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Abstract

Peripheral neuropathy is a major complication associated with diabetes and central neuropathy 

characterized by Alzheimer’s disease-like features in the brain is associated with increased 

dementia risk for patients with diabetes. Although glucose uptake into the cells of the nervous 

system is insulin-independent, contribution of impaired insulin support is clearly recognized to 

play a role, however not yet fully understood, in the development of neuropathy. In this study, we 

assessed the direct role of insulin on the PNS and CNS of insulin-dependent type 1 diabetic rats. 

Fresh sciatic nerve and hippocampus from control and diabetic rats were incubated with varied ex 

vivo concentrations of insulin and phosphorylation levels of insulin receptor and GSK3β were 

assessed by Western blot analysis. Both sciatic nerve and hippocampus from type 1 diabetic rats 

were highly responsive to exogenous insulin with a significantly increased phosphorylation of 

insulin receptor and GSK3 compared to tissues from control rats. Further, sustained in vivo insulin 

delivery, not sufficient to restore normal blood glucose, normalized the activation of both insulin 

receptor and GSK3 in both PNS and CNS tissues. These results suggest that the insulin-signaling 

pathway is responsive to exogenous insulin in the nervous system of insulin-deficient type 1 

diabetic rats and that constant insulin delivery restore normal nerve function and may protect 

peripheral and central nervous system from damage.

Keywords

Diabetes; Hippocampus; Insulin; Insulin receptor; GSK3; Sciatic nerve

Peripheral neuropathy is the most common complications associated with long-term diabetes 

mellitus and develops in more than half of all diabetic patients. In addition, several studies 

have demonstrated a co-incidence between diabetic complications and impaired function of 

the central nervous system (CNS) (Ryan et al., 1993, Ferguson et al., 2003), suggesting that 

the brain is susceptible to the same processes that underlie other complications of diabetes. 

However, the pathologic mechanisms leading to damage of the peripheral and central 

nervous systems (PNS and CNS) are not yet understood. One of the proposed mechanisms is 

the contribution of impaired insulin support.
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Insulin exhibits a number of properties independent of regulation of glucose uptake in both 

the PNS and CNS. It has neurotrophic effects on peripheral nerves to control survival, 

maintenance, repair and regeneration (Apfel, 1999) and plays a role in plasticity, 

neuroprotection and cognition in the brain (reviewed in (Gasparini et al., 2002). In type 1 

diabetes, insulin replacement therapy by repeated injections, or subcutaneous implanted 

insulin pumps is titrated against maintenance of glycemic control, not the neurotrophic 

properties of insulin. The lack of insulin and/or fluctuations of exogenous insulin levels in 

type 1 diabetes results in aberrant insulin signaling pathway activity in neurons and/or 

associated glial cells that can impair function and structure of both the PNS and CNS.

In both the PNS and CNS, binding of insulin to its receptor at the plasma membrane triggers 

several signaling pathways including those mediated by phospholipase Cγ, mitogen-

activated protein kinase and phosphatidylinositol 3-kinase (PI3K) (Taniguchi et al., 2006). 

The PI3K-AKT (also known as protein kinase B) pathway involves the downstream 

glycogen synthase kinase-3 (GSK3), an enzyme whose activity is down-regulated by 

phosphorylation (Sutherland et al., 1993, Cross et al., 1995). GSK3 regulates many aspects 

of cellular structure, function and survival while dysregulation of GSK3 activity has been 

linked to a number of pathologic conditions (Jope and Johnson, 2004). The substrates of 

GSK3 include a variety of metabolic, signaling and structural proteins and transcription 

factors, a number of which are highly pertinent to the nervous system.

In this study, we investigated how insulin impacts the insulin-signaling cascade in both the 

PNS and CNS during type 1 diabetes. We have found that insulin triggers an enhanced 

activation of the insulin receptor in both the sciatic nerve and the hippocampus from diabetic 

rats, resulting in increased phosphorylation of GSK3. Further, we have shown that this 

involves the PI3K/AKT pathway and that the hyperactivation of the insulin-signaling 

pathway was prevented by sustained insulin administration to normalize blood glucose from 

onset of diabetes. Even when insulin levels were not sufficient to normalize glycemia, there 

was normalization of activation patterns in tissue from both the PNS and CNS. This suggests 

not only a similarity between the two nervous systems but also that constant low insulin 

administration, via subcutaneous pump, can normalize responses separately from the effects 

on glucose levels during type 1 diabetes.

