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Abstract
Insulin-mediated signalling in the brain is critical for neuronal functioning. Insulin resistance is implicated in the development of some neurological diseases, although
changes associated with absence epilepsy have not been established yet. Therefore,
we examined the major components of PI3K/Akt-mediated insulin signalling in cortical, thalamic, and hippocampal tissues collected from Genetic Absence Epilepsy Rats
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from Strasbourg (GAERS) and Non-Epileptic Control (NEC) rats. Insulin levels were
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phospho-85 alpha (PI3K p85α), phosphatidylinositol 4,5-bisphosphate, phosphati-

also measured in plasma and cerebrospinal fluid (CSF). For the brain samples, the
nuclear fraction (NF) and total homogenate (TH) were isolated and investigated for
insulin signalling markers including insulin receptor beta (IRβ), IR substrate-1 and 2
(IRS1 & 2), phosphatase and tensin homologue (PTEN), phosphoinositide 3-kinase
dylinositol (3,4,5)-trisphosphate, protein kinase B (PKB/Akt1/2/3), glucose transporter-1 and 4 (GLUT1 & 4) and glycogen synthase kinase-3β (GSK3β) using western
blotting. A significant increase in PTEN and GSK3β levels and decreased PI3K p85α
and pAkt1/2/3 levels were observed in NF of GAERS cortical and hippocampal tissues. IRβ, IRS1, GLUT1, and GLUT4 levels were significantly decreased in hippocampal TH of GAERS compared to NEC. A non-significant increase in insulin levels was
observed in plasma and CSF of GAERS rats. An insulin sensitivity assay showed decreased p-Akt level in cortical and hippocampal tissues. Together, altered hippocampal insulin signalling was more prominent in NF and TH compared to cortical and
thalamic regions in GAERS. Restoring insulin signalling may improve the pathophysiology displayed by GAERS, including the spike-and-wave discharges that relate to
absence seizures in patients.
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not reach significance. In addition, the levels of GLUT1 (P < .05; 18fold) and GLUT4 (P < .05; 2.4-fold) were significantly decreased in

Insulin acts as a neurotrophic factor in the regulation of various neu-

GAERS hippocampal TH when compared to levels in the NEC strain

ronal functions.1 Growing evidence supports the notion that brain in-

(Figure 1A, D-G). In contrast, no significant alterations in any of

sulin resistance contributes to the progression of Alzheimer's disease,

these signalling factors were observed in cortical and thalamic tis-

Parkinson's disease, neuronal injury, traumatic brain injury, brain isch-

sues of GAERS when compared to NEC rats.

aemia, and epilepsy.2,3 Hyperglycaemia and insulin resistance are associated with seizure activity and their resulting metabolic alterations
modulate the outcome of seizures and brain injury.4,5 For example,

2.2 | Alterations in insulin-related cytosolic proteins

reduced glucose availability and metabolism increases the vulnerability of neurons to death following seizures.5 Absence epilepsy is a

Key negative regulatory markers of the PI3K/Akt signalling cascade

common type of genetic generalized epilepsy in which patients show

nuclear PTEN (cortex: 1.6-fold (P < .05) and hippocampus: 7.7-fold

non-convulsive seizures generally characterized by hypersynchroni-

(P < .01)) and GSK3β (cortex: 1.2-fold (P > .05) and hippocampus: 2.1-

zation of thalamocortical circuits.

6,7

Studies have also demonstrated

fold (P < .05)), were significantly increased when compared to sam-

the involvement of hippocampal neuronal firing prior to thalamo-

ples from the NEC strain. A significant decrease in PI3K p85α (cortex:

cortical paroxysmal discharges, which may contribute to cognitive

1.9-fold (P < .01); hippocampus: 1.8-fold (P < .05)) and pAkt1/2/3

dysfunction in absence epilepsy.8 Glutamatergic excitatory neuronal

(cortex: 1.8-fold (P < .05); hippocampus 2.1-fold (P < .05)) levels were

cell death, alterations in sleep-wake cycle, and cognitive deficits have

observed in NF of GAERS cortical and hippocampal tissues when

been reported in patients with absence seizures.9-12 Hyperinsulinemia

compared to tissues from the NEC strain (Figure 1A, G-H). No sig-

has been noted in female patients with generalized seizures including

nificant differences were detected in either TH or NF isolated from

absence seizures

13

and obesity is a risk factor in paediatric epilepsy
14

patients with untreated or newly diagnosed epilepsy.

