
Vol.:(0123456789)1 3

Neurochemical Research (2019) 44:269–280 
https://doi.org/10.1007/s11064-018-2510-2

ORIGINAL PAPER

Expression of a Constitutively Active Human Insulin Receptor 
in Hippocampal Neurons Does Not Alter VGCC Currents

H. N. Frazier1 · K. L. Anderson1 · S. Maimaiti1 · A. O. Ghoweri1 · S. D. Kraner3 · G. J. Popa2 · K. K. Hampton1 · 
M. D. Mendenhall2 · C. M. Norris3 · R. J. Craven1 · O. Thibault1

Received: 5 December 2017 / Revised: 16 March 2018 / Accepted: 19 March 2018 / Published online: 23 March 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Memory and cognitive decline are the product of numerous physiological changes within the aging brain. Multiple theories 
have focused on the oxidative, calcium, cholinergic, vascular, and inflammation hypotheses of brain aging, with recent 
evidence suggesting that reductions in insulin signaling may also contribute. Specifically, a reduction in insulin receptor 
density and mRNA levels has been implicated, however, overcoming these changes remains a challenge. While increasing 
insulin receptor occupation has been successful in offsetting cognitive decline, alternative molecular approaches should be 
considered as they could bypass the need for brain insulin delivery. Moreover, this approach may be favorable to test the 
impact of continued insulin receptor signaling on neuronal function. Here we used hippocampal cultures infected with len-
tivirus with or without IRβ, a constitutively active, truncated form of the human insulin receptor, to characterize the impact 
continued insulin receptor signaling on voltage-gated calcium channels. Infected cultures were harvested between DIV 13 
and 17 (48 h after infection) for Western blot analysis on pAKT and AKT. These results were complemented with whole-cell 
patch-clamp recordings of individual pyramidal neurons starting 96 h post-infection. Results indicate that while a significant 
increase in neuronal pAKT/AKT ratio was seen at the time point tested, effects on voltage-gated calcium channels were 
not detected. These results suggest that there is a significant difference between constitutively active insulin receptors and 
the actions of insulin on an intact receptor, highlighting potential alternate mechanisms of neuronal insulin resistance and 
mode of activation.
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Abbreviations
IR	� Insulin receptor
AHP	� Afterhyperpolarization
VGCC​	� Voltage-gated Ca2+ channel
SEM	� Standard error of the mean
TTX	� Tetrodotoxin

CICR	� Calcium-induced calcium-release
DIV	� Days in vitro

Introduction

Insulin signaling in the brain is an integral physiological 
component of proper neurological function and has been 
shown to help maintain receptor trafficking (AMPA, NMDA, 
GABAA) [1–5], increase cerebral blood flow [6–10], stim-
ulate glucose transporter translocation [11, 12], reduce 
voltage-gated calcium channel (VGCC) function [13–15], 
reduce neuroinflammation [16], and reduce ryanodine 
receptor function [14]. Studies on age-related alterations 
in insulin signaling have highlighted a reduction in insulin 
receptor density and insulin receptor mRNA in aged brains 
[17–20]. Intranasal insulin administration has been shown 
to improve cognitive function in both young and aged indi-
viduals [21–27] with similar reports in animal models of 
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Alzheimer’s disease and aging [7, 16, 28–30]. While the 
mechanism by which insulin exerts these physiological 
effects is not fully understood, some evidence suggests that 
it may be related to calcium signaling.

Both classic and contemporary evidence suggests that 
tight regulation of intracellular calcium levels is required 
for normal cellular function [31–38]. In response to evi-
dence of neuronal calcium dysregulation in aging, the cal-
cium hypothesis of brain aging was developed [39, 40]. This 
hypothesis states that calcium dysregulation can lead to cog-
nitive decline by increasing calcium transients, VGCCs, and 
calcium-mediated afterhyperpolarization (AHP) [41–45]. 
Our lab has shown that insulin administration leads to a 
reduction in the slow-AHP in rat hippocampal neurons [7, 
29, 46]. Together, this evidence highlights a possible con-
nection between insulin signaling and calcium homeostasis 
with regards to age-related cognitive decline. These data 
also suggest that maintaining insulin signaling is a viable 
therapeutic approach to address this decline [46, 47]. Indeed, 
others have used administration of a chemical supplement 
(oxaloacetate) to increase insulin signaling in the brain [48]. 
Based on these findings, we sought to explore the impact of 
molecular enhancement of insulin receptor signaling in the 
absence of exogenous insulin by expressing a truncated, con-
stitutively active human insulin receptor (IRβ) in rat primary 
hippocampal neurons.