Experimental Procedures

Animals

Adult female Sprague-Dawley rats were purchased from Harlan Industries (Placentia, CA, 

USA). Animals were housed 2–3 per cage with free access to food and water and maintained 

in a vivarium approved by the American Association for the Accreditation of Laboratory 

Animal Care. All animal studies were carried out according to protocols approved by the 

Institutional Animal Care and Use Committee of the University of California San Diego.

Induction of type 1 diabetes

Insulin-deficient diabetes was induced in 2-month old Sprague-Dawley rats following an 

overnight fast by intraperitoneal (i.p.) injection of streptozotocin (STZ, Sigma. St, Louis, 
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MO, USA) at 50 mg/kg dissolved in 0.9% sterile saline. Hyperglycemia was confirmed 

using a strip-operated reflectance meter in a blood sample obtained by tail prick 4 days and 

again 4 weeks after STZ injection and in another sample collected at the conclusion of the 

study. Only rats with blood glucose level > 270 mg/dl were considered diabetic.

Experimental groups

Several rat cohorts have been carried out to provide sufficient material for the individual 

experiments that consist of time courses, age-matched comparison of control versus diabetic 

rats and an insulin in vivo experiment that included diabetic rats implanted with 

subcutaneous insulin pellet. For each experiment, rats were maintained diabetic for 8 weeks 

before sacrifice. For the insulin in vivo experiment, 3 groups of diabetic rats were 

maintained: one group received no treatment while 1 group of diabetic rats was implanted 

subcutaneously with 1/3 of an insulin pellet (Linplant, Linshin Canada Inc, Toronto, 

Canada), corresponding to 0.3U insulin/24hr, to partially correct blood glucose levels 

(diabetic partial insulin group) and the third group was implanted subcutaneously with 1 full 

pellet, corresponding to 2U insulin/24hr, to completely restore normoglycemia (diabetic full 

insulin group). Insulin pellets were implanted at the onset of diabetes and replaced after 40 

days or earlier if blood glucose levels were increasing. Each day of dissection, only 2 rats 

were sacrificed in order to rapidly dissect hippocampus and sciatic nerve and ensure prompt 

processing and viability of tissues.

Ex vivo insulin incubation—Rats were killed by isoflurane and decapitation. Brains 

were dissected within 1 minute and hippocampi were placed in ice-cold oxygenated 

modified Krebs buffer (125 mM NaCl pH7.35, 3 mM KCL, 1.2 mM MgCl2, 2.5 mM CaCl2, 

1.2mM NaH2PO4, 25 mM NaHCO3, 5 or 25 mM glucose), before being sliced into 450 μm 

thick sections with a McIlwain Tissue Chopper (Ted Pella Inc., Redding, CA, USA). Sciatic 

nerves were dissected, had their epineurium removed and were cut in 1 cm long pieces 

placed in ice-cold oxygenated modified Krebs buffer. Slices of hippocampus and pieces of 

sciatic nerve were then placed in a 12-well plate containing 2 ml of oxygenated Krebs buffer 

at 37°C. After 10 min equilibration, insulin (0, 0.1, 1 or 10 nM) was added to the wells for 

varied time (1, 15, 30 min). For AKT inhibitor experiments, 10 μM AKT inhibitor IV 

(EMD, Temecula, CA, USA) was added to the well 1 min prior to the addition of insulin.

Tissue preparation for Western blot analysis

At the end of the incubation, sciatic nerve and slices of hippocampus were homogenized in 

buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Triton X, 1 mM EDTA, protease 

inhibitor cocktail). Homogenates were centrifuged at 13,000 g for 30 min and supernatants 

were stored in aliquots at −80°C. Protein concentration was assessed using the bicinchoninic 

acid method (BCA protein assay kit, Pierce, Rockford, IL, USA).