the thalamus of the GAERS and NEC strains. Dot blotting analysis
also revealed a significant increase in PIP2/PIP3 ratio (P < .05; 3.4-

Given these observations, and a lack of data regarding insulin

fold) in NF of GAERS hippocampal homogenate compared to NEC

signalling in rodent models of absence epilepsy, we studied the insu-

strain (Figure 2). A non-significant increase in PIP2/PIP3 ratio was

lin signalling cascade, especially PI3K/Akt signalling components, in

observed in NF of GAERS cortical (2.5-fold) and thalamic (2.3-fold)

Genetic Absence Epilepsy Rats from Strasbourg (GAERS), a well-es-

tissues (Figure 2).

tablished rat model of childhood absence epilepsy that possess a

A significant decrease in cortical PI3K p85α (P < .05; 1.8-fold)

gain-of-function missense mutation in the Cav 3.2 T-type calcium

and hippocampal pAkt1/2/3 (P < .05; 1.4-fold) levels in TH of GAERS

channel gene.15-20 By 8–10 weeks of age, GAERS exhibit spike-and-

was found when compared to the NEC strain (Figure 1A, G-I). PTEN

wave discharges on cortical electroencephalogram recordings. In

levels in GAERS cortical, thalamic, and hippocampal TH were com-

contrast, the Non-Epileptic Control (NEC) strain, which was devel-

parable to those of the NEC strain (Figure 1A, J). No alterations in

oped at the same times as GAERS, has not been reported to develop

TH insulin signalling proteins were observed between GAERS and

spike-and-wave discharges in previously published studies.18,19,21

NEC thalamic tissues.

Recently, we reported that the nuclear translocation of sterol regulatory elementary binding protein 1 (SREBP1), GluA2 subunit of
AMPA receptor and pro-death signalling proteins in GAERS. 22 In the
present study, we examined levels of key insulin signalling proteins

2.3 | Glucose and insulin levels in blood, plasma, and
CSF of GAERS and NEC rats

in both whole tissue homogenate (TH) and nuclear-enriched fraction
(NF) of cortex, hippocampus, and thalamus isolated from 8–10 week
old GAERS and age-matched NEC rats.

Peripheral blood glucose levels in GAERS (6.73 ± 0.39 mmol/L) and
NEC rats (6.31 ± 0.37 mmol/L) were comparable. Further, insulin levels in plasma and CSF were measured. Although they were not sta-

2 | R E S U LT S
2.1 | Alterations in insulin-related receptor markers
The levels of PI3K/Akt signalling molecules were assessed in cortical, hippocampal and thalamic regions of NEC and GAERS rats. We
observed that IRβ (P < .01; 3-fold) and IRS1 (P < .05; 1.3-fold) levels were significantly decreased in GAERS hippocampal TH when

tistically different, insulin levels were increased in plasma (1.2-fold)
and CSF (1.8-fold) of GAERS, when compared to NEC rats (Figure 3).
Levels of insulin reported in the NEC rats are similar to those typically reported for outbred Wistar rats. 23,24

2.4 | Decreased phosphorylated Akt level in
cortical, thalamic, and hippocampal tissues from
GAERS rats

compared to NEC (Figure 1A-C). Decreased hippocampal IRS2 levels (P > .05 1.5-fold) were also observed in GAERS together with a

In addition, an insulin sensitivity assay was performed on cor-

decrease in the catalytic subunit of PI3K, although this change did

tical, thalamic, and hippocampal tissues from GAERS and NEC

1532
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F I G U R E 1 A, Western blot analyses for insulin signalling markers in nuclear fraction (NF) and total homogenate (TH) of cortex (C),
hippocampus (H) and thalamus (T) from 8–10 week old male Genetic Absence Epilepsy Rats from Strasbourg (GAERS, bands 2, 4, 6, 8, 10
and 12) and their Non-Epileptic Control (NEC, bands 1, 3, 5, 7, 9 and 11) strain are presented above and the loading controls for NF (Histone
2A, H2A) and TH (beta-actin) are presented below. B-J. The dot diagrams compare the mean ± SEM levels in C, H and T brain tissues isolated
from GAERS and NEC groups [n = 6]. *, ** P < .05 and 0.01, respectively compared to the NEC group. Insulin signalling markers include insulin
receptor beta subunit (IRβ), insulin receptor substrate 1 (IRS1), insulin receptor substrate 2 (IRS2), glucose transporter 1 (GLUT1), glucose
transporter 4 (GLUT4), phosphoinositide 3-kinase P85α (PI3K), protein kinase B (PKB/pAkt1/2/3), glycogen synthase kinase 3 beta (GSK3β)
and phosphatase and tensin homologue (PTEN). (B-J) , NEC; , GAERS

rats. The results showed that insulin incubation increased the

3 | D I S CU S S I O N

insulin signalling cascade in NEC rats. Further, the phosphorylated ser473 Akt was decreased in cortical (2.1-fold), thalamic

