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Abstract

The aim of the present study was to determine the role of Akt isoforms in insulin signaling and resistance in neuronal cells.
By silencing Akt isoforms individually and in pairs, in Neuro-2a and HT22 cells we observed that, in insulin-sensitive con-
dition, Akt isoforms differentially reduced activation of AS160 and glucose uptake with Akt2 playing the major role. Under
insulin-resistant condition, phosphorylation of all isoforms and glucose uptake were severely affected. Over-expression of
individual isoforms in insulin-sensitive and resistant cells differentially reversed AS160 phosphorylation with concomitant
reversal in glucose uptake indicating a compensatory role of Akt isoforms in controlling neuronal insulin signaling. Post-
insulin stimulation Akt2 translocated to the membrane the most followed by Akt3 and Aktl, decreasing glucose uptake in
the similar order in insulin-sensitive cells. None of the Akt isoforms translocated in insulin-resistant cells or high-fat-diet
mediated diabetic mice brain cells. Based on our data, insulin-dependent differential translocation of Akt isoforms to the
plasma membrane turns out to be the key factor in determining Akt isoform specificity. Thus, isoforms play parallel with
predominant role by Akt2, and compensatory yet novel role by Aktl and Akt3 to regulate neuronal insulin signaling, glucose

uptake, and insulin-resistance.
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Introduction

Neuronal insulin signaling is the primary pathway that
regulates glucose homeostasis in the brain, with PI3K-Akt
signaling pathway playing a principal role. Akt acts as a
central node in neuronal insulin signaling and regulates cell
proliferation and survival, cytoskeletal and vesicle traffick-
ing, cellular metabolism, and glucose transport [1-3]. Any
hindrance in this pathway paves the way for insulin-resist-
ance like phenotype [3, 4]. We have observed hyperinsuline-
mia mediated insulin-resistance in neuronal cells in vitro,
regulating a number of kinases and phosphatases [5, 6].
Frequently this has been linked to diseases like Alzheimer
(Type-I1I diabetes) as observed by other laboratories and our
[7, 8], including other diseases, like Huntington’s disease
[9], spinocerebellar ataxia type 1 [10], schizophrenia [11],
Parkinson’s disease [12], etc.
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Akt is a serine/threonine kinase that belongs to AGC
family. Akt comprises of three isoforms, Aktl, Akt2, and
Akt3. They have been extensively studied in all insulin-
responsive tissues, like skeletal muscles [13], adipocytes
[14], and hepatocytes [15]. Aktl expression varies across tis-
sues, Akt2 is highly expressed in insulin-responsive tissues
and Akt3 is expressed in brain and testis [16]. All three iso-
forms show high sequence similarity and common domain
structure, with an N-terminal PH domain, a central kinase
domain, and a C-terminal regulatory domain [1]. Aktl plays
a predominant role in cellular growth [17, 18], Akt2 plays a
role in glucose homeostasis [19, 20], and Akt3 plays a role
in neuronal development [21]. Studies have established that
different isoforms have some overlapping yet diverse func-
tions which can be attributed to differential expression [22],
differential subcellular localization [23], regulatory partners
[24], and different upstream stimulus [25].

In recent years there have been controversy regarding
how the three Akt isoforms regulate glucose metabolism
[26]. These studies have been conducted in vitro/in vivo,
in normal and obese/diabetic condition, with single and/
or double knockout or over-expressed samples. Akt2 has
emerged as the predominant isoform regulating glucose
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«Fig. 1 Effect of Akt inhibition on neuronal insulin signaling and glu-
cose uptake; and effect of insulin on Akt and its isoforms. A N2A
cells were differentiated in 2% DMSO for 3 days and stimulated
with or without 30 uM MK?2206 and/or 100 nM insulin for 30 min
as indicated. Cells were lysed and subjected to western blotting, fol-
lowed by probing with relevant primary antibodies. Bar represents
relative change in pAkt (Ser-473) probed with anti-Akt antibody. B
Differentiated N2A cells were serum starved for 2 h, followed by
100 nM insulin for 30 min. Uptake of 2-NBDG was then measured.
Bar represents relative change in uptake of 2-NBDG. C-E N2A cells
were differentiated in 2% DMSO for 3 days and stimulated with or
without 100 nM insulin for 30 min. Cells were lysed and subjected
to western blotting, followed by probing with relevant primary anti-
bodies. C Bar represents relative change in pAktl (Ser-473) probed
with anti-Aktl antibody. D Bar represents relative change in pAkt2
(Ser-474) probed with anti-Akt2 antibody. E Post-insulin stimulation,
lysates were subjected to immunoprecipitation using anti-Akt3 anti-
body. Bar represents relative change in pAkt (Ser-473) probed with
anti-Akt3 antibody. F-H HT22 cells were differentiated in neuroba-
sal media containing 2 mmol/L glutamine and 1XN2 supplement
for 48 h and stimulated with or without 100 nM insulin for 30 min.
Cells were lysed and subjected to western blotting, followed by prob-
ing with relevant primary antibodies. F Bar represents relative change
in pAktl (Ser-473) probed with anti-Aktl antibody. G Bar represents
relative change in pAkt2 (Ser-474) probed with anti-Akt2 antibody. H
Post-insulin stimulation, lysates were subjected to immunoprecipita-
tion using anti-Akt3 antibody. Bar represents relative change in pAkt
(Ser-473) probed with anti-Akt3 antibody. GAPDH has been used as
a loading control (A, C, D, F, G). IgG band was used as loading con-
trol (E, H). Experiments were executed three times and a representa-
tive result is shown. Data expressed are mean+SE. ***P <0.001,
**P<0.01 compared to lane 1, #Pp <0.001, *P<0.01 compared to
lane 2. /P Immunoprecipitation; /B Immunoblot; A.U Arbitrary Units

metabolism in all metabolic tissues [19, 20, 27-29].
Majority of the reports say that Aktl does not play any
role in this regulation [13, 17, 18, 30]. However, there
are others that report role of Aktl in regulating insulin
signaling and glucose transport [31] with some even sup-
porting redundancy of Aktl and Akt2 [14, 32, 33]. Akt3 is
the least studied of the isoforms when it comes to glucose
metabolism. Majority of the studies on Akt3 negate its role
in regulating glucose metabolism [28].

All these studies confined to peripheral insulin-sensitive
tissues indicate the role of Akt isoforms in insulin signal-
ing is still ambiguous and could be tissue specific. There
is hardly any information on Akt isoforms in regulating
neuronal insulin signaling and resistance. All three Akt
isoforms are expressed in the brain [16, 34]. Activation
of Akt isoforms post-insulin stimulation in brain has also
been studied [35]. However, majority of currently avail-
able studies focuses on the role of individual isoform
in neuronal development, neuronal maturation and out-
growth, polarization and axon branching, synapse forma-
tion, and neuronal survival [36, 37]. Thus, no information
is yet available to clarify the isoform specific role of Akt in
neuron in insulin signaling and resistance and the underly-
ing mechanisms that determine their functional specificity.

In our current study, we utilized neuronal cells like
Neuro-2a and HT22, their insulin-resistant versions, gener-
ated in our laboratory [6, 8, 38, 39] and insulin-resistant
diabetic mice whole brain tissues to study Akt isoform inter-
play. We elucidated this by isoform specific silencing [sin-
gle (silencing of one isoform at a time) and double (silenc-
ing of two isoforms at a time)] as well as isoform specific
over-expression, and elucidated how Akt isoforms regulate
AS160 and ultimately glucose uptake in insulin-sensitive
and resistant condition.

For clear understanding of the experimental objectives, a
flowchart of the experimental design is depicted in Fig. S1.

Results

Effect of inhibition of Akt on neuronal insulin
signaling and glucose uptake

To determine whether functional Akt protein exists in N2A
cells, we inhibited Akt activity by MK2206, a well-known
inhibitor of Akt activation [34], with or without insulin
stimulation and determined its activation by assaying Akt
phosphorylation and glucose uptake. To execute that, dif-
ferentiated N2A cells were treated with or without 30 uM
MK?2206 for 30 min [34] and then stimulated with or without
100 nM insulin for 30 min. Cell lysates were western immu-
noblotted and probed with pan-anti-Akt antibody. No change
was observed in the expression of Akt under all the condi-
tions tested (Fig. 1A). However, the activation of Akt, as
determined by phosphorylation at Ser-473, was decreased by
96.13% (Fig. 1A, lane 2 vs lane 4) due to MK2206 treatment.
Inhibition of Akt activation led to a decrease in neuronal
glucose uptake by 75.05% (Fig. 1B, lane 2 vs lane 4). Data
indicate the presence of functional Akt in differentiated N2A
cells participating in insulin signaling and glucose uptake.