Western blotting

Aliquots of sciatic nerve or hippocampus homogenates were boiled in Laemmli LDS sample 

buffer (Invitrogen, Carlsbad, CA, USA). Up to 20 μg of total extract protein were separated 

on 4–12% SDS-PAGE Bis-Tris gels (Novex, Invitrogen, Carlsbad, CA, USA) and 

immunoblotted onto nitrocellulose. To maximize the number of proteins analyzed by 
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Western blot, membranes were cut along the molecular weight markers into strips 

containing the proteins of interest. Blot strips were incubated with antibodies against 

phosphorylated-insulin receptor (phosphorylated Ser 972, 1/700, Upstate, Temecula, CA, 

USA), insulin receptor (1/200, Chemicon International, Temecula, CA, USA), 

phosphorylated-GSK3β (phosphorylated-Ser9; 1/1000, Cell Signaling technology, USA) or 

actin (1/5000, Sigma) followed by the corresponding secondary antibodies tagged with 

infrared dyes (IRDye, 1/15000, LI-COR Biosciences, Lincoln, NE, USA). Blots were 

developed using the Odyssey Fc infrared imaging system (LI-COR Biosciences, Lincoln, 

NE, USA). For each animal, band intensities were normalized by calculating the ratio of the 

intensity of the band corresponding to primary antigen of interest to the intensity of the band 

corresponding to actin. The average of the intensities ratio for the control group (tissue 

without insulin) is then used to calculate the percent of phosphorylation, as indicated on 

graphs, for all the groups.

Statistical analysis

Data are represented as mean ± SEM. Comparison between groups were performed using 

two-way ANOVA followed by Dunnett’s post hoc test, or by one-way ANOVA followed by 

Tukey’s post hoc test.

Results

Time course of activation of insulin signaling in tissues from control rats

Sciatic nerve—To determine insulin concentrations and incubation times, desheathed 

sciatic nerves from control rats were incubated with insulin at 0, 0.1, 1 or 10 nM for 1, 15 or 

30 min. Phosphorylation of insulin receptor and GSK3β followed a similar pattern with an 

increase at 0.1 and 1 nM insulin that plateaued or decreased at 10 nM insulin at both 15 and 

30 min time point (Fig 1A, B). One-minute incubation did not lead to significant 

phosphorylation of insulin receptor or GSK3β (Fig 1A, B). Fifteen minute incubation lead to 

a significant (p<0.05) increase in phosphorylation of both proteins at 1nM insulin. Since 

10nM insulin did not activate the insulin receptor further than the activation induced by 1nM 

and because 1 nM insulin corresponds to the half-maximally effective concentration (ED50) 

for neurite outgrowth in neuronal cell culture (Fernyhough et al., 1989), 1 nM as well as 0.1 

nM insulin, which correspond to physiological level, were selected with a 15 min incubation 

for all subsequent experiments.

Hippocampus—Similar experiments to those conducted with sciatic nerves were 

performed with hippocampal slices from control rats. Similar patterns were observed, 

however without reaching significance (Fig 1C, D). Given an estimated physiological 

insulin levels of 0.03 to 1.3 nM in the brain (Talbot et al., 2012), the same conditions (0.1 

and 1 nM insulin and 15 min) as those determined for the sciatic nerve were used for all 

subsequent experiments.

Insulin signaling mechanisms are intact in diabetic tissues

Sciatic nerve—Activation of insulin receptor was significantly increased in the sciatic 

nerve of diabetic rats after incubation with 0.1 or 1 nM insulin (p<0.05 and p<0.01, 
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respectively) compared to sciatic nerve from control rats carried out in parallel (Fig 2A). 

GSK3β was phosphorylated to a significantly elevated level (*p<0.05) in the sciatic nerve of 

diabetic rats when incubated with 1 nM insulin and compared to that of control rats (Fig 

2B).

Hippocampus—Similarly, activation of insulin receptor was significantly increased in the 

hippocampus of diabetic rats after incubation with 0.1 or 1 nM insulin (p<0.05 and p<0.01, 

respectively) compared to hippocampus from control rats in the same conditions (Fig 2C). 