IRβ is a modified human insulin receptor consisting 
almost solely of the catalytic β subunit of the human insu-
lin receptor [49]. This truncation leads to insertion into the 
plasma membrane together with constitutive activity of the 
receptor in mouse fibroblasts. Here we tested the hypoth-
esis that expressing a modified, constitutively active form 
of the insulin receptor in neurons would increase insulin 
signaling without the need for exogenous delivery of insulin, 
and would reduce VGCC currents in hippocampal neurons. 
We infected mixed primary hippocampal cultures with two 
lentiviral constructs: synapsin-IRβ-dTomato and synapsin-
IRβ-mCherry and their respective controls. Each construct 
consists of a neuronal specific promoter (synapsin) and a 
fluorescent reporter gene (dTomato or mCherry). Cells 
were either harvested for protein analysis or recorded using 
whole-cell patch-clamping methods to quantify VGCC cur-
rents 4–7 days following infection. Results show that while 
constitutive activity was obtained, VGCC current density 
was unaffected. This result is surprising, given the acute and 
robust effects of exogenous insulin on VGCC and ryano-
dine receptor function in hippocampal neurons previously 
reported by our lab [14]. Ongoing studies are investigat-
ing the ability of hippocampal neurons to maintain insulin 
signaling across time to better define mechanisms of insulin 
insensitivity in the brain, i.e. down-regulation or desensi-
tization of receptors, together with down-stream signaling 
pathways.

Methods

Cell Culture

Hippocampal mixed (neuron/glia) cultures were prepared 
as described previously [50–52] and established from E18 
Sprague-Dawley rats. E18 fetuses and hippocampi were dis-
sected under a microscope in ice-cold Hank’s balanced salt 
solution (Thermo Fisher Scientific Inc., MA) supplemented 
with 4.2 mM NaHCO3 and 12 mM HEPES (pH 7.3). Hip-
pocampi were transferred to 0.25% Trypsin EDTA solution 
at 37 °C (Thermo Fisher Scientific) and left at room tem-
perature (23 °C) for 11 min. Trypsin was removed and the 
hippocampi were washed three times with SMEM (Mini-
mum Essential Medium supplemented with 200 mM l-glu-
tamine (Thermo Fisher Scientific) and 35 mM d-glucose). 
Hippocampi were then titrated and diluted with SMEM to 
the desired final concentration (100,000 neurons/mL) before 
being plated in 2 mL aliquots onto 35 mm plastic dishes 
(Corning Inc., Corning, NY) that were previously coated 
with 10 mg/mL poly-l-lysine (1 h) for a final cell density 
of 200,000 cells per dish. Cultured neurons were incubated 
(37 °C, 5% CO2, 95% O2) for 24 h before the first medium 
exchange, when half of the medium was replaced with 90% 
SMEM and 10% horse serum (Thermo Fisher Scientific). 
After 3 days in vitro (DIV), half of the media was replaced 
with SMEM containing horse serum, 5-fluoro-2-doxyur-
idine, and uridine to stop glial cell growth.

All experiments were conducted following a 24 h expo-
sure to a no serum, low glucose (5.5 mM) MEM to main-
tain normal glucose oxidation rates and insulin sensitivity 
[50]. Insulin time-course treatments were performed using 
10 nM insulin glulisine diluted in sterile saline (Apidra®, 
stock solution of 100 U; Sanofi-Aventis, Bridgewater, NJ). 
As a control for our insulin time course experiments, either a 
5 or 30 min saline exposure was used to normalize the data. 
No significant difference was seen between 5 and 30 min 
control treatments. All data presented were obtained at room 
temperature (23 °C).