Effect of insulin on the expression and activation
of Akt1, Akt2, and Akt3 in neuronal cells

Next, we sought out to determine whether all the isoforms
of Akt exists in N2A cells and, if so, do they undergo acti-
vation by specific phosphorylations due to insulin stimula-
tion. To test that lysates of differentiated N2A cells, with
or without insulin stimulation, were subjected to western
immunoblotting probed with isoform specific and phos-
pho-isoform specific antibodies. Due to unavailability of
a specific phospho-Akt3 antibody to measure phosphoryla-
tion levels of Akt3, Akt3 protein was immunoprecipitated
using anti-Akt3 antibody, and probed with anti-phospho-
Akt antibody. Anti-IgG conformational antibody was used
to mask remaining IgG band. No change was observed
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in the expression of Aktl, Akt2 (GAPDH was used as a
loading control) or Akt3 (because of the reasons, as men-
tioned above, IgG band was used as a loading control)
(Fig. 1C-E). However, the activation of Aktl, Akt2 or
Akt3 as determined by their phosphorylations at Ser-473,
Ser-474, and Ser-472, respectively, was increased by ten-
fold as a function of insulin stimulation (Fig. 1C-E, lane
1 vs lane 2). To determine whether the above mentioned
effects were N2A cell specific we tested the effect of insu-
lin stimulation on individual Akt isoforms in differenti-
ated HT22 cells, a hippocampal neuronal cell line [39,
40]. Ten fold increase in phosphorylation of individual
isoforms were obtained as a function of insulin stimula-
tion (Fig. 1 F-H). Data show that all Akt isoforms are
expressed in N2A and HT22 cells and activated similarly
as a function of insulin stimulation.

Effect of silencing of one isoform, on expression
and phosphorylation of the others

To determine the effect of silencing of one isoform on the
expression and activation of the others, individual isoform
was silenced at the optimized dose, and its effect on expres-
sion and activation were tested on the other isoforms, with
or without insulin stimulation, probing with isoform specific
antibodies. Silencing was optimized and found to be 200 nM
for Aktl, 100 nM for Akt2, and 150 nM for Akt3 required to
obtain optimal silencing (Fig. S2, S3 and S4). Aktl silenc-
ing (Akt™!) led to a decrease in phosphorylation and expres-
sion of Aktl by 53.11% and 77.19%, respectively, (Fig. 2A,
lane 2 vs lane 4; Fig. S2B, lane 1 vs lane 4, respectively);
however, it did not affect expression or phosphorylation of
Akt2 (Fig. 2B) and Akt3 (Fig. 2C). Similarly, Akt2 silenc-
ing (Akt™2) led to a decrease in phosphorylation and expres-
sion of Akt2 by 40.71% and 57.99%, respectively, (Fig. 2E,
lane 2 vs lane 4; Fig. S3B, lane 1 vs lane 4, respectively)
without affecting expression or phosphorylation of Aktl
(Fig. 2D) or Akt3 (Fig. 2F). Akt3 silencing (Akt™>) led to
a decrease in phosphorylation and expression of Akt3 by
57.70% and 80.42%, respectively, (Fig. 21, lane 2 vs lane 4;
Fig. S4B, lane 1 vs lane 4, respectively) without affecting
expression or phosphorylation of Aktl (Fig. 2G) or Akt2
(Fig. 2H). Thus, data show that silencing of one isoform does
not affect the others. These data also validate specificity of
anti-Akt isoform specific antibodies. Similarly, to determine
the effect of silencing of two isoforms at a time on the other,
two isoforms were silenced in pairs (e.g., Akt™>~> where Akt2
and Akt3 were silenced, Akt™'=3 where Aktl and Akt3 were
silenced and Akt™'~2 where Aktl and Akt2 were silenced)
and its effect on expression were tested on the other isoform.
As expected, silencing of two isoforms in pairs did not affect
the expression of the third isoform (Fig. S5).

@ Springer

Effect of silencing of Akt isoforms, on expression
and activation of AS160 (Akt Substrate of 160 kDa)
(Ser-588 and Thr-642) and glucose uptake

Ser-588 and Thr-642 are two phosphorylation sites on
AS160 those have been reported to be regulated by Akt and
are indications of AS160 activation. Postsingle or double
silencing, differentiated N2A cells with or without insulin
stimulation (100 nM, 30 min), were subjected to western
immunoblotting probed with anti-AS160 antibody and anti-
phospho AS160 Ser-588 or anti-phospho AS160 Thr-642
antibodies. There was no change in expression of AS160
under all the conditions tested (Fig. 3, A—-H). However,
post-single silencing, activation of AS160 as determined by
phosphorylation at Ser-588, was down-regulated by insulin
stimulation post-Akt™! by 15.75% (Fig. 3A, lane 2 vs lane
4), Akt™2 by 24.45% (Fig. 3B, lane 2 vs lane 4), and Akt™>
by 26.98% (Fig. 3C, lane 2 vs lane 4) silencing as compared
to scrambled siRNA transfected cells. Similarly, post-double
silencing, activation of AS160 was down-regulated by insu-
lin stimulation post-Akt=>~ by 32.74% (Fig. 3D, lane 2 vs
lane 4), Akt™' by 26.60% (Fig. 3D, lane 2 vs lane 6) and
Akt™'"2 by 27.57% (Fig. 3D, lane 2 vs lane 8) silencing as
compared to scrambled siRNA transfected cells with insulin
stimulation. Correspondingly, the activation of AS160 as
determined by phosphorylation at Thr-642 was down-regu-
lated by insulin stimulation post-Akt™! by 15.20% (Fig. 3E,
lane 2 vs lane 4), Akt™? by 63.41% (Fig. 3F, lane 2 vs lane
4) and Akt™? by 50.47% (Fig. 3G, lane 2 vs lane 4) silenc-
ing as compared with scrambled siRNA transfected cells.
Similarly, post-double silencing, activation of AS160 was
down-regulated by insulin stimulation post-Akt=>~> by 55%
(Fig. 3H, lane 2 vs lane 4), Akt~'= by 43.09% (Fig. 3H, lane
2 vs lane 6), and Akt™'2 by 50.35% (Fig. 3H, lane 2 vs lane
8) silencing as compared with scrambled siRNA transfected
cells by insulin stimulation. The AS160 threonine phospho-
rylation was more severely affected as compared to corre-
sponding serine. Previous studies have reported Thr-642
phosphorylation as being more important for AS160 func-
tion as compared to its Ser-588 [41, 42]. Thus, silencing the
isoforms demonstrates that all three isoforms down-regulate
AS160 activation at both Ser-588 and Thr-642, without any
effect on its expression. Highest down-regulation was caused
by Akt2, followed by Akt3 and then Aktl. When one iso-
form is absent other isoforms differentially regulate AS160
phosphorylation. However, when two isoforms are absent
AS160 phosphorylation is regulated in a kind of a compen-
satory manner. Data strongly suggest that Akt isoforms does
participate in insulin signaling in N2A cells via AS160.
Having observed this we sought out to determine how
does those activations reflect on neuronal glucose uptake.
Therefore, single or double silenced differentiated N2A cells
were stimulated with or without insulin and subjected to
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Fig. 2 Effect of silencing of one isoform, on expression and phospho-
rylation of other isoform in N2A cells. Three days post-proliferation,
N2A cells were transfected with Aktl, Akt2 or Akt3 specific siRNA
and then differentiated in 2% DMSO for 3 days. Cells were stimu-
lated with or without 100 nM insulin for 30 min prior to cell lysis.
Lysate was subjected to western blotting, followed by probing with
relevant primary antibodies. A, D, G Bar represents relative change
in pAktl (Ser-473) when probed with anti-Aktl antibody. B, E, H
Bar represents relative change in pAkt2 (Ser-474) when probed with

O

O —
1B: pAkt (Serd73)
IB: Akt3

12
@ Fekk
e
2 8
3
~
T
D
2 #it
é a 4 Fekk
a
; #i#
04
Lane: 1 2 3 4
Insulin: - L g - *
Akt - - + +

anti-Akt2 antibody. C, F, I Bar represents relative change in pAkt
(Ser-473) when probed with anti-Akt3 antibody. GAPDH has been
used as a loading control (A, B, D, E, G, H). IgG band was used
as loading control (C, F, I). Experiments were executed three times
and a representative result is shown. Data expressed are mean + SE.
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«Fig.3 Effect of Akt isoform silencing on AS160 in N2A cells.
Three days post-proliferation, N2A cells were transfected with sin-
gle (Akt™!, Akt™2, and Akt™>) or double (Akt™>", Akt~ or Akt™!7?)
specific siRNA and then differentiated in 2% DMSO for 3 days. Cells
were stimulated with or without 100 nM insulin for 30 min prior to
cell lysis. Lysate was subjected to western blotting, followed by prob-
ing with relevant primary antibodies. (A-D) Bar represents relative
change in pAS160 (Ser-588) when probed with anti-AS160 anti-
body. (E-H) Bar represents relative change in pAS160 (Thr-642)
when probed with anti-AS160 antibody. Experiments were executed
three times and a representative result is shown. Data expressed are
mean=+ SE. ***P <(.001, **P<0.01, *P<0.05 as compared to lane
1; ¥ Pp<0.001, #P<0.01, *P<0.05 as compared to lane 2. /B Immu-
noblot

glucose uptake assay. As shown in Fig. 4 A and B, all three
isoforms, irrespective of single or double silencing, contrib-
uted in glucose uptake in N2A cells. Under single silenced
condition, Akt™!, Akt™2 or Akt™3 silencing caused a decrease
of 35.98% (Fig. 4A, lane 2 vs lane 4), 53.64% (Fig. 4A, lane
2 vs lane 6), and 48.53% (Fig. 4A, lane 2 vs lane 8), respec-
tively, in insulin stimulated 2-NBDG uptake when compared
to their respective scrambled siRNA transfected cells. Under
double silenced condition, it was observed that Akt=>7
silenced cells showed a maximum decrease of 76.73% in
insulin stimulated 2-NBDG uptake as compared to scram-
bled siRNA transfected cells (Fig. 4B, lane 2 vs lane 4).
Similarly, Akt™'~% and Akt™! silenced cells also caused
61.13% (Fig. 4B, lane 2 vs lane 8) and 54.19% (Fig. 4B,
lane 2 vs lane 6) decrease, respectively, in insulin stimulated
2-NBDG uptake as compared with scrambled siRNA trans-
fected cells. Thus, data demonstrate that Akt2 contributes
most to the glucose uptake, followed by Akt3 and then Aktl,
suggesting that there is an isoform specific regulation of
the degree of glucose uptake in N2A cells. A summary of
outcome of silencing is presented in Table S1.