When incubated with 1 nM insulin, GSK3β was phosphorylated to a significantly higher 

level (*p<0.05) in the hippocampus of diabetic rats compared to that of control rats (Fig 

2D).

Signaling via the PI3K/AKT pathway

Sciatic nerve—To confirm which insulin-signaling pathway was stimulated in the PNS, 

sciatic nerves were incubated with AKT inhibitor IV prior to addition of insulin. Inhibition 

of AKT had no effect on the activation of insulin receptor by insulin (Fig 4A) but 

significantly (p<0.01) prevented the phosphorylation of GSK3β at 0.1 nM insulin (Fig 4B) 

in the sciatic nerve of diabetic rats. AKT inhibition had no effect on insulin receptor or 

GSK3β phosphorylation in sciatic nerve from control rats (Fig 4A, B).

Hippocampus—To confirm which insulin-signaling pathway was stimulated in the CNS, 

hippocampus slices were incubated with AKT inhibitor IV prior to addition of insulin. 

Inhibition of AKT had no effect on the activation of insulin receptor by insulin (Fig 4C) but 

significantly (p<0.05) prevented the phosphorylation of GSK3β (Fig 4D) in the 

hippocampus of diabetic rats at both 0.1 and 1 nM insulin. Similar to the results seen in the 

sciatic nerve, AKT inhibition did no affect insulin receptor or GSK3β phosphorylation in 

hippocampus from control rats (Fig 4C, D).

Effect of in vivo insulin on insulin receptor activation

In the in vivo insulin experiment, diabetic rats implanted with a full pellet had normal blood 

glucose (not significantly different from levels in control rats) while animals implanted with 

a 1/3 of a pellet still displayed hyperglycemia, however it was significantly lower than 

diabetic rats without an insulin implant (blood glucose of control: 96±5###, diabetic: 

560±14***, diabetic partial insulin: 430±43**,##, diabetic full insulin: 53±16 mg/dl###, 

**p<0.01, ***p<0.001, one-way ANOVA followed by Tukey’s post hoc test compared to 

control group and ## p<0.01, ### p<0.01 one-way ANOVA followed by Tukey’s post hoc 

test compared to diabetic group). Only untreated diabetic rats had a significantly lower 

weight at the end of the study (body weight of control: 264±5###, diabetic: 217±7***, 

diabetic partial insulin: 239±5#, diabetic full insulin: 251±5 mg/dl###, ***p<0.001, one-way 

ANOVA followed by Tukey’s post hoc test compared to control group and # p<0.05, ### 

p<0.01 one-way ANOVA followed by Tukey’s post hoc test compared to diabetic group).

Sciatic nerve—Constant insulin delivery that did not normalize glycemia but significantly 

reduced blood glucose from onset of diabetes did partially prevent the insulin receptor 

activation by ex vivo insulin (0.1 nM) stimulation (Fig 5A) in sciatic nerve from diabetic 
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rats. Sustained insulin delivery that normalized blood glucose for 8 weeks of diabetes 

significantly prevented activation of insulin receptor by ex vivo insulin at 0.1 nM (#p<0.05) 

(Fig 4A). Similar patterns were observed for GSK3β phosphorylation (Fig 5B).

Hippocampus—Sustained insulin delivery that did not normalize glycemia but 

significantly reduced blood glucose from onset of diabetes did prevent the insulin receptor 

activation by ex vivo insulin stimulation (Fig 5C) in hippocampus from diabetic rats. 

Constant insulin delivery that normalized blood glucose for 8 weeks of diabetes significantly 

prevented activation of insulin receptor by ex vivo insulin at 0.1 nM (##p<0.01) (Fig 5C). 

Similar results were observed for GSK3β phosphorylation (Fig 5D).

Changes in phosphorylation levels observed were not due to changes in total insulin receptor 

levels as insulin receptor protein levels normalized to actin protein levels were not 

significantly different in all the insulin incubation conditions within the time frame studied 

in either the sciatic nerve or the hippocampus from control and diabetic rats (Table 1).

