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Abstract

Alterations in peripheral nervous system (PNS) insulin support may contribute to diabetic

neuropathy (DN); yet, PNS insulin signaling is not fully defined. Here, we investigated in vivo

insulin signaling in the PNS and compared the insulin-responsiveness to that of muscle, liver, and

adipose. Nondiabetic mice were administered increasing doses of insulin to define a dose response

relationship between insulin and Akt activation in the DRG and sciatic nerve. Resulting EC50

doses were used to characterize the PNS insulin signaling time course and make comparisons

between insulin signaling in the PNS and other peripheral tissues (i.e., muscle, liver, adipose). The

results demonstrate that the PNS is responsive to insulin and that differences in insulin signaling

pathway activation exist between PNS compartments. At a therapeutically relevant dose, Akt was

activated in the muscle, liver, and adipose at 30 minutes, correlating with the changes in blood

glucose levels. Interestingly, the sciatic nerve showed a similar signaling profile as insulin-

sensitive tissues, however there was not a comparable activation in the DRG or spinal cord. These

results present new evidence regarding PNS insulin signaling pathways in vivo and provide a

baseline for studies investigating the contribution of disrupted PNS insulin signaling to DN

pathogenesis.
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Introduction

Approximately 366 million patients are currently diagnosed with diabetes worldwide, and

projections indicate that approximately 552 million will be diagnosed by 2030 (Whiting et

al., 2011). Conservative estimates suggest that 40–50% of diabetic patients suffer from

peripheral neuropathy (Zochodne, 2007; CDC, 2011). Diabetic neuropathy (DN) presents

with chronic pain or peripheral insensitivity and is a major contributing factor to lower limb

amputation in the United States (Zochodne, 2007; CDC, 2011). Many mechanisms of DN

pathogenesis have been investigated (Vincent et al., 2011), yet few therapeutic options are

available (Apfel et al., 2000; Chalk et al., 2007; Habib and Brannagan, 2010).
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An attractive mechanism of DN that is receiving additional attention is the loss of neuronal

insulin signaling, either through insulinopenia or insulin resistance (Brussee et al., 2004;

Toth et al., 2006b; Romanovsky et al., 2010; Grote et al., 2011; Singh et al., 2012).

Mounting evidence has established insulin as an important neurotrophic factor in both the

central and peripheral nervous system. Insulin induces neurite outgrowth (Recio-Pinto et al.,

1986; Fernyhough et al., 1989), facilitates in vivo nerve regeneration (Xu et al., 2004; Toth

et al., 2006a; Guo et al., 2011), and improves memory formation (Haj-ali et al., 2009; Craft

et al., 2011).

Insulin signaling begins with activation of the insulin receptor tyrosine kinase that then

phosphorylates tyrosine residues on docking proteins, such as insulin receptor substrate

(IRS). Tyrosine phosphorylation of IRS allows downstream mediators to bind and propagate

the signal. Insulin activates both the PI3K-Akt pathway as well as the MAPK pathway.

Cellular actions of insulin in “insulin sensitive tissues” (i.e., muscle, liver, and adipose)

include: increased glucose uptake, decreased gluconeogenesis, as well as increased

glycogen, protein, and lipid synthesis (for review, see Le Roith and Zick, 2001).

Unfortunately, a lack of information regarding insulin signaling in vivo in the PNS has

hindered our understanding of the role insulin signaling may play in DN. Varying results

using insulin supplementation have been published with respect to the timing, dose, and

delivery method needed for proper insulin signaling and functional changes (Xu et al., 2004;

Toth et al., 2006a; Francis et al., 2009). Insulin signaling has been investigated in primary

DRG culture, but translation of these results is difficult due to the severely altered

microenvironment. Furthermore, culture models do not allow for the simultaneous

comparison between tissues or provide information about the physiological effects of insulin

signaling (Grote et al., 2011; Kim et al., 2011). The aim of the current study was to begin to

establish PNS insulin signaling physiologic parameters in response to systemically delivered

insulin. Delineating the PNS insulin signaling pathway should provide insight about insulin

function in the PNS and how disruptions in those mechanisms may lead to DN.