In HT22 cells, it was found that Akt~ silenced cells
caused a decreased of 55.85% in insulin stimulated 2-NBDG
uptake as compared to scrambled siRNA transfected cells
(Fig. 4C, lane 2 vs lane 6). Similarly, Akt=>=> and Akt~!'"2
silenced cells also showed 76.73% and 65.91% decrease,
respectively, in insulin stimulated 2-NBDG uptake as com-
pared to scrambled siRNA transfected cells (Fig. 4C, lane
2 vs lane 4; and lane 2 vs lane 8, respectively). Therefore,
data strongly indicated that in neuronal cells all Akt isoforms
contribute in regulating neuronal glucose uptake and Akt2
contributes to the maximum, followed by Akt3 and Aktl.

Effect of insulin on subcellular translocation of Akt1,
Akt2, Akt3, and AS160 in neuronal system

Recent reports in adipocytes and skeletal muscle cells dem-
onstrate that, insulin stimulated subcellular translocation and
membrane localization of Akt isoforms [23, 43] and AS160
[43] determines Akt isoform specific signaling. One of the

first things that the translocated Akt isoform at the mem-
brane does is that it interacts with AS160 to undertake the
function of glucose uptake [24, 44, 45]. In neuronal system,
there is no study of insulin-dependent translocation of Akt
isoforms to plasma membrane. To address this, differenti-
ated N2A cells stimulated with or without insulin (100 nM,
30 min) were lysed and fractionated into cytoplasmic and
membrane fractions. Expression of Caveolin-1 is consid-
ered as a plasma membrane marker [46]. Thus, expression
of Caveolin-1 was tested to establish purity of membrane
fractions. Expression of Caveolin-1 was only observed in
membrane fraction as compared to cytoplasm (Fig.S6, lane
1 vs lane 2). However, in all membrane translocation experi-
ments GAPDH was used as a loading control, to perform
densitometric analysis, as it is present in both “cytoplasm”
and “membrane”, as compared to only membrane-specific
markers (which cannot be used for densitometry analysis
of “cytoplasm” fractions) [47]. Our data show that in cyto-
plasmic fraction, post-insulin stimulation expression of Aktl
was down-regulated by 12.77% (Fig. SA, Panel 1 and 4, lane
1 vs lane 2), Akt2 by 13.02% (Fig. 5A, Panel 2 and 4, lane
1 vs lane 2), and Akt3 by 12.53% (Fig. 5A, Panel 3 and 4,
lane 1 vs lane 2). In contrast to that, post-insulin stimulation
in the membrane fraction, Aktl translocated and accumu-
lated on the plasma membrane by 59.64% (Fig. 5A, Panel
1 and 4, lane 3 vs lane 4), Akt2 by 230.18% (Fig. SA, Panel
2 and 4, lane 3 vs lane 4), and Akt3 by 152.51% (Fig. 5A,
Panel 3 and 4, lane 3 vs lane 4). Data show that as a func-
tion of insulin stimulation all Akt isoforms translocated to
the plasma membrane, with Akt2 translocating the most,
followed by Akt3 and Aktl as compared to respective cyto-
plasmic expression without insulin. In HT22 cells, in cyto-
plasmic fractions, insulin stimulation down-regulated Aktl
expression by 12% (Fig. 5B, Panel 1 and 4, lane 1 vs lane 2),
Akt2 by 12.44% (Fig. 5B, Panel 2 and 4, lane 1 vs lane 2),
and Akt3 by 11.05% (Fig. 5B, Panel 3 and 4, lane 1 vs lane
2). Post-insulin stimulation, in the membrane fraction, Akt1
translocated and accumulated on the plasma membrane by
48.16% (Fig. 5B, Panel 1 and 4, lane 3 vs lane 4), Akt2 by
137% (Fig. 5B, Panel 2 and 4, lane 3 vs lane 4), and Akt3 by
80.29% (Fig. 5B, Panel 3 and 4, lane 3 vs lane 4). The trend
of this membrane translocation correlates with the trend as
observed in glucose uptake (Fig. 4 A, B). Data show that all
isoforms translocate to the plasma membrane post-insulin
stimulation to different extents. Akt2 comes out as the pre-
dominant isoform on the plasma membrane, followed by
Akt3 and Aktl in both the cell lines tested. Therefore, data
prove that it is the abundance of a specific Akt isoform in the
membrane due to translocation from cytoplasm as a function
of insulin stimulation that regulate glucose uptake.

As did earlier, we tested the compartmentalised Akt
isoform interaction(s) with AS160 in the cytoplasm and
plasma membrane fractions. Phosphorylation of AS160
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Control

at Thr-642 showed increase post-insulin stimulation in
cytoplasmic fraction by 71.71% (Fig. 5C, Panel 1 and
2, lane 1 vs lane 2) and membrane fraction by 437.31%
(Fig. 5C, Panel 1 and 2, lane 3 vs lane 4) as compared to
their respective controls without insulin. Expression of
AS160 increased in cytoplasm post-insulin stimulation by
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17.06% (Fig. 5C, Panel 2 and 3, lane 1 vs lane 2). How-
ever, there was a sharp decrease by 67.46% in membrane
bound AS160 post-insulin stimulation as compared to
samples without stimulation (Fig. 5C, Panel 2 and 3, lane
3 vs lane 4). In HT22 cells, phosphorylation of AS160 at
Thr-642 showed similar increase in cytoplasm by 78.17%
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Fig.5 Mechanism underlying Akt isoform specificity in neuronal
cells. A N2A cells were differentiated in 2% DMSO for 3 days. Three
days post-differentiation, membrane and cytosol fraction were iso-
lated and subjected to western blotting, followed by probing with
relevant primary antibodies. Bar represents relative change in Aktl,
Akt2 or Akt3 when probed with anti-Akt isoform specific antibody.
B HT22 cells were differentiated in neurobasal media containing
2 mmol/L glutamine and 1XN2 supplement for 48 h. Three days
post-differentiation, membrane and cytosol fraction were isolated
and subjected to western blotting, followed by probing with relevant
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primary antibodies. Bar represents relative change in Aktl, Akt2 or
Akt3 when probed with anti-Akt isoform specific antibody. C, D Bar
represents relative change in AS160 when probed with anti-AS160
antibody (N2A/HT22 as indicated). Bar represents relative change
in pAS160 (Thr-642) when probed with anti-AS160 antibody (N2A/
HT?22 as indicated). GAPDH has been used as a loading control.
Experiments were executed three times and a representative result
is shown. Data expressed are mean=+SE. ***P <(0.001, **P<0.01,
*P <0.05 compared to lane 1 or as indicated. /B Immunoblot
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Fig.6 Effect of insulin on subcellular translocation of GLUT4 and
AS160. I Three days post-proliferation, N2A cells differentiated in
2% DMSO for 3 days. Cells were stimulated with or without 100 nM
insulin for 30 min followed by fixation and permeabilization and
probed with anti-GLUT4 and anti-AS160 antibody. Cells were sub-
jected to immunofluorescence microscopy using anti-goat Alexa 555