Discussion

Using ex vivo stimulation by insulin, we have shown that both the sciatic nerve and 

hippocampal neurons, and/or their associated glia, of type 1 diabetic rats are not resistant, 

but rather highly responsive to exogenous insulin. We have also shown that phosphorylation 

of GSK3 was prevented by sustained insulin delivery that normalize blood glucose but also 

to some extent by constant insulin delivery which was not sufficient to restore normal blood 

glucose. This suggests that treatment with constant insulin may prevent both peripheral and 

central diabetic neuropathy through the normalization of GSK3 activity, thus attenuating the 

detrimental effects of activated GSK3 on synaptic plasticity and proteins such as the 

microtubule associated protein tau (Jolivalt et al., 2008, King et al., 2013).

In the PNS, insulin receptors are present in Schwann cells, endothelial cells, pericytes and 

neurons (Sugimoto et al., 2000, Sugimoto et al., 2002, Brussee et al., 2004). In the CNS, 

insulin receptors are present in all regions but are especially prevalent in the olfactory bulb, 

hypothalamus, cerebral cortex and hippocampus (Havrankova et al., 1978a, Havrankova et 

al., 1978b, Havrankova et al., 1981, Havrankova et al., 1983, Le Roith et al., 1983, Plum et 

al., 2005). These receptors are localized to astrocytes (Rajasekar et al., 2014) and at the 

synapse where they regulate neurotransmitter release and receptor recruitment, playing a 

role in synaptic plasticity (Jonas et al., 1997, Wan et al., 1997). In adult primary sensory 

neurons in culture, insulin promotes neurite outgrowth (Fernyhough et al., 1993) and, via 

local cutaneous delivery, promotes regrowth of epidermal axons (Guo et al., 2011). We have 

shown that in both the CNS and the PNS of insulin-deficient diabetic mice, disruption of the 

insulin-signaling pathway was associated with increased GSK3 activity, tau phosphorylation 

and Aβ levels (Jolivalt et al., 2008, Jolivalt et al., 2012). In this ex vivo study, we have 

shown that in both the PNS and CNS, the insulin-signaling pathway, despite being disrupted 

in insulin-deficient diabetes, can be activated by exogenous insulin. Firstly, physiological 

doses of insulin, 0.1 and 1 nM, were able to activate the insulin receptor in sciatic nerve and 

hippocampus from control rats, leading to activation of AKT and phosphorylation 

(deactivation) of GSK3 within 15 min as it was shown for activation of hypothalamic PI3K 
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(Niswender et al., 2003). Activation of the insulin-signaling pathway, including AKT 

participation, has been recently demonstrated in non-diabetic mice receiving systemic 

injection of insulin (Grote et al., 2013b). In conditions similar to the ones outlined in this 

study, insulin evoked a dose-dependent activation of the insulin-signaling pathway in 

control human and rat brains exposed to ex vivo insulin (1 and 10 nM) (Talbot et al., 2012). 

Because of the similarity of pathways, including AKT and GSK3, and cross-reaction of 

insulin on (insulin-like growth factor-1 (IGF-1) receptors, we cannot exclude a possible role 

of IGF-1 receptors with exogenous insulin. However, here we showed activation of insulin 

receptors in both sciatic nerve and hippocampus, in contrast to IGF-1’s lack of effect in the 

CNS of diabetic rats (Piriz et al., 2009), suggesting that the effects observed in this study are 

due to insulin activating the insulin receptor pathway but this need to be confirmed in further 

studies. In the sciatic nerve and hippocampus of type 1 diabetic rats, we have shown that not 

only is insulin signaling preserved when physiological levels of insulin activate the insulin-

signaling pathway via AKT/GSK3, but also that the insulin-evoked activation of the 

pathway is enhanced when compared to tissues from control rats. These results are in 

contrast with a recent study showing that the sciatic nerve from type 2 diabetic mice 

develops insulin resistance after intrathecal administration of insulin (Grote et al., 2013a), 

suggesting that systemic insulin resistance is paralleled in the PNS and may contribute to the 

pathogenic mechanisms of diabetic neuropathy in type 2 diabetes. Similarly, insulin 

resistance was described in the hippocampus of high fructose diet fed rats that developed 

systemic peripheral insulin resistance (Wu et al., 2014). Recently, it was also shown that 

human Alzheimer’s disease (AD) brains subjected to ex vivo stimulation by insulin at doses 

similar to those used in our study displayed insulin resistance (Talbot et al., 2012), 

supporting the term “brain insulin resistant state” to describe AD brains (de la Monte and 