Our results indicate that while PNS insulin signaling is dose dependent, high doses of

intraperitoneal insulin were needed to activate signaling pathways in DRG neurons. In fact,

only moderate insulin signaling activation was observed in the PNS as compared to the

robust response of muscle, liver, and adipose following insulin administration. These studies

provide new information related to PNS insulin signaling in comparison to other insulin-

sensitive tissues and will be crucial in guiding future research aimed at delineating the role

of insulin in DN pathogenesis.

Materials and Methods

Animals

All experiments were approved by the University of Kansas Medical Center Institutional

Animal Care and Use Committee. Male nondiabetic C57bl/6 mice aged 8 to 11 weeks were

used for all studies. Mice were given access to food and water ad libitum and housed on a

12-hour light/dark cycle. Mice were fasted 3 hours prior to the start of all experiments and
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data collection. Tissues collected included the lumbar DRG, sciatic nerve, lumbar

enlargement of spinal cord, liver, gastrocnemius muscle, and epididymal fat pad.

Antibodies and reagents

Humulin R insulin (Eli Lilly, Indianapolis, IN) was used for all experiments. Blood glucose

levels were measured via tail clip with a glucose diagnostic assay (Sigma, St. Louis, MO).

All antibodies for Western blot analysis were purchased from Cell Signaling (Danvers, MA)

unless otherwise noted: total Akt, p(Ser473)Akt, p(Thr308)Akt, total GSK3β,

p(Ser9)GSK3β, total p44/42 MAPK (ERK1/2), p(Thr202/Tyr204)p44/42 MAPK (ERK1/2),

total mTor, p(Ser2448)mTor, total AS160 (Millipore, Billerica, MA), and p(Thr642)AS160

(Millipore). Secondary antibodies included: HRP-conjugated anti-mouse and anti-rabbit

(Santa Cruz, Santa Cruz, CA).

Insulin dosing

Insulin was delivered via intraperitoneal injection for all experiments and sterile PBS was

used as a vehicle control. To establish an insulin dose curve, doses were increased from 0.01

U/kg to 10,000 U/kg. Accordingly, minimum and maximum doses given were

approximately 0.00025 and 250 units, respectively (assuming a 25 gram mouse). A 30-min

insulin stimulation timeframe was used for these studies based on previous observations of

PNS insulin signaling. Blood glucose levels were measured immediately prior to insulin

administration and directly following the 30-min insulin stimulation.

An additional experiment was run to investigate PNS insulin signaling at a “therapeutically

relevant” insulin dose, defined as a dose sufficient to decrease blood glucose levels without

causing signs of hypoglycemia. An insulin dose of 1.29 U/kg (3 times the dose curve

glucose percent change EC50) was delivered via IP injection and mice were sacrificed 0.5,

2, 4, and 6 h thereafter. Glucose levels were measured before insulin administration and at

every subsequent time point.

Mice were carefully monitored for clinical signs of hypoglycemia (lethargy, tremor, or

coma) during all experiments. At all doses administered for the dose curve experiment, mice

did not show clinical signs of hypoglycemia. 60 min after an insulin dose of 33.05 U/Kg

mice become lethargic. Accordingly, no time points beyond 60 min were investigated at a

dose of 33.05 U/Kg. Mice showed no clinical signs of hypoglycemia during studies using a

1.29 U/Kg insulin dose.

Western blot analysis

At sacrifice, tissues were harvested and snap frozen in liquid nitrogen. Samples were

homogenized in cell extraction buffer (Invitrogen, Carlsbad, CA) containing 55.55 µl/ml

protease inhibitor cocktail, 200 mM Na3VO4, and 200 mM NaF and incubated on ice for 60

min for protein extraction. Following centrifugation, the protein concentration of the

supernatant was measured via Bradford assay (Bio-Rad, Hercules, CA) and samples were

boiled with lane marker reducing sample buffer (Thermo Scientific, Waltham, MA). 30 µg

of protein was loaded per sample. Samples were separated on a 4–15% gradient tris-glycine

gel (Bio-Rad) and transferred to a nitrocellulose membrane. Following incubation with
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primary and secondary antibodies, resultant bands were visualized with film and analyzed

with ImageJ (NIH). All Western blot data is reported as the band density of the phospho-

protein normalized to the band density of the total protein.