(Fig. 5D, Panel 1 and 2, lane 1 vs lane 2) and membrane
fraction by 479.96% (Fig. 5D, Panel 1 and 2, lane 3 vs lane
4) as compared to their respective controls without insu-
lin. Expression of AS160 increased in cytoplasm, post-
insulin stimulation by 17.67% (Fig. 5D, Panel 2 and 3,
lane 1 vs lane 2). As in N2A, there was a sharp decrease in

and anti-rabbit CFL 488 secondary antibodies, respectively. Bar cor-
responds to 10 pm. Images were captured from different fields and
a representative image of 3 images is presented. Red arrow indicates
GLUT4, green arrow indicates AS160 and yellow arrow indicates
co-localized GLUT4 and AS160. II Graphical representation of co-
localization by Pearson’s coefficient (*P <0.05)

membrane bound AS160 post-insulin stimulation as com-
pared to control by 63.57% (Fig. 5D, Panel 2 and 3, lane
3 vs lane 4). Thus, data show the regulation of AS160 by
phosphorylation at Thr-642 by activated Akt in neuronal
cells.
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To further investigate this insulin-dependent redistribution
of AS160 in neuronal cells, and how this redistribution cor-
relates with GLUT4 translocation, we examined membrane
translocation and possible co-localization of AS160 and
GLUT4. Differentiated N2A cells were stimulated with or
without insulin, immunostained with anti-GLUT4 and anti-
AS160 antibody and were subjected to confocal microscopy
(Fig. 6). Immunocytochemical analysis revealed that under
basal conditions, GLUT4 was localized inside the cell (Fig. 6,
Panel C, red arrows), and AS160 was distributed just below the
membrane (Fig. 61, Panel D, green arrows), possibly tethering
GLUT4 to the GSVs. Co-localization of AS160 and GLUT4
inside the cell was observed (Fig. 61, Panel E, yellow arrows).
The two proteins co-localized with a Pearson’s coefficient of
0.53 (Fig. 61I). Post-insulin stimulation, GLUT4 was found
to be present on the membrane (Fig. 61, Panel H, red arrows),
considerably more than unstimulated cells (Fig. 61, Panel C
vs Panel H). Alternatively, AS160 was found dispersed inside
the cytoplasm (Fig. 61, Panel I, green arrows) as compared to
unstimulated cells (Fig. 61, Panel D vs Panel I). Co-localization
of AS160 and GLUT4 was observed (Fig. 61, Panel J, yellow
arrows) with a Pearson's coefficient of 0.37 (Fig. 6II), however,
GLUT4 was seen at the membrane independently as well, thus
decreasing the co-localization (Fig. 61, Panel J, red arrows) by
a significant 30% with or without insulin stimulation (Fig. 61I).
Data strongly show insulin-dependent redistribution of AS160
in neuronal cells, and how this redistribution correlates with
GLUT4 translocation and glucose uptake.

Subcellular translocation of Akt1, Akt2, Akt3,
and AS160 in mice whole brain tissue

Having observed in two different neuronal cells, we wished
to assess whether the translocation of Akt isoforms is indeed
critical, we tested it in High-Fat-Diet (HFD) fed diabetic
mice against Normal Diet fed mice (ND) (Kind gift from Dr.
Prosenjit Mondal, Indian Institute of Technology—Mandi,
Himachal Pradesh, India). Our data show that in cytoplasmic
fractions of HFD mice Aktl expression was down-regulated
by 11.07% (Fig. 7A, Panel 1 and 4, lane 1 vs lane 2), Akt2
expression was down-regulated by 13.71% (Fig. 7A, Panel
2 and 4, lane 1 vs lane 2), and Akt3 expression was down-
regulated by 13.55% (Fig. 7A, Panel 3 and 4, lane 1 vs lane
2) as compared to respective ND mice controls. In contrast
to this, in the membrane fraction of HFD mice, none of the
Akt isoforms translocated to the plasma membrane (Fig. 7B,
lane 3 vs lane 4). This is an interesting result as this not
only corroborates with our results in neuronal cells, but also
points to novel role of all three Akt isoforms in neuronal
insulin resistance.

Testing expression and phosphorylation of AS160
Thr-642 in the cytoplasm and plasma membrane frac-
tions of ND and HFD mice, as described above (Fig. 7A),
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phosphorylation of AS160 at Thr-642 decreased in cyto-
plasmic fraction by 19.96% (Fig. 7B, Panel 1 and 2, lane 1
vs lane 2), and in membrane fraction by 46.70% (Fig. 7B,
Panel 1 and 2, lane 3 vs lane 4) in HFD as compared to
ND mice. Expression of AS160 decreased in cytoplasm by
29.28% (Fig. 7B, Panel 2 and 3, lane 1 vs lane 2) and plasma
membrane by 51.47% (Fig. 7B, Panel 2 and 3, lane 3 vs lane
4) in ND as well as HFD mice.

This is the first study to report differential subcellular
translocation of Akt isoforms under ND and HFD condition
in mice whole brain tissue. This result prompted us to study
the role of Akt isoforms in insulin-resistant neuronal cells.

Expression and activation of Akt1, Akt2, and Akt3
in insulin-resistant neuronal cells

We had previously generated an insulin-resistant diabetic
neuronal cell model by differentiating N2A in the chronic
presence of insulin (100 nM) in serum-free medium (MFI)
[6, 8, 48-50]. This model cellular system was used in the
present study to investigate the role of Akt isoforms in insu-
lin-sensitive (MF) and insulin-resistant (MFI) condition.
No change was observed in the expression of Aktl, Akt2
or Akt3 post-insulin stimulation in MF and MFI condition
(Fig. 8A, B, C). However, phosphorylation of Aktl, Akt2
or Akt3 at Ser-473, Ser-474, and Ser-472, respectively, was
decreased differentially post-insulin stimulation in MF and
MFI condition. Insulin stimulation led to a decrease in Aktl
phosphorylation by 43.36% (Fig. 8A, lane 2 vs lane 4), in
Akt2 phosphorylation by 72.79% (Fig. 8B, lane 2 vs lane
4) and in Akt3 phosphorylation by 52.45% (Fig. 8C, lane 2
vs lane 4). Previous studies in skeletal muscles and adipo-
cytes of diabetic obese patients, Akt2 phosphorylation was
reported to be affected [51, 52]. Our data point to differential
role of all three Akt isoforms, as phosphorylation of all was
affected in neuronal insulin-resistant condition, with Akt2
phosphorylation affected the most, followed by Akt3 and
then Aktl.

Effect of silencing of Akt isoforms
in insulin-resistant neuronal cells

To determine whether there is any isoform specific role in
regulating neuronal glucose uptake under insulin-resistant
condition, Akt isoforms were silenced in pair (Akt_2'3,
Akt™'7 and Akt™'"). It was found that, in MF condition, the
pattern was similar as observed previously in N2A (Fig. 4B)
as well as in HT22 cells (Fig. 4C). Under MF condition,
Akt™!73 silenced N2A cells showed 50.70% decrease in insu-
lin stimulated 2-NBDG uptake as compared to scrambled
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Fig.7 Mechanism underlying Akt isoforms specificity in mice whole
brain tissue. A Subcellular translocation of Akt isoforms in mice
whole brain tissue. Mice whole brain was lysed, membrane and cyto-
sol fraction were isolated and subjected to western blotting, followed
by probing with relevant primary antibodies. Bar represents relative
change in Aktl, Akt2 or Akt3 when probed with anti-Akt isoform
specific antibody. Experiments were executed with three independent
animals and a representative result is shown. B Subcellular redistribu-

siRNA transfected cells (Fig. 8D, lane 2 vs lane 6). Simi-
larly, Akt~ and Akt~ silenced cells also showed 71.28%
and 61.86% decrease, respectively, in insulin stimulated

tion of AS160 post-insulin stimulation. Bar represents relative change
in AS160 when probed with anti-AS160 antibody. Bar represents
relative change in pAS160 (Thr-642) when probed with anti-AS160
antibody. GAPDH has been used as a loading control. Experiments
were executed with three independent animals and a representa-
tive result is shown. Data expressed are mean+SE. ***P <(.001,
**P <0.01, *P<0.05 compared to lane 1 or as indicated. (ND Nor-
mal Diet; HFD High-Fat-Diet). /B Immunoblot

2-NBDG uptake as compared to scrambled siRNA trans-
fected cells (Fig. 8D, lane 2 vs lane 4; and lane 2 vs lane
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Fig.8 Expression and activation of Aktl, Akt2, and Akt3, glucose
uptake and subcellular translocation under insulin-resistant condi-
tion in neuronal cells. (A—C) N2A cells were differentiated in serum-
free medium in the absence of (MF) or chronic presence of 100 nM
insulin (MFI) for 3 days. Cells were lysed and subjected to western
blotting, followed by probing with relevant primary antibodies. Bar
represents relative change when probed with anti-Akt isoform specific
antibody. A Bar represents relative change in pAktl (Ser-473) probed
with anti-Aktl antibody. B Bar represents relative change in pAkt2
(Ser-474) probed with anti-Akt2 antibody. C Post-insulin stimulation,
lysates were subjected to immunoprecipitation using anti-Akt3 anti-
body. Bar represents relative change in pAkt (Ser-473) probed with
anti-Akt3 antibody. D Three days post-proliferation, N2A cells were
transfected with double (Akt™>=3, Akt™'~> or Akt™!~?) specific siRNA
and then differentiated under MF MFI condition for 3 days. Differ-
entiated N2A cells were serum starved for 2 h, followed by 100 nM

8, respectively). Akt2 contributes most to glucose uptake,
followed by Akt3 and then Aktl in MF N2A cells. How-
ever, interestingly, in MFI condition, Akt™23, Akt™'3, and
Akt™'72 silenced N2A cells showed similar decrease in
insulin stimulated 2-NBDG uptake, indicating that all Akt
isoforms are affected in insulin-resistant neuronal cells.
Akt silenced N2A cells showed 83.64% decrease in insu-
lin stimulated 2-NBDG uptake as compared to scrambled
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insulin for 30 min. Uptake of 2-NBDG was then measured. E Sub-
cellular translocation of Akt isoforms post-insulin stimulation. N2A
cells were differentiated under MF MFI condition for 3 days and
stimulated with or without 100 nM insulin for 30 min as indicated.
Cells were lysed, and membrane and cytosol fraction were isolated
and subjected to western blotting, followed by probing with relevant
primary antibodies. Bar represents relative change in Aktl, Akt2 or
Akt3 when probed with anti-Akt isoform specific antibody. F Subcel-
lular translocation of AS160 post-insulin stimulation. Bar represents
relative change in pAS160 (Thr-642) when probed with anti-AS160
antibody. GAPDH has been used as a loading control. Experiments
were executed three times and a representative result is shown. Data
expressed are mean+SE. ***P <0.001, **P<0.01, *P<0.05 com-
pared to lane 1 or as indicated; #p <0.001, *P<0.01, *P<0.05
compared to lane 2. /P Immunoprecipitation; /B Immunoblot; A.U
Arbitrary Units

siRNA transfected cells (Fig. 8D, lane 2 vs lane 14). Simi-
larly, Akt~ and Akt™'2 silenced cells also showed 83.14%
and 82.95% decrease, respectively, in insulin stimulated
2-NBDG uptake as compared to scrambled siRNA trans-
fected cells (Fig. 8D, lane 2 vs lane 12; and lane 2 vs lane 16,
respectively). Data consolidate that all Akt isoforms contrib-
ute in neuronal glucose uptake in insulin-sensitive as well as
insulin-resistant cells.