Tong, 2014). In type 1 diabetic conditions of insulin deficiency, the basal activation of the 

insulin receptor/AKT/GSK3 pathway is reduced in the sciatic nerve and hippocampus of 

type 1 diabetic STZ mice (Jolivalt et al., 2008, Jolivalt et al., 2012). However, when exposed 

to exogenous insulin, both PNS and CNS responses to insulin were enhanced compared to 

control rats. Supporting our data, several studies showed that trace amounts of insulin can 

exert ameliorating effects on nerve dysfunction independent of glycemic level (Singhal et 

al., 1997, Huang et al., 2003, Brussee et al., 2004, Toth et al., 2006). How this enhanced 

response to insulin affects neuronal functions is still to be determined and further studies are 

ongoing.

In order to further study the effect of insulin on the sciatic nerve and hippocampus, rats were 

implanted with subcutaneous insulin pellets that normalized or partially reduced blood 

glucose. Interestingly, when the sciatic nerve and hippocampus of these rats were subjected 

to ex vivo stimulation by insulin, a blunted effect was observed compared to diabetic rats 

naïve to insulin. The activating effect of insulin observed on untreated diabetic PNS and 

CNS was significantly reduced with sustained insulin delivery not only at a level 

normalizing glycemia but also when minimally decreasing blood glucose levels. This 

suggests that the diabetic nerve develops either a form of insulin resistance in long-term 

insulin therapy or that there is a normalization of function to control levels. In our study, 

after 8 weeks of a constant normalizing dose of insulin, phosphorylation levels of insulin 

receptor and GSK3 are significantly decreased compared to diabetic animals but not to 
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control groups, suggesting that a longer insulin therapy might induce nerve insulin resistance 

as shown on type 2 diabetic mice (Grote et al., 2013a) or high fructose fed rats (Wu et al., 

2014). Longer insulin therapy will be necessary to assess if the PNS and CNS of insulin-

deficient rodents will develop insulin resistance. The later view of normalization of function 

suggests that constant insulin delivery, even at a level not sufficient to fully correct 

hyperglycemia, may be beneficial to maintain normal functions of the nervous system, both 

peripherally and centrally. Sustained low dose insulin delivered via subcutaneous implants 

alleviated painful diabetic neuropathy in type 1 diabetic rats despite persistent 

hyperglycemia (Hoybergs and Meert, 2007), in contrast to intermittent insulin injection that 

did not normalize tactile allodynia nor blood glucose (Calcutt et al., 1996). Normalization of 

insulin’s effect at the PNS or CNS level suggests that insulin contributes to the 

normalization of functions such as maintenance of neuronal mitochondrial functions (Huang 

et al., 2003, Chowdhury et al., 2010), support of memory functions (Jolivalt et al., 2008, 

McNay et al., 2010) and nerve regeneration (Guo et al., 2011).

Conclusion

While complete restoration of regulated circulating insulin levels would be the ideal therapy, 

this goal is not currently attained in most diabetic patients as insulin delivery is intermittent 

and largely titrated to the needs of glycemic control rather than neuronal support and 

protection. The Diabetes Control and Complications Trial (DCCT) studies showed that 

intensive glycemic control with an external insulin pump compared to 1–2 daily insulin 

injections can delay development of neuropathy (DCCT, 1993, Martin et al., 2014). Our data 

supports the approach that constant insulin delivery, even at low doses that do not restore 

normal blood glucose, may protect peripheral and central nerves from neuropathy.
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Glossary

AD Alzheimer’s disease

CNS Central nervous system

IGF-1 Insulin-like growth factor-1

GSK3 Glycogen synthase kinase 3

PI3K phosphatidylinositol 3-kinase

PNS peripheral nervous system
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Highlights

• In insulin-deficient diabetes, the CNS is susceptible to the same changes as the 

PNS.