Statistical analysis

All data are expressed as means ± standard error of the mean. Insulin dose curve data was

analyzed with a non-linear fit curve. The resultant EC50’s and R squared values are

reported. Dose curve data was also analyzed with a 1-way ANOVA and Dunnett’s post-hoc

to compare all groups back to control. Experiments investigating signaling time courses and

1.29 U/Kg insulin doses were also analyzed with a 1-way ANOVA and Dunnett’s post-hoc.

Outliers greater than or less than 2 standard deviations from the mean were not included in

the analysis. All statistical tests were performed using GraphPad Prism software and a P

value <0.05 was considered significant.

Results

Insulin induced Akt activation is dose and time dependent in the PNS

Akt is a major downstream mediator of insulin signaling and Akt phosphorylation (ser473

via mTorc2 and thr308 via PDK1) can be used to quantify insulin signal transduction. Here,

insulin was delivered via IP injection in increasing doses and PNS insulin signaling was

quantified with Western blots of activated Akt (p(Ser473)Akt/total Akt and p(Thr308)Akt/

total Akt) in the DRG and sciatic nerve. Analysis of dose response curves indicated that

insulin induced Akt ser473 and thr308 phosphorylation is dose dependent in both the DRG

and sciatic nerve (Fig. 1). At the maximum dose of 10,000 U/kg the fold change for Akt

ser473 phosphorylation as compared to baseline in the DRG and sciatic nerve was 9.2 and

30.5, respectively. Analysis of Akt thr308 phosphorylation indicates the fold change at

10,000 U/Kg as compared to baseline was 14.0 in the DRG and 18.1 in the sciatic nerve.

In addition to dose-sensitivity, insulin signaling in the PNS is time sensitive. To establish the

PNS insulin signaling time course profile, mice were given IP injections of insulin at 33.05

U/Kg (DRG Akt ser473 phosphorylation EC50) and the DRG and sciatic nerve were

harvested at 0, 5, 15, 30, and 60 min after insulin administration. At this dose, Akt activation

was evident 5 min after insulin injection and appeared to be maximal at approximately 30

min in the DRG at both activation sites, ser473 (6.5-fold change, Fig. 2.2A) and thr308 (5.7-

fold change, Fig. 2C). In the sciatic nerve, Akt activation appeared to continue increasing

out to the 60-min time point at phosphorylation sites, ser473 (14.0-fold change, Fig. 2B) and

thr308 (15.1-fold change, Fig. 2D). For comparison, blood glucose levels were also

collected at these time points (Fig. 2E). Glucose levels decreased throughout the study;

however, the rate of decrease was much slower from 15 to 60 min after an initial steep

decline from 0 to 15 min. Experiments were not carried out past 60 min at this dose to avoid

hypoglycemia.

Downstream insulin signaling pathway activation in the PNS

Downstream mediators of insulin-induced Akt activation in muscle, liver, and adipose tissue

were investigated in the PNS, including GSK3β inhibition (glycogen synthesis), activation
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of mTor (protein synthesis), and activation of AS160 (glucose uptake). In addition, ERK

activation was tested to evaluate Akt independent pathways (results are summarized in

Table 1). Increasing phospho to total protein ratios represent increasing GSK3β inactivation,

but increasing activation for AS160, mTor, and ERK. All proteins investigated responded to

insulin in a dose-dependent manner in the sciatic nerve (Fig. 3). However, in the DRG,

GSK3β (Fig. 3A) and ERK (Fig. 3G) signaling did not show a dose dependent relationship

with insulin. In the sciatic nerve, it appeared that although both GSK3β (Fig. 3B) and ERK

(Fig. 3H) signaling was dose dependent, a plateau level was not reached. Dunnett’s post hoc

shows that at a dose of 10,000 U/Kg, GSK3β in the DRG (Fig. 3A) and mTor in the sciatic

nerve (Fig. 3F) were the only points that did not show significant change as compared to

baseline.

