-S1-S17
http://www.ncbi.nlm.nih.gov/pubmed/23369358
https://doi.org/10.1016/j.psychres.2013.05.017
https://doi.org/10.1016/j.psychres.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23747160
https://doi.org/10.1016/j.yhbeh.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25888456
http://www.ncbi.nlm.nih.gov/pubmed/25888456
https://doi.org/10.1038/nrn3492
http://www.ncbi.nlm.nih.gov/pubmed/23635870
https://doi.org/10.1038/npp.2015.180
https://doi.org/10.1038/npp.2015.180
http://www.ncbi.nlm.nih.gov/pubmed/26105142
https://doi.org/10.7554/eLife.56630


Meesters PD, de Haan L, Comijs HC, Stek ML, Smeets-Janssen MMJ, Weeda MR, Eikelenboom P, Smit JH,
Beekman ATF. 2012. Schizophrenia spectrum disorders in later life: prevalence and distribution of age at onset
and sex in a dutch catchment area. The American Journal of Geriatric Psychiatry 20:18–28. DOI: https://doi.
org/10.1097/JGP.0b013e3182011b7f

Morris R. 1984. Developments of a water-maze procedure for studying spatial learning in the rat. Journal of
Neuroscience Methods 11:47–60. DOI: https://doi.org/10.1016/0165-0270(84)90007-4, PMID: 6471907

Musci RJ, Augustinavicius JL, Volk H. 2019. Gene-Environment interactions in psychiatry: recent evidence and
clinical implications. Current Psychiatry Reports 21:81. DOI: https://doi.org/10.1007/s11920-019-1065-5,
PMID: 31410638

Nciri R, Desmoulin F, Allagui MS, Murat J-C, Feki AE, Vincent C, Croute F. 2013. Neuroprotective effects of
chronic exposure of SH-SY5Y to low lithium concentration involve glycolysis stimulation, extracellular pyruvate
accumulation and resistance to oxidative stress. International Journal of Neuropsychopharmacology 16:365–
376. DOI: https://doi.org/10.1017/S1461145712000132

Nicodemus KK, Law AJ, Radulescu E, Luna A, Kolachana B, Vakkalanka R, Rujescu D, Giegling I, Straub RE,
McGee K, Gold B, Dean M, Muglia P, Callicott JH, Tan HY, Weinberger DR. 2010. Biological validation of
increased schizophrenia risk with NRG1, ERBB4, and AKT1 epistasis via functional neuroimaging in healthy
controls. Archives of General Psychiatry 67:991–1001. DOI: https://doi.org/10.1001/archgenpsychiatry.2010.
117, PMID: 20921115

Park SW, Lee JG, Seo MK, Lee CH, Cho HY, Lee BJ, Seol W, Kim YH. 2014. Differential effects of antidepressant
drugs on mTOR signalling in rat hippocampal neurons. The International Journal of Neuropsychopharmacology
17:1831–1846. DOI: https://doi.org/10.1017/S1461145714000534, PMID: 24901414

Payne DM, Rossomando AJ, Martino P, Erickson AK, Her JH, Shabanowitz J, Hunt DF, Weber MJ, Sturgill TW.
1991. Identification of the regulatory phosphorylation sites in pp42/mitogen-activated protein kinase (MAP
kinase). The EMBO Journal 10:885–892. DOI: https://doi.org/10.1002/j.1460-2075.1991.tb08021.x, PMID: 184
9075

Pereira PA, Bicalho MA, de Moraes EN, Malloy-Diniz L, Bozzi IC, Nicolato R, Valadão DR, Miranda DM, Romano-
Silva MA. 2014. Genetic variant of AKT1 and AKTIP associated with late-onset depression in a brazilian
population. International Journal of Geriatric Psychiatry 29:399–405. DOI: https://doi.org/10.1002/gps.4018,
PMID: 24022875

Perkinton MS, Ip JK, Wood GL, Crossthwaite AJ, Williams RJ. 2002. Phosphatidylinositol 3-kinase is a central
mediator of NMDA receptor signalling to MAP kinase (Erk1/2), Akt/PKB and CREB in striatal neurones. Journal
of Neurochemistry 80:239–254. DOI: https://doi.org/10.1046/j.0022-3042.2001.00699.x, PMID: 11902114

Powers MB, de Kleine RA, Smits JAJ. 2017. Core mechanisms of cognitive behavioral therapy for anxiety and
depression. Psychiatric Clinics of North America 40:611–623. DOI: https://doi.org/10.1016/j.psc.2017.08.010

Psychosis Endophenotypes International Consortium, Wellcome Trust Case-Control Consortium 2, Psychiatric
Genomics Consortium, Bramon E, Pirinen M, Strange A, Lin K, Freeman C, Bellenguez C, Su Z, Band G,
Pearson R, Vukcevic D, Langford C, Deloukas P, Hunt S, Gray E, Dronov S, Potter SC, Tashakkori-Ghanbaria A,
Edkins S, Bumpstead SJ, Arranz MJ, et al. 2014. A genome-wide association analysis of a broad psychosis
phenotype identifies three loci for further investigation. Biological Psychiatry 75:386–397. DOI: https://doi.org/
10.1016/j.biopsych.2013.03.033, PMID: 23871474

Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, O’Dushlaine C, Chambert K, Bergen SE,
Kähler A, Duncan L, Stahl E, Genovese G, Fernández E, Collins MO, Komiyama NH, Choudhary JS, Magnusson
PK, Banks E, Shakir K, et al. 2014. A polygenic burden of rare disruptive mutations in schizophrenia. Nature
506:185–190. DOI: https://doi.org/10.1038/nature12975, PMID: 24463508

Radulovic J, Tronson NC. 2010. Molecular specificity of multiple hippocampal processes governing fear
extinction. Reviews in the Neurosciences 21:1–18. DOI: https://doi.org/10.1515/REVNEURO.2010.21.1.1,
PMID: 20458884

Ragland JD, Ranganath C, Harms MP, Barch DM, Gold JM, Layher E, Lesh TA, MacDonald AW, Niendam TA,
Phillips J, Silverstein SM, Yonelinas AP, Carter CS. 2015. Functional and neuroanatomic specificity of episodic
memory dysfunction in schizophrenia: a functional magnetic resonance imaging study of the relational and
Item-Specific encoding task. JAMA Psychiatry 72:909–916. DOI: https://doi.org/10.1001/jamapsychiatry.2015.
0276, PMID: 26200928

Renoir T. 2014. New frontiers in the neuropsychopharmacology of mental illness. Frontiers in Pharmacology 5:
212. DOI: https://doi.org/10.3389/fphar.2014.00212

Rubinow DR, Schmidt PJ. 2019. Sex differences and the neurobiology of affective disorders.
Neuropsychopharmacology 44:111–128. DOI: https://doi.org/10.1038/s41386-018-0148-z, PMID: 30061743

Saudou F, Finkbeiner S, Devys D, Greenberg ME. 1998. Huntingtin acts in the nucleus to induce apoptosis but
death does not correlate with the formation of intranuclear inclusions. Cell 95:55–66. DOI: https://doi.org/10.
1016/S0092-8674(00)81782-1, PMID: 9778247

Scheid MP, Parsons M, Woodgett JR. 2005. Phosphoinositide-dependent phosphorylation of PDK1 regulates
nuclear translocation. Molecular and Cellular Biology 25:2347–2363. DOI: https://doi.org/10.1128/MCB.25.6.
2347-2363.2005, PMID: 15743829
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