• Ex vivo insulin triggers an enhanced activation of the insulin receptor in both 

the PNS and CNS from diabetic rats.

• Low dose insulin therapy in diabetic rats is sufficient to restore impaired insulin 

signaling to normal level and function.
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Figure 1. 
Time course of activation of the insulin-signaling pathway in sciatic nerve (A, B) and 

hippocampus (C, D) from control rats. Levels of phosphorylation of insulin receptor (A, C) 

and GSK3β (B, D) after 1 min (closed triangle), 15 min (closed circle) or 30 min (closed 

square). Data are mean ± sem, n=6–9. *p<0.05 vs 0 nM insulin by two-way ANOVA 

followed by Dunnett’s post hoc test.

King et al. Page 12

Neuroscience. Author manuscript; available in PMC 2016 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Increased sensitivity of insulin receptor and GSK3β to ex vivo insulin in sciatic nerve (A, B) 

and hippocampus (C, D) from diabetic rats (closed square). Levels of phosphorylation of 

insulin receptor (A, C) and GSK3β (B, D) after 15 min incubation with varied concentration 

of insulin (0, 0.1, 1 nM). Data are mean ± sem, n=5–10. *p<0.05, **p<0.01, vs 0 nM insulin 

by two-way ANOVA followed by Dunnett’s post hoc test, # p<0.05, vs control (closed 

circle) at the same time point by two-way ANOVA followed by Tukey’s post hoc test.
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Figure 3. 
Representative Western blot images for phosphorylated insulin receptors (pIR), insulin 

receptor (IR), phosphorylated GSK3β (pGSK3β) and actin in the sciatic nerve (upper panels) 

and hippocampus (lower panels) from control and diabetic rats incubated with 0 to 1nM 

insulin for 15 min.
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Figure 4. 
Effect of AKT inhibitor on insulin receptor (A, C) and GSK3β (B, D) phosphorylation in 

sciatic nerve (A. B) and hippocampus (C, D) from diabetic rats (close square). Levels of 

phosphorylation of insulin receptor (A, C) and GSK3β (B, D) after 15 min incubation with 

varied concentration of insulin (0, 0.1, 1 nM) ± 10 μM AKT inhibitor (close triangle). Data 

are mean ± sem, n=3–7. *p<0.05, **p<0.01, ***p<0.001 vs 0 nM insulin by two-way 

ANOVA followed by Dunnett’s post hoc test, # p<0.05, ##p<0.01, ###p<0.001 vs diabetic 

(closed square) at the same time point by two-way ANOVA followed by Tukey’s post hoc 

test.
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Figure 5. 
Effect of sustained insulin delivery in vivo on insulin receptor (A, C) and GSK3β (B, D) 

phosphorylation in sciatic nerve (A, B) and hippocampus (C, D) from diabetic rats (close 

square). Levels of phosphorylation of insulin receptor (A, C) and GSK3β (B, D) after 15 min 

incubation with varied concentration of insulin (0, 0.1, 1 n M) for tissues from control (close 

circle), diabetic (close square), diabetic implanted with partial insulin pellet (upright 

triangle) or full insulin pellet (downward triangle) rats. Data are mean ±sem, n=4–7. 

*p<0.05, **p<0.01 vs 0 nM insulin by two-way ANOVA followed by Dunnett’s post hoc 

test, # p<0.05, ##p<0.01 vs diabetic (closed square) at the same time point by two-way 

ANOVA followed by Tukey’s post hoc test.
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Table 1

Insulin receptor protein levels in hippocampus and sciatic nerve from control and diabetic rats after 15 min 

incubation. Data are expressed as percent of the intensity of the band corresponding to insulin receptor over 

the intensity of the band corresponding to actin and referenced against tissue incubated without insulin (0 nM). 

Data are mean ± SEM, n=4–7.

Sciatic nerve Hippocampus

Insulin Control Diabetic Control Diabetic

0 nM 100 100 100 100

0.1 nM 98.2 ± 9.6 99.7 ± 10.5 90.8 ± 4.5 92.6 ± 3.5

1 nM 94.1 ± 3.1 103.3 ± 2.1 102.5 ± 6.8 97.4 ± 2.3
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