The time course of downstream mediator activation was also investigated at an insulin dose

of 33.05 U/Kg. Only GSK3β phosphorylation in the sciatic nerve showed significant

changes under these experimental conditions (Fig. 4), suggesting that either a longer

timeframe or higher insulin doses are needed to effectively study downstream insulin

signaling in the PNS.

Differences in insulin signaling exist between PNS and “classically” insulin sensitive
tissues

An interesting observation from the dose curve experiments was the large difference

between the EC50 for glucose percent change (0.43 U/kg, Fig. 5A) and the EC50 for Akt

activation in the DRG (33.05 U/kg, Fig. 1A), approximately a 77-fold difference.

Furthermore, it is recognized that 33.05 U/Kg is a supraphysiological insulin dose and

potentially lethal in humans (Megarbane et al., 2007). To further explore the difference in

glucose percent change and PNS insulin signaling at a more physiological insulin dose; Akt

activation was tested over a 6 h period in the PNS as well as in muscle, liver, and adipose at

a “therapeutically relevant” dose. An insulin dose 3 times the EC50 for glucose percent

change, 1.29 U/kg, was used for these experiments. Time points chosen were based on a

previous publication investigating the delivery of insulin to neural structures via intranasal

or subcutaneous injections (Francis et al., 2009). As expected, significant increases in Akt

activation were seen in the liver (21.8-fold change, Fig. 5C), muscle (4.6-fold change, Fig.

5D), and adipose (21.5-fold change, Fig. 5E) at 30 min, correlating with the change in

glucose levels (Fig. 5B). However, of the neural tissues investigated, only the sciatic nerve

demonstrated a significant increase in Akt activation (2.5-fold change) at 30 min (Fig. 5F).

No significant changes in Akt activation were observed in the DRG or spinal cord at all-time

points investigated (Fig. 5G and 5H, respectively). These results differ from previous results

presented using higher insulin doses; indicating the dose and timeframe of insulin signaling

in the PNS are codependent.

Discussion

Due to the growing incidence of diabetes, diabetic complications are becoming alarmingly

prevalent. DN occurs with an elevated incidence as compared to other complications and is

associated with dramatic decreases in patient quality of life (CDC, 2011). The goal of this
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study was to establish the profile of insulin signaling in the PNS in vivo to better understand

how disruptions in PNS insulin signaling may impact sensory neuron function. Our results

indicate that the PNS is clearly insulin responsive and that differences in insulin signaling

may exist between somal and axonal compartments. Furthermore, it also appears that PNS

insulin signaling is comparably less sensitive than muscle, liver, and adipose at a

therapeutically relevant dose. Importantly, these results will further guide researchers when

completing in vivo studies evaluating the impact of altered insulin signaling on DN

pathogenesis.

One consistent theme throughout the presented data was an increased insulin response in the

sciatic nerve as compared to the DRG. For several of the investigated proteins, a higher fold

change in activation (inhibition for GSK3β) was observed in the sciatic nerve. These results

closely mimic previous observations of insulin signaling in the PNS using intrathecal

injections (Grote, unpublished observations). Moreover, at a “therapeutically relevant”

insulin dose, only the sciatic nerve showed a significant increase in Akt activation. It is

plausible that the postmitotic DRG neurons are buffered from large swings in insulin levels

and rely more on basal insulin for support, whereas the Schwann cells of the peripheral

nerve readily react to changing insulin levels via Akt activation to modulate proliferation

(Fex Svenningsen and Kanje, 1996), differentiation (Ogata et al., 2004) and myelination

(Liang et al., 2007). In fact, it has been recently discovered that Schwann cells express

insulin receptors (Shetter et al., 2011) and that insulin receptor signaling regulates

glycoprotein P0 expression (Shettar and Muttagi, 2012). Furthermore, Schwann cell

dysfunction has been implicated in DN (Eckersley, 2002). Thus, we propose that reductions

in insulin signaling associated with diabetes impact sensory neuron cell bodies, but also

strongly affect axons and Schwann cells in the peripheral nerve, and perhaps diminish the

regenerative/repair capacity of distal axons. It is plausible to suggest that in DN reduced

PNS insulin signaling may be more of a propagating event than an inciting event, such that

nerves cannot recover from hyperglycemia injury due to the lack of insulin support.