Lentiviral Construction and Infection

All hippocampal cultures were infected at a multiplicity 
of infection (MOI) of 25 (calculated based on cell den-
sity). Cells were infected between DIV 6 and 8. Five len-
tiviral constructs were used as follows: EF1a, EF1a-IRβ, 
synapsin-dTomato, synapsin-IRβ-dTomato, and synapsin-
IRβ-mCherry. The EF1a, EF1a-IRβ, synapsin-dTomato, 
and synapsin-IRβ-dTomato plasmids were constructed 
by Enzymax LLC. EF1a and EF1a-IRβ were constructed 
using an initial pHIV-dTomato vector (gift from Bryan 
Welm, Addgene plasmid #21374) with an additional EF1a 
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promoter added via ligation to improve neuronal expres-
sion. The human IRβ protein was ligated into this vector 
between the XbaI and BamHI sites via PCR and standard 
digestion protocols. Synapsin-dTomato and synapsin-IRβ-
dTomato were also constructed from pHIV-dTomato. The 
neuronal-specific synapsin promoter was ligated between 
the AgeI and EcoRI sites and the human IRβ protein was 
ligated between the XbaI and BamHI sites using PCR and 
standard digestion protocols. The synapsin-IRβ-mCherry 
plasmid was constructed using an pHR-SFFV-KRAB-
dCas9-P2A-mCherry vector (gift of Jonathan Weissman, 
Addgene plasmid #60954). The self-cleaving P2A site pre-
ceding the mCherry sequence produces mCherry expres-
sion at a 1:1 ratio with the IRβ protein, thus improving fluo-
rescence. The synapsin promoter and human IRβ protein 
were ligated into the vector between the AscI and BamHI 
sites, replacing the Cas9 sequence via PCR and standard 
digestion protocols. All segments constructed using PCR 
were sequenced to verify fidelity. All plasmids were then 
converted into lentiviruses by co-transfecting HEK293 cells 
with the donor plasmid, PsPAX2, and pMD2.G (gifts from 
Dr. Didier Trono, Addgene plasmids #12260 and #12259) 
using a polyethyleneimine (80 µg/mL, nominal MW 40,000, 
pH 7) and NaCl (75 mM) mixture to induce uptake of the 
DNA. Culture supernatants were withdrawn over a 5-day 
period, clarified by centrifugation, and the virus precipitated 
with polyethylene glycol (1.4% w/v) and NaCl (50 mM). The 
viral pellet was resuspended in cold PBS. Lentiviruses were 
stored at − 80 °C until needed. Viruses were then thawed on 
ice and immediately administered to culture dishes. mCherry 
expression was monitored using a Nuance spectral analysis 
camera (CRi, Inc., Boston, MA). Phase and fluorescence 
photomicrographs were overlaid in Adobe Photoshop.

Protein Harvest and Western Blots

Mixed primary hippocampal cells were harvested in RIPA 
buffer containing phosphatase and protease inhibitors. Cells 
were further lysed using polytron agitation. Protein levels 
were quantified using a BCA assay and a microplate reader. 
Western blots were used to quantify differences in pro-
tein expression. Samples were run in duplicate within and 
across gels and were averaged. Proteins were assessed with 
the following antibodies: AKT #4685S 1:1000 and pAKT 
#4051S 1:1000 (Cell Signaling Technology, Inc., Danvers, 
MA). Blots were developed with chemiluminescence and 
digitally imaged on a scanner (G-Box; Syngene, Frederick, 
MD). Gray values were obtained using the ImageJ gel analy-
sis tool (Version 1.46r; Wayne Rasband, National Institute of 
Health, Rockville, MD). For each blot, mean gray value of 
pAKT and AKT were normalized to a saline-treated sample, 
and pAKT was divided by AKT to generate ratios.