The present study provides the first evidence for aberrant insulin-

(1.5-fold), and hippocampal (1.8-fold) tissues of GAERS rats

mediated signalling in cortical and hippocampal tissues in a genetic

compared to their respective NEC controls (Figure 4). These

model of absence epilepsy. In addition, we observed increased nu-

data clearly show that addition of insulin did not stimulate the

clear translocation of PTEN and GSK3β, both negative regulators

phosphorylation of insulin signalling proteins in GAERS brain,

of insulin signalling, in cortical and hippocampal regions, while no

resulting in the existence of insulin resistance in cortical and

differences were observed in thalamic tissues of GAERS when they

hippocampal tissues of GAERS.

were compared to NEC rats. Together, these data suggest alterations

|
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in the insulin signalling cascade in GAERS and/or nuclear transloca-

functions and is required for the survival of neurons.3 Further evi-

tion of negative regulators in cortical, thalamic, and hippocampal tis-

dence supports a role for insulin in cognitive functions such as learn-

sues of this established model of childhood absence epilepsy.

ing and memory. 25 Brain insulin resistance is also associated with

In peripheral tissues, insulin stimulates glucose uptake and me-

certain CNS diseases. 2,3 Increased glucose levels have been found

tabolism through the PI3K/Akt pathway. Although the brain was

in absence epilepsy patients and animal models and altered met-

once considered independent of insulin, insulin receptors and down-

abolic activity in limbic and nigral areas before the occurrence of

stream signalling molecules are present in various brain regions in-

spike-and-wave discharges have been suggested. 26-30 In the present

3

cluding cortex, hippocampus, and thalamus. Brain insulin signalling

study, we observed decreased insulin-induced phosphorylation of

is essential for regulating oxidative processes and mitochondrial

Akt, a prominent member of insulin signalling pathway, in GAERS, a
finding that demonstrates a marked reduction in insulin action and
glucose uptake in this rat model of absence epilepsy. Further, the
observed decreases in insulin signalling proteins such as IRβ, IRS1,
PI3K, Akt1/2/3 in GAERS may contribute to insulin resistance and
other pathological conditions in absence epilepsy.
PTEN, a tumour suppressor protein, blocks the PI3K/Akt cell survival pathway by dephosphorylating PIP3 to PIP2, further contributing
to cell death-promoting function.31 Increased nuclear translocation
of PTEN also contributes to excitotoxicity-induced cell death.31 The
observed increases in nuclear PTEN levels and PIP2/PIP3 ratio and
decreased PI3K p85α and Akt1/2/3 levels suggest that PTEN nuclear
translocation may halt nuclear insulin-mediated signalling and contribute to neuronal cell death in GAERS. Evidence supports the hypothesis that GSK3β promotes apoptosis during neuronal insult and
forms a complex with p53 in the nucleus further promoting neuronal
apoptosis.32 Further, Papp et al

33

suggest that altered hippocampal

and cortical interneuron densities are linked to neuronal injury in
GAERS rats. Therefore, the observed increase in GSK3β in both TH
and NF of cortical and hippocampal areas of GAERS would therefore
F I G U R E 2 Summary of dot blot analyses for
phosphatidylinositol 4,5-bisphosphate (PIP2) and
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Plotted data
represent PIP2/PIP3 ratios in the nuclear fraction (NF) and total
homogenate (TH) of cortex (C), hippocampus (H) and thalamus
(T) from 8–10 week old male Genetic Absence Epilepsy Rats from
Strasbourg (GAERS, band 2, 4, 6, 8, 10 and 12) and its Non-Epileptic
Control (NEC, bands 1, 3, 5, 7, 9 and 11) strain. The dot diagram
compares the mean ± SEM levels in C, H and T brain tissues isolated
from GAERS and NEC groups [n = 6]. * P < .05 compared to data of
NEC group. , NEC; , GAERS