Role of Akt isoforms in neuronal insulin signaling and resistance

7887

G
Fraction Fraction

Fraction Fraction

Panel 1 |- - — | IB: Akt1

Panel 2 I-——--_- IlB;Akgz

Panel 3 _ﬁ — —— — --] 1B: Akt
Panel 4 |¢-.' —-——-...._..| 1B: GAPDH

[ axt1 ey
Akt1 [MFI]
. AKt2 [MF]
W ez e
B ~xes ey
B s e

15 15 15

z 0 7

2 s 2>

[4 [ ]

g & ok £
X8 4 ” EE 1 , 8 1
-] * -3
[ %5 ]

é 5 Gl oS E E
t% [ ge 3%
=5 I3 Xc
<8 a <8

2 05 *hx 2 o5 o 05

¢ 2 $

s s K

2 ] s

0 |+| % 0 0
Lane: 1 2 3 4 5 6 7 8 Lane: 1 2 3 5 6 7 8 Lane: 1 2 3 4 5 6 7 8
Insulin: = + - + - + - + Insulin: = + - + - + - + Insulin: = * = + = * o g
P G i v c i (S i Cy S
Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Eraction Fraction
(F) Crtoplasmi o
Fraction _ Fraction Fraction Fraction
MF
Panel 1 | R T |IB: PAS160 (Thr642)
M-
Panelzl———— T — v IIB:AS160
Panel 3 | - —— |IB: GAPDH
42 —
3
*hx —
@ -
% 35 2 -I—
2 2 24
c 2%
@2
A 28 n<
X o o 1)
oE Qe
58 S5 18 o "
95 21 gE
&5 £g
93 L e 12
<0 14 — 24
S 29
£ 22
= ]
g o7 H 2 08
o : []
Lane: 1 2 3 4 5 6 7 8 Lane: 1 2 3 4 5 6 7 8
Insulin: = + - + - + - + nsulin: = + - + - ry - +
C i Cy i C C i
Fraction Fraction Fraction Fraction Fraction

Fraction

Fig. 8 (continued)

Effect of insulin stimulation on the translocation
of Akt isoforms and AS160 in insulin-resistant
neuronal cells

Having established the involvement of all Akt isoforms in
regulating neuronal insulin-resistance we proceeded to test
their subcellular translocation post-insulin stimulation. Our
data show that, under MF condition, Aktl, Akt2, and Akt3
maintained a similar trend as in Fig. 5A, that is, Akt2 trans-
located and accumulated to the plasma membrane the most
by 245.47% (Fig. 8E, Panel 2 and 4, lane 3 vs lane 4), with
Aktl and Akt3 by 93.42% (Fig. 8E, Panel 1 and 4, lane 3
vs lane 4) and 155.94% (Fig. 8E, Panel 3 and 4, lane 3 vs
lane 4), respectively, as compared to their respective controls
without insulin. In contrast to this, none of the Akt isoforms

Fraction Fraction

translocated to the plasma membrane post-insulin stimula-
tion under resistant condition (Fig. 8E, lane 7 vs lane 8).
This is similar to our data observed in mice whole brain
tissue, where translocation of all isoforms were affected in
HFD diabetic mice. Data show that, translocation of all iso-
forms is affected under insulin-resistant condition.

Testing of expression and phosphorylation of AS160 Thr-
642 in the cytoplasm and plasma membrane fractions in insu-
lin-sensitive and insulin-resistant cells showed the expression
of AS160 increased in cytoplasmic fraction in MF by 21.46%
but remained unchanged in MFI condition (Fig. 8F, Panel 2
and 3, lane 1 vs lane 2, and lane 5 vs lane 6, respectively).
However, in contrast to MF condition, where expression of
AS160 decreased in membrane fraction by 46.39% (Fig. 8F,
Panel 2 and 3, lane 3 vs lane 4), there was only a 27.51%
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decrease under MFI condition (Fig. 8F, Panel 2 and 3, lane 7
vs lane 8). Thus, insulin-dependent AS160 dissociation from
plasma membrane reduces in insulin-resistant condition, possi-
bly due to inefficient upstream Akt phosphorylation under MFI
condition. Phosphorylation of AS160 at Thr-642, under MF
condition, showed increase in cytoplasmic fraction by 157.03%
(Fig. 8F, Panel 1 and 2, lane 1 vs lane 2) and membrane frac-
tion by 291.44% (Fig. 8F, Panel 1 and 2, lane 3 vs lane 4).
Under MFI condition, phosphorylation of AS160 in cytoplas-
mic fraction increased by 193.50% (Fig. 8F, Panel 1 and 2, lane
5 vs lane 6), but this increase was nominal as compared to MF
condition which was 47.40% (Fig. 8F, Panel 1 and 2, lane 2 vs
lane 6). However, there was no significant change in phospho-
rylation of AS160 in membrane fraction under MFI condition
(Fig. 8F, Panel 1 and 2, lane 7 vs lane 8). Data strongly show
that in insulin-resistant condition, improper translocation of
Akt isoforms to plasma membrane regulates GLUT4 transloca-
tion and thereby reduced glucose uptake.

Effect of Akt1, Akt2 and Akt3 over-expression
on expression and activation of AS160
under insulin-resistant condition

Having seen for the first time that all isoforms are differen-
tially affected under insulin-resistant condition, we wished
to understand whether over-expression of specific isoforms
in resistant condition can cause reversal of resistance. To
undertake this experiment, we over-expressed each isoform
individually and transfected cells were then subjected to
MF and MFI conditions, and the effect of over-expression
on specific isoform was tested with or without insulin. As
compared to controls (respective empty plasmid backbones),
Akt™! Akt*? or Akt*? over-expression led to a~ tenfold
increase in expression of Aktl (Fig. 9A), Akt2 (Fig. 9C) or
Akt3 (Fig. 9E), respectively. There was no change in expres-
sion of AS160 under all the conditions tested (Fig. 9B, D,
F). However, under all control conditions (respective empty
plasmid backbone), activation of AS160, as determined by
phosphorylation at Thr-642, was down-regulated from MF to
MEFI conditions (Fig. 9B, D, E lane 2 vs lane 4). Due to over-
expression of Akt*!, activation of AS160 was up-regulated
by insulin stimulation by 30.70% (Fig. 9B, lane 2 vs lane 6),
and by 172.15% (Fig. 9B, lane 4 vs lane 8) under MF and
MFI conditions, respectively. Similarly, post-Akt*? over-
expression activation of AS160 was up-regulated by insulin
stimulation by 48.66% (Fig. 9D, lane 2 vs lane 6), and by
331.84% (Fig. 9D, lane 4 vs lane 8) under MF and MFI con-
ditions, respectively. Post-Akt*? over-expression activation
of AS160 was up-regulated by insulin stimulation by 31.62%
(Fig. 9F, lane 2 vs lane 6), and by 247.55% (Fig. 9F, lane
4 vs lane 8) under MF and MFI conditions, respectively.
Activation of AS160 by insulin stimulation under MFI con-
dition was affected most by Akt*2 by 38.26% (Fig. 9D, lane
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2 vs lane 8), as compared to Akt*! by 0.12% (Fig. 9B, lane
2 vs lane 8) or Akt*3 by 11.50% (Fig. 9F, lane 2 vs lane 8).
Thus, over-expression of all Akt isoforms was able to up-
regulate AS160 phosphorylation in insulin-sensitive (MF)
and insulin-resistant (MFI) condition.