Immunocytochemistry

Primary hippocampal cultures, uninfected or infected with 
syn-IRβ-dTomato lentivirus, were fixed using 4% paraform-
aldehyde (PFA) in 1X PBS for 20 min. Immunocytochem-
istry was performed using a primary antibody targeted to 
the HA-tag present on our truncated IRβ protein (HA-Tag 
#3724S 1:1600, Cell Signaling Technology) in conjunction 
with a fluorescent secondary antibody (Alexa Fluor® 488 
#A-11070 1:200, Thermo Fisher Scientific). Cultures were 
imaged using a spectral camera (Nuance FX, CRi, Inc.) and 
a FITC dichroic mirror equipped with a long-pass emission 
filter (> 525 nm). A series of images were acquired from 490 
to 650 nm and were used to define the green and all other 
fluorescent signals (autofluorescence and background). The 
green channel was extracted from the total fluorescent signal 
using the Nuance algorithm (spectral library subtraction).

VGCC Recording Solutions

For whole-cell recordings of VGCC currents, the exter-
nal solution was prepared as follows (in mM): 111 NaCl, 
5 BaCl·H2O, 5 CsCl, 2 MgCl2, 10 g glucose, 10 HEPES, 
20 TEACl·H2O. The solution was brought to pH 7.35 with 
NaOH and 500 nM tetrodotoxin (TTX) was added before 
recording to inhibit Na+ channels. The internal pipette 
solution was prepared as follows (in mM): 145 MsOH, 10 
HEPES, 3 MgCl2, 11 EGTA, 1 CaCl2, 13 TEACl·H2O, 14 
phosphocreatine Tris-salt, 4 Tris-ATP, 0.3 Tris-GTP. The 
solution was brought to pH 7.3 with CsOH. All solutions 
were sterile filtered using a 0.22 µm vacuum filter (Corning).

Whole‑Cell Recording and Analysis

All electrophysiological data were acquired between DIV 
13 and 17, 4–7 days post-infection. 1.5 mm glass whole-cell 
patch-clamp electrodes (Drummond Scientific, Broomall, 
PA) were made using a P-87 micropipette puller (Sutter 
Instruments, Novato, CA). The culture dish was rinsed with 
recording solution three times, then filled with 3 mL of the 
extracellular solution supplemented with 500 nM TTX. To 
allow for currents to stabilize, all data were recorded 3 min 
after the whole-cell configuration was achieved. IV (cur-
rent–voltage) relationships (− 60 to + 30 mV) were initially 
conducted to identify maximal current voltage. In Figs. 2 
and 3, an increase in current density is seen between the 
IV data and the current density data presented in bar graph 
form. This is likely because IVs were conducted 3–5 min 
prior to peak VGCC current measures. Cells were held at 
− 70 mV and currents were elicited (150 ms) at the maxi-
mal peak response derived from the IV. All currents were 
leak subtracted using 5–8 scaled hyperpolarizing sub-pulses. 
Because insulin may alter cell size, we report on measures 
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of current densities (pA/pF) derived from dividing maximal 
current amplitude (average of 5 depolarizations taken 30 s 
apart) by membrane capacitance (measured in pCLAMP™) 
for each cell. All electrophysiological data were collected 
between 4 and 7 days post-lentiviral infection. All record-
ings were conducted on the stage of an E600FN microscope 
(Nikon Inc., Melville, NY) placed on an anti-vibration 
table. An Axopatch 1D (Molecular Devices, Sunnyvale, 
CA) in combination with a digidata 1200 AD board and 
pCLAMP™ 7 (Molecular Devices) were used for electro-
physiology acquisition. Data were digitized at 5–10 KHz, 
low-pass filtered at 2–5 KHz, and were quantified in Clamp-
fit 7 (Molecular Devices).

Statistical Analysis

Electrophysiological results are based on a total of 76 hip-
pocampal neurons obtained from the pups of 6 pregnant 
dams. Statistical outliers (> 2 standard deviations from the 
mean) in each data set were excluded from further analysis. 
Transgene effects on endpoint measures were determined 
with unpaired t-tests and ANOVAs, and Bonferroni post hoc 
tests, when necessary. Significance for all comparisons was 
set at p < 0.05.