F I G U R E 3 Insulin level in plasma (A)
and cerebrospinal fluid (CSF; B) from
8-10 week old male Genetic Absence
Epilepsy Rats from Strasbourg (GAERS)
and its Non-Epileptic Control (NEC)
strain were represented. The dot diagram
compares the mean ± SEM levels from
GAERS and NEC groups [n = 6]. (A,B) ,
NEC; , GAERS

be predicted to contribute to neuronal loss in GAERS rats.
GLUT1 and GLUT4 generally facilitate glucose transport via
insulin-independent and insulin-dependent mechanisms, respectively. Ebeling et al showed that if glucose entering through GLUT1
increases the hexosamine pathway, decreased insulin-mediated
GLUT4 transportation leads to insulin resistance.34 The observed
decrease in GLUT4 levels corroborates with the above finding and
suggests the induction of insulin resistance in GAERS rats. In addition, decreased GLUT1 in the present study suggests that these
alterations may relate to the pathological conditions in GAERS.

1534
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(GSK3β), anti-goat glucose transporter-4 (GLUT4), anti-mouse β-actin
and anti-goat IgG were obtained from Santa Cruz Biotechnology.
Anti-rabbit glucose transporter-1 (GLUT1), anti-rabbit histone 2A
(H2A), anti-mouse IgG and anti-rabbit IgG were purchase from Abcam.
Phosphoinositide 3-kinase p-85 alpha (PI3K p85α) was procured from
Cell Signaling. Phosphatidylinositol 4,5-bisphosphate (PIP2), phosphatidylinositol (3,4,5)-trisphosphate (PIP3) were purchased from
Echelon Bioscience. All other chemicals and reagents were from Sigma
Aldrich. Rat insulin ELISA kit was obtained from Ray Biotech.

4.2 | Animals
Male NEC and GAERS (8–10 weeks old) rats were born at the
F I G U R E 4 A representative assay of insulin sensitivity in cortex
(C), hippocampus (H) and thalamus (T) from 8–10 week old male
Genetic Absence Epilepsy Rats from Strasbourg (GAERS) and its
Non-Epileptic Control (NEC) strain. Plotted data representing
stimulated ser473 phosphorylation to non-stimulated ratios in the
presence and absence of insulin in cortex C, H and T regions of
GAERS (band 3, 4, 7, 8, 11 and 12) and NEC (bands 1, 2, 5, 6, 9 and
10). Representative blot of pAkt ser 473, mass Akt and their loading
control β-actin was shown below the dot graph. The dot diagram
compares the mean ± SEM levels in C, H and T brain tissues isolated
from GAERS and NEC groups [n = 3]. , NEC; , GAERS

University of Saskatchewan as described previously.16 These rats
originated from the Melbourne colony. Rats were provided with
food (Purina Rat chow) and water ad libitum in a standard pair housing environment. The study adhered to the current laws governing animal experimentation and was approved by the University of
Saskatchewan Animal Research Ethics Board following the Canadian
Council on Animal Care Guidelines.

4.3 | Isolation of nuclear-enriched fraction (NF)

Surprisingly, alterations in hippocampal insulin signalling proteins
were more prominent than in cortical or thalamic tissues from GAERS.

Rats were anaesthetized with isoflurane, decapitated, and brains

Evidence supports the involvement of hippocampal neuronal firing in

were excised. Cortical, hippocampal, and thalamic tissues were iso-

absence epilepsy.8,35 Previously, we reported that increased nuclear

lated and processed for nuclear extraction following the established

translocation of sterol regulatory elementary binding protein 1 and

methodology.31 Briefly, 100 mg of tissue was homogenized with 1ml

GluA2 subunit of AMPA receptor triggers a pro-death signalling cas-

buffer A (10 mmol/L HEPES-KOH, 10 mmol/L KCl, 10 mmol/L EDTA,

cade in the hippocampus of GAERS.22 Taken together, these data sug-

1.5 mmol/L MgCl2, 0.2% BSA, 1 mmol/L DTT, 0.4% NP40 and pro-

gest the possibility that the alterations of insulin signalling proteins

tease inhibitors), kept on ice for 15 minutes, then centrifuged at 850

may contribute to the pathologies observed in GAERS.