Effect of Akt1, Akt2, and Akt3 over-expression
on neuronal glucose uptake under insulin-resistant
condition

To determine how isoform specific over-expression regu-
lates neuronal glucose uptake in insulin-sensitive and
insulin-resistant condition, Aktl, Akt2 or Akt3 were over-
expressed and subjected to glucose uptake assay. Under
MF condition, Aktt? over-expressed N2A cells showed
75.05% increase in insulin stimulated 2-NBDG uptake as
compared to control-transfected cells (Fig. 9H, lane 2 vs
lane 6). Similarly, Akt*! or Akt*3 over-expressed N2A cells
showed 27.50% and 34.06% increase, respectively, in insulin
stimulated 2-NBDG uptake as compared to respective con-
trol-transfected cells (Fig. 9G, lane 2 vs lane 6; Fig. 91 and
lane 2 vs lane 6, respectively). Similarly, in MFI condition,
Akt*? over-expressed N2A cells showed 118.85% increase
in insulin stimulated 2-NBDG uptake as compared to con-
trol-transfected cells (Fig. 9H, lane 4 vs lane 8). Akt*! or
Akt*3 over-expressed N2A cells showed 44.12% and 58.82%
increase, respectively, in insulin stimulated 2-NBDG uptake
as compared to respective control-transfected cells (Fig. 9G,
lane 4 vs lane 8; Fig. 91 lane 4 vs lane 8, respectively). How-
ever, important point to note that only Akt*? over-expression
up-regulated neuronal glucose uptake under MFI condition
by 47.43% as compared to MF condition (Fig. 9H, lane 2
vs lane 8). Overall, Aktt? over-expression influenced neu-
ronal glucose uptake most, followed by Akt3 or Aktl in
MF as well as MFI condition. Data prove that Akt isoforms
over-expression reverses insulin-resistance in neuronal
cells. Although Akt isoforms were differentially silenced
as presented above, but the functional trend was revalidated
through the over-expression data.

Overall, all isoforms participate in reversal, however, the
effect is differential between the isoforms.

Discussion

Compensatory role of Akt isoforms in regulating
neuronal glucose uptake

In the present study, utilizing two different neuronal cell
lines we are reporting for the first time that in neuronal
system, all isoforms of Akt contribute to neuronal glucose
uptake. It turns out that Akt2 contributes most, followed by
Akt3 and then Aktl (Fig. 4 A-C). However, from single
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isoform silenced condition to double, we noticed an addi-
tional decrease in glucose uptake, but not additive, although
maintaining the trend under both conditions (Table S1). This
points to a functional compensatory role of Akt isoforms
under double isoform silenced condition. This compensa-
tion has previously been reported in neuronal system with
requirement of all Akt isoforms in regulating Tau phospho-
rylation [53]. Interestingly, in insulin-resistant condition,
double silencing decreased glucose uptake further (Fig. 8D).
However, this decrease was not isoforms specific, pointing to
functional compensation yet again. In addition to this, even
post-double silencing, the sustained glucose uptake points to
additional pathways working in regulating glucose metabo-
lism. These results were further corroborated by isoform
specific over-expression studies under insulin-resistant con-
dition. While over-expression of all three isoforms increased
neuronal glucose uptake in insulin-sensitive as well as insu-
lin-resistant condition, only Akt2 over-expression increased
glucose uptake in insulin-resistant condition to a level com-
parable to its respective insulin-sensitive condition (Fig. 9H,
lane 2 vs lane 8). Our study reports a predominant role of
Akt2, novel role of Aktl and Akt3, and functional compen-
sation by all Akt isoforms in regulating neuronal glucose
uptake.

Subcellular translocation determines Akt isoform
specificity

In the present study, we examined translocation of Akt iso-
forms post-insulin stimulation in N2A (Fig. 5A) and HT22
(Fig. 5B) cell lines, and all isoforms translocated to plasma
membrane post-insulin stimulation. Interestingly, Akt2
translocated to the plasma membrane the most, followed by
Akt3 and Aktl. This has been explained in Fig. 10B. Previ-
ous studies by McGraw and Gonzalez (in adipocytes) and
Zheng and Cartee (in rat skeletal muscles) have discussed
only Akt2 translocates post-insulin stimulation, with very
limited translocation of Aktl [23, 43]. Akt3 has not been
studied. We also studied subcellular translocation of Akt
isoforms in insulin-resistant diabetic mice whole brain tissue
lysate [Normal Diet vs High-Fat-Diet] (Fig. 7A) and in N2A
(Fig. 8E). Resistance caused due to high-fat-diet or hyperin-
sulinemia, caused all Akt isoforms to be affected, such that
none of the isoforms translocated to plasma membrane. This
has been explained in Fig. 10D. To our knowledge, this is the
first report to study isoform specific translocation of all iso-
forms in neuronal system, more so, in both insulin-sensitive
as well as in insulin-resistant condition. Thus, preferential
accumulation on plasma membrane is the key determining
factor for Akt isoform specific activation, which translates
into differential glucose uptake.

We also tested the redistribution of AS160 post-insulin
stimulation in N2A (Fig. 5C) and HT22 (Fig. 5D) cells. In

the present study, phosphorylation of AS160 was detected
in cytoplasm and membrane fraction. It is reported that
AS160 gets phosphorylated at the plasma membrane due to
a small pool of it being present attached to both the plasma
membrane and the GSVs via its second PTB domain [54].
Akt, once phosphorylated and activated at the plasma mem-
brane, in-turn phosphorylates AS160 there. This has been
explained in Fig. 10A, B. Thus, phosphorylated AS160 was
detected at the membrane. In the cytoplasm, phosphorylated
AS160 at Thr-642 acts as binding site for 14-3-3 proteins
that mediate AS160’s subcellular localization and GLUT4
translocation [44, 54, 55]. We also detected phosphorylated
AS160 in the cytoplasm. We observed a sharp decrease
in plasma membrane bound AS160 post-insulin stimula-
tion (Fig. 5C, D 7B, 8F). This was also reestablished using
confocal microscopy, where we demonstrated decrease in
AS160 and GLUTH4 co-localization post-insulin stimulation
(Fig. 6). This is in coherence with previous study in adipo-
cytes [45] but first time being reported in neuronal system,
where insulin stimulation leads to redistribution of AS160
from the GSVs and plasma membrane to cytoplasm. Our
data show that post-insulin stimulation AS160 undergoes
phosphorylation on the plasma membrane by activated Akt.
This leads to redistribution of AS160 from near the mem-
brane to the cytoplasm, allowing GLUT4 translocation. This
has been explained in Fig. 10A, B. All these have never
been reported before in neuronal cell. Data prove that Akt
isoforms interact with downstream insulin signaling mol-
ecule, AS160, thereby creating a pathway eventually lead-
ing to part of the glucose uptake in neuronal cells. We have
observed phosphorylated AS160 in the cytosolic fraction. As
insulin stimulated glucose uptake is regulated by a variety
of mechanisms running side-by-side, therefore, it is possi-
ble that due to insulin stimulation cytosolic interaction(s)
between phosphorylated AS160 and 14-3-3 proteins help in
the GLUT4 translocation and Akt isoform specific interac-
tion with AS160 dictates total amount of glucose uptake by
a neuronal cell. Overall, the data prove that Akt2 despite
being lesser in expression as compared to other two iso-
forms, translocates to the membrane more than the other iso-
forms, gets phosphorylated and interact with AS160 thereby
phosphorylating it, and regulates glucose uptake in neuronal
system (Fig. 10A, B).

Akt isoforms differentially regulate activation
of AS160

AS160 is a RabGAP (Rab GTPase-activating protein) that
provided an early link between Akt and GLUT#4 translo-
cation by vesicular traffic [41, 56-58]. It is a negative
regulator of insulin signaling as knockdown of AS160
causes increase in GLUT4 translocation in basal state
whereas over-expression of its phosphorylation-defective
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mutant decreases it [44, 59-62]. There is no informa-
tion about how individual Akt isoforms regulate activa-
tion of AS160, more so, in a neuronal system. Here, we
studied two AS160 phosphorylation sites, Ser-588 and
Thr-642. Activation determined by both showed down-
regulation, with Thr-642 getting more severely affected
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by Akt isoform specific knockdown than Ser-588 (Fig. 3).
Previously, a cluster analysis study has showed that the
threonine and serine sites on AS160 clustered separately,
with threonine site grouped with other Akt substrates
[42]. Further analysis also showed that both of these sites
are mutually exclusive with Ser-588 phosphorylation also
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«Fig. 10 Schematic diagram depicting role of Akt isoforms in
regulating neuronal insulin signaling. A In an insulin-sensitive,
under unstimulated condition, Akt (Aktl, Akt2, and Akt3) are pre-
sent in the cytoplasm. AS160 binds to GSVs (GLUT4 Storage Vesi-
cles) and tethers GLUT4. This does not allow GLUT4 exocytosis
under basal conditions. B In an insulin-sensitive, insulin stimu-
lated condition, Akt translocates to plasma membrane in an iso-
form specific insulin-dependent way (1), getting phosphorylated
there (2). In neuronal system, all Akt isoforms translocate in the
order Akt2> Akt3> Aktl. An activated Akt phosphorylates AS160,
hence inactivating it. Phosphorylated and thus inactivated AS160
translocated to cytoplasm (3), promoting GLUT4 dissociation from
GSVs and allowing glucose uptake (4). C In an insulin-resistant,
unstimulated condition, hyperinsulinemia occurs due to defects in
insulin signaling. D In an insulin-resistant, insulin stimulated condi-
tion, hyperinsulinemia triggers insulin receptor down-regulation, not
allowing Akt isoform specific translocation to the plasma membrane
(1). This leads to inadequate phosphorylation (2), leading to Akt’s
inability to phosphorylate AS160. Unphosphorylated, thus, active
AS160 continues tethering GLUT4 to GSVs, not allowing GLUT4
exocytosis, hence affecting neuronal glucose uptake. (Created with
BioRender.com)