Results

Western Blot Analyses

We used Western blot techniques to quantify the ratio 
of pAKT/AKT in mixed hippocampal cultures treated 
5–30 min with 10 nM insulin (Fig. 1a). By 15 min of acti-
vation a trend for an increase in signaling was noted (n = 3; 
one-way ANOVA p = 0.06), and by 30 min, the pAKT/AKT 
signal was significantly elevated compared to 30-min saline 
controls (n = 3; p < 0.05). Elevated levels of pAKT/AKT at 
15 and 30 min confirm continued IR activity at these time 
points and suggest signaling in neurons increases with ligand 
exposure time.

To test for constitutive activity of the truncated, human 
IRβ receptor in the absence of exogenous insulin, we infected 
hippocampal cultures (DIV 6–8) with EF1a or EF1a-IRβ 
lentiviruses. Cells were harvested for Western blot 48 h post-
infection to allow adequate time for protein expression. Cells 
expressing IRβ showed significantly elevated pAKT/AKT 
compared to cells infected with the EF1a negative control 
(Fig. 1c, d, n = 3; t-test p < 0.005). Compared to the ligand-
derived 30-min time point (Fig. 1a), the increase in signaling 
was smaller, nearly reaching a threefold increase at 48 h. 
Thus, compared to control conditions, the IRβ receptor was 
expressed and yielded an increase in activity. The results 

Fig. 1   Insulin signaling with and without exogenous insulin. a Representative 
Western blots of mixed primary hippocampal cultures treated with saline or 
10 nM Apidra® for 5, 15, or 30 min. Each sample was run in duplicate and 
probed separately across gels. Blots were probed with Cell Signaling Technol-
ogy anti-phospho AKT (Ser473; #4051) 1:1000 and total AKT (pan #4685) 
1:1000. b Quantification reveals signaling increases after 15 (trend #) and 
30  min compared to timed saline controls (n = 3). c Representative Western 
blots of mixed primary hippocampal cultures infected with Ef1a or EF1a-IRβ 
lentiviruses. Each sample was run in duplicate and probed separately across 
gels. Blots were probed as in b. d Western blot quantification reports signifi-
cant pAKT/AKT between EF1a and EF1a-IRβ, suggesting constitutive activ-
ity (n = 3). # indicates p < 0.10; * indicates p < 0.05. All data represent means 
+/− SEM
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also confirm that the infection protocol resulted in constitu-
tive activity in the absence of added insulin.

Electrophysiological Analyses of the IRβ Construct 
Containing IRES and dTomato

To test whether elevated insulin signaling altered VGCC 
currents, we performed whole-cell patch-clamp experi-
ments on hippocampal neurons infected with either the 
negative control (syn-dTomato) or IRβ-containing lentivi-
ruses (syn-IRβ-dTomato) (Fig. 2a). Cultures were placed 
in a low glucose, no serum growth media for 24 h prior to 
electrophysiology recordings on days 4–7 post-infection. A 
subset of cultures infected with syn-IRβ-dTomato were fixed 
for immunocytochemistry staining in order to confirm IRβ 
expression using the HA reporter tag present on the IRβ 
protein. Anti-HA fluorescent antibody indicated successful 
expression of IRβ in approximately 80% of neurons (Fig. 2b, 
bottom). Live pyramidal neurons were patched and passive 
membrane properties were recorded from a holding poten-
tial of − 70 mV. Neither cell capacitance, holding current at 
− 70 mV, nor membrane resistance were found to be differ-
ent (Table 1). For each cell recorded, we then determined the 
voltage necessary to elicit maximal current amplitude using 
an IV protocol (− 60 to + 30 mV). IV recordings (Fig. 2c, 
d) from negative control and IRβ-expressing neurons were 
averaged and compared between groups (n = 30 per group). 
No significant difference in VGCC current threshold or 
peak voltages were seen between groups (Fig. 2d; one-way 
ANOVA with Bonferroni post hoc p > 0.05).