One important consideration when interpreting the data presented here is that these studies

utilized a single IP injection of Humulin R insulin, and that difference in delivery (insulin

pumps) or insulin formulations may give differing results. Furthermore, it should be noted

that cross talk between insulin and the IGF1 receptor does occur (Fernyhough et al., 1993).

Insulin at high concentrations can signal through the IGF1 receptor and activate many of the

same intracellular pathways (namely Akt). Additionally, PNS insulin signaling is both dose

and time dependent. Thus, using a different time frame (experiment was done at 30 min)

would shift the curve and generate different EC50s.

While these studies have provided a new understanding of insulin signaling in the PNS,

further research is needed to fully understand the physiologic role of insulin in the PNS.

However, based on our findings, we can begin to extrapolate from the downstream

mediators investigated. ERK, GSK3β, AS160, and mTor were chosen for investigation

based on their known roles in the cellular actions of insulin in insulin-responsive tissues and

their potential role in DN. ERK is a mediator of neurite outgrowth (Perron and Bixby,

1999), GSK3β has roles in neuronal plasticity and myelination (Peineau et al., 2008;

Makoukji et al., 2012), AS160 is involved with glucose uptake (Kramer et al., 2006), and
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mTor can regulate neurite outgrowth via protein synthesis (Abe et al., 2010). Thus,

disruptions in insulin regulation of these mediators may have detrimental effects on sensory

neuron function and contribute to DN. The results of two downstream mediators were of

particular interest, GSK3β and AS160. Inhibition of GSK3β was dose dependent in the

sciatic nerve but not the DRG, suggesting that insulin may have divergent downstream

signaling within different compartments of the PNS. Interestingly, inhibition of GSK3β has

been shown to play a pivotal role in peripheral nerve remyelination (Makoukji et al., 2012)

and this may occur via the PI3K-Akt pathway (Ogata et al., 2004). Reductions in insulin-

induced GSK3β inhibition in the peripheral nerve may contribute to pathological changes in

DN and warrant further investigation.

AS160 is predominantly thought to be involved in glucose uptake via translocation of Glut4

to the plasma membrane (Kramer et al., 2006). It is currently believed that DRG neurons

and Schwann cells do not take up glucose in an insulin dependent manner (Patel et al., 1994;

Magnani et al., 1998). Furthermore, similar to the CNS, the main glucose transporters

present in the PNS include Glut1 and Glut3 (Muona et al., 1992; Magnani et al., 1996;

Choeiri et al., 2002). The insulin-responsive transporter Glut4, is not strongly expressed in

the PNS, but is expressed in discrete areas of the CNS (Leloup et al., 1996). Thus, a dose

dependent increase in AS160 activation was surprising. These results suggest that either

high dose insulin may trigger glucose uptake in the PNS or that AS160 may have a

previously undiscovered function in these tissues. Further experiments are needed to fully

elucidate these possibilities.

A growing trend in the literature indicates that direct administration of insulin to the nervous

system has a greater neurotrophic potency as compared to systemic insulin administration

(Brussee et al., 2004; Francis et al., 2009); an idea first proposed by Kan et al. (2012). The

results presented here may explain some of this observed effect. The quick utilization of

insulin by muscle, liver and adipose, may be acting as a “sink” and could reduce available

insulin to the PNS and blunt a neurotrophic response. Furthermore, it appears that only the

peripheral nerve is responsive to low doses of systemic insulin, whereas both the neuronal

cell body and peripheral nerve are responsive to intrathecal insulin (Grote, unpublished

observation). Insulin stimulation of both PNS compartments may produce a greater

neurotrophic effect compared to peripheral nerve signaling only. These results suggest that

while current insulin formulations and delivery methods are very adequate for reducing

elevated glucose levels, they may not reach the nervous system appropriately, and thus fail

to deliver the needed neurotrophic support. Perhaps the development and integration of

better insulin delivery to the nervous system either through different routes (i.e., intranasal)

or through insulin peptide modification is warranted.