x g for 10 minutes at 4°C. One ml buffer A was added to the pellet,

Our study provides direct evidence for altered insulin-mediated

mixed well and centrifuged at 15 000× g for 3 minutes at 4°C fol-

signalling in cortical and hippocampal tissues from GAERS. In ad-

lowing 15 minutes incubation on ice. The supernatant thus obtained

dition, the associated increased nuclear translocation of PTEN and

was stored as cytosolic fraction (CF). To the pellet, 150 μL buffer B

GSK3β may contribute to neuronal cell death in GAERS. Further

(20 mM HEPES-KOH, 400 mM NaCl, 10% glycerol, 1 mmol/L DTT

studies should examine different age groups of GAERS, other met-

and protease inhibitors) was added and mixed well. The solution was

abolic alterations, and drug treatments that attenuate absence sei-

incubated for 2 h on ice with shaking and centrifuged at 15 000× g

zures to clearly elucidate the contribution of altered brain insulin

for 5 minutes at 4°C. The supernatant (NF) was collected and blotted

signalling in the pathologies of GAERS. Restoring insulin signalling

along with CF for subcellular markers (lamin B for nucleus; 14-3-3

may provide novel and effective treatment options in the manage-

for cytosol; insulin receptor for cell membrane; stearoyl-CoA desat-

ment of absence epilepsy and also warrants further investigation.

urase-1 for endoplasmic reticulum and cytochrome C for mitochondria, data not shown), confirming nuclear enrichment with negligible

4 | M ATE R I A L S A N D M E TH O DS

levels of subcellular contamination.

4.1 | Chemicals and reagents

4.4 | Isolation of whole tissue homogenate (TH)

Anti-mouse insulin receptor beta (IRβ), anti-rabbit IR substrate-1 (IRS1),

One hundred milligrams of cortex, hippocampus and thalamus was

Anti-goat IR substrate-2 (IRS2), anti-mouse phosphatase and tensin

homogenized with lysis buffer (25 mmol/L Tris, 150 mmol/L NaCl,

homologue (PTEN), anti-rabbit protein kinase B (PKB/Akt1/2/3), anti-

0.1% sodium dodecyl sulphate, 0.5% sodium deoxycholate and

rabbit phospho Akt ser473, anti-mouse glycogen synthase kinase-3β

1% Triton X-100, pH 7-8), kept in ice for 15 min and centrifuged at

|
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15 000× g for 5 minutes at 4°C. The supernatant thus obtained was

Vibratome. Cortical, hippocampal and thalamus tissues were sepa-

stored as TH for further analysis.

rated immediately after sectioning. The tissues were allowed to
recover at room temperature for 60–90 minutes in oxygenated

4.5 | Western blot analysis

artificial cerebrospinal fluid [(aCSF) containing 125 mmol/L NaCl,
2.5 mmol/L KCl, 2 mmol/L CaCl2, 1 mmol/L MgCl2, 1.25 mmol/L
NaH2PO 4, 26 mmol/L NaHCO3 and 25 mmol/L glucose; pH 7.37–

Samples containing equal concentration of total protein were im-

7.43, 310–320 mOsm]. Tissues were then incubated with or without

munoblotted with targeted proteins as described previously.36 The

500 nM insulin in aCSF for 5 minutes. The tissues were then ho-

membranes were incubated with enhanced chemiluminescence rea-

mogenized using lysis buffer as mentioned above and processed for

gent (Bio-Rad) and exposed to x-ray film or Bio-Rad image analyzer.

western blotting.

Protein bands of interest were analyzed using NIH ImageJ software
and expressed as the ratio to the relative level of target protein with
that of loading control.

4.6 | Dot blotting

4.9 | Data analysis
Data are expressed as mean ± standard error of mean (SEM). Mean
differences between the groups were analyzed using non-parametric Mann-Whitney test in GraphPad Prism 5.0. P values less than

Nuclear fraction and TH containing equal concentration of total

0.05 were considered statistically significant.

protein were spotted onto a nitrocellulose membrane using Bio-Rad
microfiltration apparatus and probed with anti-PIP2 and anti-PIP3
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4.8 | Preparation of brain slices and insulin
stimulation
Insulin stimulation assay was performed as described previously.38
Brains from NEC and GAERS were isolated and placed in ice-cold
oxygenated brain-slicing solution (2.5 mmol/L KCl, 2 mmol/L CaCl2,
2 mmol/L MgCl2, 1.25 mmol/L KH2PO 4, 25.2 mmol/L sucrose,
26 mmol/L NaHCO3 and 10 mmol/L glucose; pH 7.37–7.43, 310–
320 mOsm). Coronal slices identifying cortex, hippocampus and
thalamus tissues (400 µm thick) were then cut using Leica VT1200
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