For each neuron, VGCC activity generated during the 
maximum activation voltage step was measured at three 
different time points: i.e. at peak activity (peak), during the 
last 10 ms of the voltage step (late), and 50 ms after the volt-
age step (tail) (Fig. 2e). Current activity at each time point 
was statistically comparable in neurons expressing IRβ or 
d-Tomato control (n = 30 per group; two-way ANOVA with 
Bonferroni post hoc p > 0.05). This indicates that neither 
maximal flux through VGCCs, nor the number of available 
channels, nor the inactivation or deactivation rates were 
affected by constitutive insulin signaling. Note that current 
recordings were performed 3–5 min after recording of the 
IV to allow the cell to stabilize. This is likely the reason for 
the small increase in currents reported between IVs (Fig. 2d) 
and maximal currents (Fig. 2e). To isolate L-type VGCC 
currents from currents arising from other VGCC subtypes, 
cells were held at − 40 mV for 3 min to inactive N- and 
T-type channels. The membrane voltage was then stepped 
to the voltage necessary to elicit maximal current ampli-
tude. Under these conditions, the presence of IRβ still had 
no statistically significant effects on peak, late, or tail current 
activity (data not shown).

Electrophysiological Analyses of the IRβ Construct 
Containing P2A and mCherry

Because the IRES sequence does not always drive equal 
expression of the constitutive active IRβ subunit with the 
reporter gene (dTomato) [53, 54], we constructed another 
plasmid using a P2A site and mCherry as the reporter gene 
(Fig. 3a). This approach yielded more reliable expression 
of the red fluorescent protein and allowed us to test a sec-
ond IRβ-expressing plasmid, therefore providing a more 
thorough characterization of the impact of sustained insu-
lin signaling on VGCCs. For this series of experiments and 
because mCherry conferred a higher level of fluorescence 
compared to dTomato we compared IRβ-expressing neurons 
(red) to uninfected (dark) neurons in the same field-of-view 
(Fig. 3b).

Pyramidal neurons were patched and peak currents were 
derived following the same IV protocol previously described 
(Fig. 3c). IV recordings from control (uninfected) and IRβ-
expressing (syn-IRβ-mCherry) neurons were averaged and 
compared. No significant difference in IV trace recordings 
was seen between these two groups of cells (Fig. 3d, n = 9 
per group; one-way ANOVA with Bonferroni post hoc 
p > 0.05). Analysis of maximal currents at peak, late, and 
tail were then averaged for each cell type. Current recordings 
from primary hippocampal neurons expressing IRβ did not 
show a significant difference compared to uninfected con-
trols at any time point (n = 9 per group; two-way ANOVA 
with Bonferroni post hoc p > 0.05). As in Fig. 2, VGCCs 
recorded from a holding potential of − 40 mV to increase 
participation of L-type VGCC, also were not changed by 
treatment and no significant differences were detected 
between uninfected and IRβ-expressing neurons at any time 
point (data not shown).

Discussion

The original intent of this study was to circumvent the 
need for the ligand at the insulin receptor by expressing a 
constitutively active form of the human insulin receptor in 
hippocampal neurons. The lack of protein quantification 
from cells infected with either synapsin-containing vec-
tors (Figs. 2, 3) prevents us from comparing VGCC effect 
size between these two conditions (synapsin-IRβ-dTomato 
versus synapsin-IRβ-mCherry). This is not a major con-
cern given the lack of an overall effect on VGCC. Further, 
because IRES-dependent expression of the downstream gene 
(reporter gene) can be significantly lower than the protein 
of interest [53, 54], we switched to a P2A-dependent vec-
tor to confer comparable levels of expression of both gene 
products. Even with strong mCherry expression (Fig. 3b), 
red cells showed no significant differences when compared 



274	 Neurochemical Research (2019) 44:269–280

1 3

to dark cells on measures of VGCC properties. Neverthe-
less, we show here that viral delivery of a truncated, human 
insulin receptor (IRβ) increased signaling through pAKT/

AKT in hippocampal neurons. Interpretation of these data 
highlights potential interplays between insulin signaling and 
calcium homeostasis in neurons, and may also provide clues 
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about intracellular markers used as reporters of insulin sen-
sitivity in neurons.

Why Study Long‑Term Insulin Receptor Activation 
in Neurons?