reported downstream of PKCC [42]. Other studies have
pointed to Thr-642 as better measure of AS160 activa-
tion as point mutation of threonine to alanine leads to
a significantly major decrease in GLUT4 translocation,
followed by Ser mutation leading to further decrease [41].
AS160 Thr-642 phosphorylation also acts as a binding
site for 14-3-3 proteins, ultimately affecting GLUT4
translocation [54, 55]. Our data suggested that expression
of AS160 did not change post-single/ double silencing
(Fig. 3). However, all three Akt isoforms contribute to
AS160 regulation, with Akt2 contributing maximum, fol-
lowed by Akt3 and then Aktl (Fig. 3). Interestingly, Akt
isoforms showed functional compensation in regulating
AS160 at both the sites post-silencing. While over-expres-
sion of all Akt isoforms up-regulated phosphorylation of
AS160 both under insulin-sensitive and insulin-resist-
ant condition, over-expression of Akt2 affected AS160
phosphorylation the most (Fig. 9D). This is explained
in Fig. 10. This is the first study reporting regulation of
AS160 by all Akt isoforms in neuronal system. McGraw
and Gonzalez studied AS160 regulation in adipocytes
and reported that Akt2 specifically regulates activation
of AS160 [14]. Similar studies have been reported in skel-
etal muscles [43, 61]. These studies specifically reported
no regulation by Aktl. Akt3 was not addressed in either
of these studies. This difference may be partly attributed
to tissue specific regulation of isoform specific function-
ality of Akt.

Akt isoform specific role in neuronal
insulin-resistance

In the present study, we report differential decrease in phos-
phorylation of all Akt isoforms in insulin-resistant neuronal

cells post-insulin stimulation. Akt2 phosphorylation was
affected most, followed by Akt3 and Aktl (Fig. 8A—C). This
is in contrast to peripheral insulin-sensitive tissue systems,
where role of Akt isoforms and their interplay has been para-
doxical. Gosmanov et al. (2004) reported that in skeletal
muscles of obese patients with severe hyperglycemia and
atypical diabetes, only Akt2 phosphorylation was affected,
with no effect on Aktl phosphorylation [63]. Akt 3 was not
addressed in this study. Brozinick et al. (2003) also reported
impaired Akt2 as well as Akt3 phosphorylation in skele-
tal muscles from lean and obese insulin-resistant humans,
without any effect on Aktl phosphorylation [52]. Simi-
larly, Cozzone et al. (2008) studied primary myotubes from
healthy control participants and Type-II diabetic patients and
reported decrease in activation of all three isoforms [51].
Kim et al. (2000) reported redundant role of Aktl and Akt2
in insulin-resistant tissue systems [64]. Addressing in the
neuronal system, Gabbouj et al. (2019) reported decrease in
Akt2 phosphorylation APP/PS1 Alzheimer mice hippocam-
pus as compared to normal mice post-insulin stimulation,
without any effect on Aktl [35]. Akt3 was not addressed in
this study. Previously, involvement of all Akt isoforms has
been established with a special emphasis on regulating Tau
phosphorylation with reference to Alzheimer’s disease and
not on insulin signaling or insulin resistance. Wang et al.
(2015) reported that only Akt 3 isoform conditional knock-
out (but not single or double knockouts) in cortical and cer-
ebellar samples in mice brain affected Tau phosphorylation,
pointing to requirement of all Akt isoforms and possible
compensation in neuronal systems [53]. To the best of our
knowledge, our study is the first to have undertaken all Akt
isoform in the neural cells in the study and reported role
of all Akt isoforms in regulating neuronal insulin signaling
and resistance.

Conclusions

Our study is the first to report isoform specific role of all
Akt isoforms in regulating neuronal insulin signaling and
resistance. We find that in neuronal cells (a) all Akt isoforms
regulate AS160 activation and glucose uptake; Akt2 plays
a predominant role, with Aktl and Akt3 playing significant
role as well; (b) Activation of all isoforms decreased differ-
entially under insulin-resistance with Akt2 being affected
most, followed by Akt3 and Aktl; (c) Insulin-resistance is
reversed by over-expression of any isoform of Akt, but pre-
dominantly by Akt2; (d) Insulin-dependent translocation on
plasma membrane determines isoform specificity with Akt2
translocating the most, followed by Akt3 and then Aktl; (e)
Insulin-resistance hampered this insulin-dependent translo-
cation of all Akt isoforms to plasma membrane, irrespective
of isoform; (f) Akt3, despite being neuron specific isoform
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contributed substantially to AS160 regulation, neuronal glu-
cose uptake, and insulin-resistance. However, Akt2 was still
the predominant isoform in regulating all the above func-
tions. This points to a novel, differential yet compensatory
interplay of all Akt isoforms in neuronal insulin signaling
and resistance. These findings are fundamentally important
on their own right for deeper understanding of insulin signal-
ing and resistance in neuronal cells. This may in future help
in solving a spectrum of problems associated with a diabe-
tes, diabetes complications and neurodegenerative disorders.

Materials and methods
Materials

Minimum essential media (MEM), Dulbecco’s Minimum
essential media (DMEM), foetal bovine serum (FBS),
trypsin—-EDTA, Opti-MEM, 2-(N-(7-nitrobenz-2-oxal,3-
diazol-4-yl) amino)-2 deoxy glucose (2-NBDG) (Cat. No.
N13195), Lipofectamine 2000 (Cat. No. 11668019) and anti-
Akt3 antibody (Cat. No. 41700) were procured from Thermo
Fisher Scientific Inc. (USA). MCDB 201 medium, nutrient
mixture F-12 Ham, albumin from bovine serum (cell culture
grade), anti-GAPDH antibody (Cat. No. 9545), and dime-
thyl sulfoxide (DMSO) were purchased from Sigma—Aldrich
Co. (USA). Anti-phospho-Akt (serine-473) (Cat. No. 4058),
anti-Akt antibody (Cat. No. 9272), anti-phospho-Akt1 (Ser-
ine-473) (Cat. No. 9018), anti-phospho-Akt2 (Serine-474)
(Cat. No. 8599), anti-Aktl antibody (Cat. No. 2938),
anti-Akt2 antibody (Cat. No. 3063), anti-phospho-AS160
(serine-588) (Cat. No. 8730), anti-phospho-AS160 (threo-
nine-642) (Cat. No.8881), anti-AS160 antibody (Cat. No.
2670), IgG conformational (Cat. No. 3678) were purchased
from Cell Signalling Technology Inc. (USA). Protein A/G
agarose beads (Cat no. sc:2003), anti-GLUT-4 (Cat no.
sc:1608) were purchased from Santa Cruz Biotechnology
(USA). Anti-Caveolin-1 (Cat no.: 894) was kindly gifted by
Dr. Chinmoy Mukhopadhyay, Jawaharlal Nehru University,
New Delhi. Recombinant insulin (Cat. No. 407709) was pur-
chased from Calbiochem (Germany).

Cell culture

N2A (mice neuroblastoma cell line) and HT22 (mice hip-
pocampal cell line) cells were proliferated in MEM and
DMEM, respectively, supplemented with 10% FBS, and
antibiotics-penicillin 100 IU/ml and streptomycin 100 mg/
ml, at 37 °C in 5% CO,. For N2A cells, 3 days post-pro-
liferation, cells were subjected to differentiation in MEM
supplemented with 1% FBS and 2% DMSO at 37 °C in 5%
CO, for 3 days [8]. For HT22, 2 days post-proliferation,
cells were subjected to differentiation in neurobasal media
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containing 2 mmol/L glutamine and 1 X N2 supplement for
2 days [39, 40]. Insulin-resistance in N2A cells was gen-
erated as reported earlier from our laboratory [6]. Briefly,
cells were kept in an equal mixture of two serum-free media
(MCDB 201 medium and nutrient mixture F-12 Ham) in the
absence (MF; insulin-sensitive) or in chronic presence of
100 nM insulin for 3 days (MFI; insulin-resistant). Media
were replaced after every 12 h. Differentiated neuronal cells
were subjected to 30 min insulin stimulation as per standard
assay conditions as reported previously from other as well
as from our laboratory [8, 48, 49, 65, 66].

Gene silencing by siRNA transfection

Akt isoforms in the cells were silenced as previously
reported [39]. To select the specific siRNA among 4 different
siRNAs against each isoform provided by the manufacture
(Qiagen), specific siRNA for each isoform was chosen based
on the one that provided maximum silencing (Fig. S2A, S3A
and S4A). Selected isoform specific siRNA sequences were:
Aktl:5" ATGCTGTTCAGAGACATTTA3'; Akt2:5'AAC
ATTTCTCTGTAGCAGAA3'; Akt3:5'GATTGATAATAT
ATAGGAGGAZ'. Selection of specific siRNA was followed
by optimization of dose of selected siRNA (Fig. S2B, S3B
and S4B). For double silencing, optimized doses as selected
above for the single silencing were used additively. Scram-
bled (non-specific) and Akt isoform specific siRNAs were
transfected in Opti-MEM using Lipofectamine 2000. Six
hours post-transfection, Opti-MEM was changed to respec-
tive proliferation media depending on the cell line used.
Twelve hours post-media change, cells were subjected to
differentiation as explained above.