In conclusion, these studies have established that the PNS is insulin responsive in vivo and

that the peripheral nerve and DRG may have different insulin signaling profiles. This

information provides a new basis for future experiments designed to explore the role of

insulin in the PNS and how disruptions in PNS insulin signaling may be contributing to DN

pathogenesis.
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Figure 1. Insulin-induced Akt activation is dose dependent in the DRG and sciatic nerve
Mice were administered insulin via IP injections at doses of 0.01, 0.1, 1.0, 5.0, 10.0, 100.0,

1,000.0 and 10,000 U/kg. Sterile PBS was used as a vehicle control. 30 min after insulin

injection, Akt phosphorylation at sites serine 473 (A and B) and threonine 308 (C and D)

were analyzed in the DRG and sciatic nerve and normalized to total Akt levels. Data was fit

with a sigmoidal dose response curve and analyzed with a 1-way ANOVA and Dunnett’s

post hoc. Results indicate that Akt activation in the DRG (A and C) and sciatic nerve (B and
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D) increased in a dose dependent manner with insulin. n=4–5 mice per dose. *=p<0.05,

**=p<0.01, ***=p<0.001.
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Figure 2. Insulin-induced Akt activation time course in DRG and sciatic nerve
Mice were administered 33.05 U/Kg insulin and Akt activation in the DRG (A and C) and

sciatic nerve (B and D) was analyzed via Western blot at 5, 15, 30, and 60 min post insulin

injection. Akt activation appears to be maximal around 30 min in the DRG and 60 min in the

sciatic nerve. Glucose levels were significantly decreased 5 min after insulin injection.

Results were analyzed with a 1-way ANOVA and Dunnett’s post hoc. N=3 mice per time

point. *=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 3. Insulin dose curve downstream mediator activation
In addition to Akt, the in vivo signaling of several other proteins in the insulin pathway was

investigated in the DRG and sciatic nerve in response to an IP insulin dose curve. Data was

fit with a sigmoidal dose response curve and analyzed with a 1-way ANOVA and Dunnet’s

post hoc. The sigmoidal dose response curve was unable to fit the GSK3β (A) and ERK (F)

results in the DRG (not converged). All other proteins appear to have a dose dependent

relationship with insulin. The overall ANOVA p-value was significant for all proteins
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investigated except mTor and GSK3β in the DRG and ERK in the SN. Results of Dunnett’s

post hoc are denoted with *. n=4–5 mice per dose. *=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 4. Time course of insulin signaling downstream mediator activation
In contrast to Akt results, few significant changes were observed in downstream insulin

signaling throughout the time course at a dose of 33.05 U/Kg. Only GSK3β in the sciatic

nerve showed significant differences from baseline when analyzed with a 1-way ANOVA

and Dunnett’s post hoc (Fig. 4B). n=3 mice per time point. *=p<0.05, **=p<0.01,

***=p<0.001.
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Figure 5. “Therapeutic” insulin dose Akt activation time course in liver, muscle, adipose, sciatic
nerve, DRG, and spinal cord
The EC50 for glucose percent change was 0.43 U/Kg in insulin dose curve studies (A). A 6-

h time course study using 1.29 U/Kg insulin showed a significant decrease in glucose levels

30 min after insulin injection, with a return to baseline by 2 h (B). Significant Akt activation

was observed at 30 min post insulin in the liver (C), muscle (D), adipose (E), and sciatic

nerve (F). No significant changes were seen in the DRG (G) or lumbar spinal cord (H). Data

was analyzed with a 1-way ANOVA and Dunnett’s post hoc. n=6 at 0 time point, n=6 at 30
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min time point, n=4 at 2 h time point, n=5 at 4 h time point, n=3 at 6 h time point. *=p<0.05,

**=p<0.01, ***=p<0.001.
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