We and others have shown that acute applications of insulin 
can reduce VGCC function [13–15] as well as ryanodine 
receptor function within minutes [14]. Given that VGCCs 
and calcium-induced calcium release (CICR) participate in 
the generation of the AHP [55–59], and that larger calcium-
dependent AHPs are seen in neurons from aged, cognitively 
impaired animals [44, 60, 61], our initial work used repeated 
daily applications of intranasal insulin to restore calcium 
homeostasis and redress cognitive decline in aged animals 
[7, 29]. However, because neuronal IR signaling can last 
for extended periods of time, we used electrophysiological 
techniques to characterize VGCC function in hippocampal 
neurons following 3–7 days of constitutive insulin receptor 
activity. We sought to identify a novel therapeutic approach 
to maintain calcium homeostasis by providing constitutive 
insulin signaling.

Results indicate that expressing three different IRβ-
containing plasmid constructs and their controls in neurons 
raised downstream signaling from the insulin receptor for 
at least 72 h, yet VGCC currents were not affected, even 
7 days post-infection. This result is surprising given our 
previous work showing that acute insulin administration in 

hippocampal neurons can reduce calcium-sensitive func-
tions. Potential explanations for these results include, but are 
not limited to, the impact of insulin signaling duration and 
the activation of different downstream signaling pathways.

Is Time Important?

In contrast to insulin signaling in the periphery where acti-
vation is quickly terminated by internalization of the IR in 
muscle and fat cells [62–65], neuronal IRs can signal for 
long periods of time without evidence of down-regulation 
[49, 66]. While we present evidence of long-term (72 h) 
insulin receptor signaling via IRS/PIP3/AKT, these results 
suggest that continued activation of this pathways does not 
reduce VGCCs in neurons. Further, we recently showed that 
reductions in neuronal calcium levels and calcium-mediated 
potentials were not seen in the ZDF rat even following a 
7-week period of sustained peripheral hyperglycemia and 
hyperinsulinemia [29]. Additionally, activation of the PI3K/
mTOR/AKT pathway was shown to rapidly increase syn-
aptic protein levels within minutes [67], while other path-
ways, such as MEK/ERK, a pathway which has nuclear 
targets, have been implicated in modulating the expression 
of calcium-sensitive channels [68]. It follows that targeting 
nuclear factors would be slower and likely longer-lasting 
compared to pathways involved with acute IR activation. 
Based on the evidence presented here, we propose that sign-
aling pathways other than AKT must exist in neurons to alter 
long-term calcium homeostasis.

An alternative interpretation is that the molecular 
approach was successful at reducing VGCCs but only tran-
siently, and at an earlier time than tested here. Unfortunately, 
the acute impact of lentiviral delivery on VGCCs cannot 
be determined because of the time constraints associated 
with changes in protein expression. Standard lentiviral pro-
tocols require an incubation period of at least 24–48 h before 
adequate expression of the protein is reached. Thus, these 
experimental protocols did not allow us to test for VGCC 
changes within the same time frame as acute insulin expo-
sures (i.e. 10 min). Given the long-lasting nature of insulin 

Fig. 2   Constitutive activity of the human truncated insulin recep-
tor β subunit does not alter voltage sensitivity of VGCCs. a Plasmid 
map of synapsin-dTomato construct. The IRβ sequence was inserted 
between XbaI and BamHI sites using PCR ligation for production of 
the synapsin-IRβ-dTomato plasmid. b Photomicrograph of hippocam-
pal neurons probed for IRβ expression using a fluorescent HA-tag 
antibody. Cells in green indicate presence of IRβ. c Representative 
inward currents obtained from a holding potential of − 70 mV during 
determination of IV relationships (− 60 to + 30 mV). d Quantification 
of VGCC currents across groups and voltages showed no significant 
difference. e Current density (pA/pF) of peak, late, and 50  ms tail 
currents were not altered by production of the constitutively active 
form of the human brain insulin receptor. All data represent means 
+/− SEM

◂

Table 1   Cellular and electrode parameters

Data represents means ± SEM obtained from four different groups of cells (n = 78) studied under patch-clamping conditions to record VGCC 
currents. No significant difference was detected between the groups

Synapsin-dTomato Synapsin-IRβ-dTomato Uninfected Synapsin-IRβ-mCherry

Membrane capacitance (pF) 71.90 ± 3.60 66.10 ± 3.53 59.36 ± 3.95 67.46 ± 5.78
Membrane resistance (MΩ) 450.30 ± 45.34 555.20 ± 42.48 528.90 ± 95.84 322.79 ± 39.11
Access resistance (MΩ) 11.60 ± 0.86 11.10 ± 0.69 9.87 ± 1.20 9.13 ± 0.50
Holding current (pA) − 131.00 ± 14.35 − 98.29 ± 13.56 − 86.77 ± 12.08 − 147.94 ± 22.93
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signaling in neurons, it is clear that future studies are needed 
to investigate the impact of time on several IR pathways.