Plasmid DNA transfection using Akt isoform specific
plasmids

Akt isoform specific constructs were purchased from
Addgene [Aktl (#86631) and Akt2 (#86593)] and Origene
[Akt3 (NM_RC221051)]. Specific plasmid constructs were
transfected in the cells as previously reported [39]. Briefly,
N2A cells were transiently transfected with either Akt iso-
form specific construct or control (respective empty back-
bone) constructs in Opti-MEM using Lipofectamine 2000
according to manufacturer’s instructions.

Immunoprecipitation

Because a specific phospho-Akt3 antibody was not available
to measure phosphorylation levels of Akt3, Akt3 protein was
immunoprecipitated using Akt3 specific antibody (Thermo,
PA-41700), and probed with Anti-phospho-Akt (serine-473)
(CST, Cat. No. 4058). Anti-IgG conformational antibody
(CST, Cat No. 3678) was used to mask remaining IgG bands.
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Cells were proliferated and differentiated as described above.
500 pg of protein lysate with certain amount of primary
antibody (as referred in datasheet of the manufacturer) was
added and incubated overnight at 4 °C in a microfuge rota-
tor at 10 rpm (Test tube Rotator, Tarsons, Cat. No.: 3070).
Next day, protein A/G beads were added for 4 h, along with
lysis buffer and protease inhibitors. After 4 h of incubation,
cells were centrifuged at 5000 rpm (Centrifuge, Sigma Cat.
No.: 2-16KL) for 5 min. Supernatant was discarded and
pellet was washed 3 times with lysis buffer along with pro-
tease inhibitors. Pellet was suspended in SDS—PAGE sam-
ple buffer and heated at 90 °C. The protein samples were
resolved on SDS-PAGE [38].

Cell lysis and immunoblotting

After differentiation, cells were stimulated with or without
100 nM insulin for 30 min as indicated above. Cells were
lysed in lysis buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM
MgCl,, 1 mM EGTA, 10 mM Na,P,0,, 50 mM NaF, 50 mM
p-glycerophosphate, 1 mM Na;VO, and 1% triton X-100) as
described previously from our laboratory for 30 min at 4 °C
[39]. Supernatants were collected and protein was estimated
by Bicinchoninic Acid (BCA) method [67]. Lysates were
boiled with Laemmli sample buffer (Tris-HCI1 62.5 mM,
pH 6.7; glycerol 10% (v/v); SDS 2% (w/v); bromophenol
blue 0.003% (w/v) containing f-mercaptoethanol 14.3 M)
for 5 min, resolved by SDS—PAGE gel electrophoresis and
transferred to nitrocellulose membrane. Membranes were
blocked with BSA (5%) and incubated with the indicated
primary antibodies for 12—16 h, followed by 2 h incubation
with HRP-conjugated secondary antibody. The protein bands
were visualized with Pierce ECL Plus Western Blotting sub-
strate (Thermo, Cat No. 32132) on Typhoon FLA 9500 (GE
Healthcare Bio-Sciences AB). Quantification of all blots was
done using Quantity One 1-D Analysis Software (Bio-Rad
Laboratories, Inc.). Blots were normalized with the relative
expression of the (non-phospho) protein being tested or a
housekeeping protein (GAPDH) under the same conditions
[39, 48].

Membrane fractionation

N2A/HT22 cells were differentiated in 100 mm tissue cul-
ture plates. After respective treatment, cells were lysed in
lysis buffer (20 mM Tris, pH 7.5; 250 mM sucrose; 2 mM
EDTA; 2 mM EGTA; 1 mM PMSF; 10 pg/ml aprotinin and
leupeptin), as reported earlier from our laboratory for 5 min
[68]. Lysate was homogenized for 10 min with 30 strokes
in Glass homogenizer at 4 °C. Lysates were subjected to
ultra-centrifugation, at 200,000xg for 1 h. Supernatant was
collected and termed as ‘Cytosolic fraction’ and pellet was
re-suspended in lysis buffer with 1% NP-40 (20 mM Tris, pH

7.5; 1% NP-40; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA;
1 mM PMSF; 10 pg/ml aprotinin and leupeptin) at 4 °C for
30 min. Centrifuged supernatant was collected and termed
as ‘Membrane fraction’. The presence of membrane-specific
marker like Caveolin-1 was tested and GAPDH was used
as a loading control in all membrane translocation experi-
ments [47].

Mice whole brain tissue lysis and Inmunoblotting

Insulin resistance was generated in 16 weeks old high-fat-
diet (HFD) fed Swiss Albino male mice in the laboratory
of Dr. Prosenjit Mandal, Indian Institute of Technology—
Mandi, over 10 weeks, as previously reported [69, 70], and
whole brain tissues of those mice, which were kind gifts
from Dr. Mandal, Indian Institute of Technology—Mandi,
were used for our experiments. Glucose tolerance test and
insulin tolerance tests were performed; however, perfusion
was not done before brain collection. Mice were divided
into two groups: normal diet (ND) and high-fat-diet (HFD),
each group containing three animals. Levels of triglycer-
ide, cholesterol, serum glutamic-oxaloacetic transaminase
(SGOT), serum glutamic-pyruvic transaminase (SPGT),
and fasting blood glucose were elevated by 48%, 29%, 50%,
53%, and 40%, respectively, in HFD mice as compared to
ND mice. Mice whole brain were lysed in a homogenizer in
lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1.5 mM
MgCl,, I mM EGTA, 10 mM sodium pyrophosphate,
50 mM sodium fluoride, 50 mM f-glycerophosphate, 1 mM
Na3VO,, 1% Triton X-100 supplemented with 2 mM PMSF,
10 pg/ml each of leupeptin and aprotinin) at 4 °C for 15 min.
Mice whole brain tissues were homogenized as described
previously [68]. Supernatants were collected and protein
was estimated by Bicinchoninic acid test [67]. For plasma
membrane fractionation of whole brain lysates, 150 pl of
whole brain lysates were ultra-centrifuged as described
above in “Membrane fractionation” step. All experiments
were performed following the guidelines prescribed by CPC-
SEA (Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals) with the approval of the
Internal Animal Ethics Committee, Visva-Bharati (IAEC/
VB/2017/01). The legal requirements/guidelines in the coun-
try for the care and use of animals have been followed.

Glucose uptake assay

Glucose uptake assays were performed as described previ-
ously from our laboratory [38]. Briefly, differentiated N2A
and HT22 were washed and subjected to glucose starva-
tion for 2 h. After respective treatment, cells were treated
with 50 pM 2-NBDG for 1 h and lysed in buffer containing
20 mM Tris—HCl pH 7.4, 40 mM KCl, 1% sodium deoxycho-
late and 1% NP-40 for 15 min at 25 °C with gentle shaking.
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Cells were then scraped off and centrifuged at 13,000xg for
20 min at 4 °C. The fluorescence was then measured using a
fluorescence spectrophotometer LS55 (Perkin Elmer, USA)
at the excitation and emission wavelengths of 485 nm and
535 nm, respectively.

Confocal-microscopy

Immunofluorescence studies of N2A cells carried out as
described previously [66]. Briefly, N2A cells were treated
with 100 nM insulin for 30 min at 37 °C. Cells were fixed
with 4% paraformaldehyde for 15 min. Cells were permea-
bilized by incubating with 0.5% Triton X-100 for 5 min, fol-
lowed by washing with PBS. Cells were washed in PBS and
blocked using blocking buffer (BSA 1% in PBS) for 1 h.
Cells were incubated with anti-GLUT4 antibody overnight
at 4 °C, washed with PBS solution, followed by incubation
with anti-AS160 antibody overnight at 4 °C. Cells were
washed using PBS and incubated with Donkey anti-Goat
Alexa 555 (for GLUT4) and Mice anti-Goat Alexa 488 (for
AS160) secondary antibodies for 45 min at room temper-
ature. Cells were washed further with PBS and mounted
using ProLong™ Diamond Antifade Mountant with DAPI
on to glass slides. Images were taken using Carl Zeiss LSM
880 microscope using 63 X (with oil) confocal objective.
For Pearson’s coefficient, images were run in triplicates and
the calculations are performed on the entire population of
pixels, without selecting any specific ROI (Region of Inter-
est), using Zen 2.6 (Blue/Black edition) software. Images
were taken at Regional Center for Biotechnology, Faridabad,
Haryana. Images were processed using Zen 2.6 (Blue/Black
edition) software.

Replicates and statistical analysis

Data presented depict three or more biological replicates
and are depicted as mean + SE, with error bars indicating
standard error. One-way (Fig. IC-H, Fig.S6) or two-way
(Figs. 1A, B 2,3,4,5,7, 8,9, Figs. S2-S5) analysis of
variance (ANOVA) followed by Bonferroni post hoc test
was used for multiple comparison. p <0.05 was deemed
significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-03993-6.
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