What is Neuronal Insulin Resistance?

Evidence for insulin resistance in neurons has been derived 
from a multitude of molecular experiments showing reduc-
tions in signaling from the level of the insulin receptor and 
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IRS1 to GLUT4 [69–74]. While inhibition at any point 
in this cascade negatively impacts insulin signaling, it is 
not clear which single point best reflects the phenomenon 
described as insulin resistance; despite this, focus has his-
torically been placed on AKT. Our evidence of maintained 
pAKT signaling in the absence of detectable changes in 
VGCC suggests that observation of AKT phosphorylation 
by itself may not be a representative indicator of insulin 
sensitivity in neurons. Additionally, because multiple pro-
teins within the insulin signaling pathway are also sensitive 
to other agents and cross signaling, analysis of one single 
aspect of the IR signaling cascade does not specifically 
assess insulin resistance in the tissue. Therefore, alternative 
methods for quantifications of insulin sensitivity perhaps 
need to be considered.

We have used insulin administration to directly test insu-
lin sensitivity in hippocampal neurons in slices of young 
and aged animals. In these studies, the impact of exogenous 
insulin has repeatedly been greater in aged compared to 
young neurons [29, 46]. Further, using magnetic resonance 
spectroscopy (MRS) and cerebral blood-flow data, we also 
show a greater impact of insulin in aged compared to young 
brains [7]. Acute application of the anti-diabetic drug piogl-
itazone on hippocampal slices also provides evidence for 
greater sensitivity of the drug in aged animals compared to 
young [75]. Evidence from other groups shows reductions in 
blood–brain barrier insulin transport may be responsible for 
the aged-dependent reduction in insulin sensitivity [76]. In 
this paper, the author presents evidence that phosphorylation 
of AKT in aged mice treated with intracerebroventricular 
injections of insulin is comparable to that seen in young 
mice. Finally, in animal models of Alzheimer’s disease, a 
greater increase in hippocampal insulin receptor signaling 
was seen in mid-age compared to young mice [77]. Together, 
these data suggest that the underlying insulin sensitivity 
and in particular, the definition of this sensitivity in neurons 
needs further clarification.

Future Directions and Conclusions

It is clear a more detailed characterization of insulin resist-
ance in neurons is needed in order to better define new and 
targetable therapies. With respect to the potential impact of 
insulin and its neuroprotective role in neurons (i.e. reducing 
calcium influx), much remains unknown, and it is unclear 
whether the short-acting PI3K pathway or the likely longer 
pathway through ERK is involved. Also, attention to the sub-
cellular compartmentalization of the modified insulin path-
way with aging and Alzheimer’s disease is needed. This is 
likely important, given the evidence that insulin receptors 
concentrate at synaptic sites [78–80], and a greater focus on 
post-synaptic densities, where crucial insulin-sensitive ion 
targets are located should be considered [81].

Overall, it appears we have identified a neuronal model 
of insulin resistance in the presence of increased pAKT 
activation. While neuronal insulin insensitivity has been 
proposed as a contributor to age-related cognitive decline, 
the mechanisms behind this are not well understood. Specifi-
cally, further studies are needed to characterize downstream 
cellular targets of neuronal insulin receptor activation (e.g., 
glucose utilization, glucose transporters, calcium transport-
ers, calcium buffers, ER calcium homeostasis and others), 
and to provide a fuller picture of neuronal insulin resistance 
with age. Greater definition of insulin receptor desensitiza-
tion, internalization and the mechanisms involved in down-
regulation of IR signaling in neurons need investigation in 
animal models of aging.
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