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A B S T R A C T

Non-canonical mechanisms of estrogen receptor activation may continue to support women's cognitive health
long after cessation of ovarian function. These mechanisms of estrogen receptor activation may include ligand-
dependent actions via locally synthesized neuroestrogens and ligand-independent actions via growth factor-
dependent activation of intracellular kinase cascades. We tested the hypothesis that ligand-dependent and li-
gand-independent mechanisms interact to activate nuclear estrogen receptors in the Neuro-2A neuroblastoma
cell line in the absence of exogenous estrogens. Transcriptional output of estrogen receptors was measured
following treatment with insulin-like growth factor-1 (IGF-1) in the presence of specific inhibitors for mitogen-
activated protein kinase (MAPK), phosphoinositde-3 kinase (PI3K), and neuroestrogen synthesis. Results indicate
that IGF-1-dependent activation of nuclear estrogen receptors is mediated by MAPK, is opposed PI3K, and re-
quires concomitant endogenous neuroestrogen synthesis. We conclude that both cellular signaling context and
endogenous ligand availability are important modulators of ligand-independent nuclear estrogen receptor ac-
tivation.

1. Introduction

Regulation of estrogenic signaling in neuronal cells is canonically
viewed as a prototypical nuclear hormone receptor system. Estrogenic
compounds are synthesized by a distant endocrine gland, the ovaries,
and secreted into the bloodstream to perfuse estrogen-sensitive target
tissues throughout the body including the brain (McEwen et al., 1982).
As lipophilic molecules, estrogens can penetrate the lipid membrane of
target cells and diffuse to the nucleus, where they bind to and activate
their prototypical nuclear hormone receptors to regulate estrogen-de-
pendent gene expression. Nuclear estrogen receptors exhibit both li-
gand-dependent and ligand-independent modes of activation that are
mechanistically distinct (Tora et al., 1989). Ligand-dependent activa-
tion of estrogen receptor alpha (ERα) is accomplished through con-
certed function of the C, D, and E domains and denoted activation
function-2 (AF-2) (Webster et al., 1988). Ligand-independent activation
of ERα is initiated through concerted function of the A/B and C

domains and denoted activation function-1 (AF-1) (Kumar et al., 1987).
There is evidence to suggest that both that ligand-dependent and

ligand-independent activation of estrogen receptors continue to occur
in neuronal cells in absence of ovarian estrogens. The aromatase en-
zyme catalyzes the final step of estrogen synthesis, converting testos-
terones to estrogens (Thompson and Siiteri, 1974). This enzyme is ex-
pressed in discrete regions of the primate and rodent brain including
the hippocampus (Wehrenberg et al., 2001). Aromatase enzyme in-
hibitor treatment is detrimental to cognitive function in both post-
menopausal women (Bender et al., 2015; Collins et al., 2009; Bayer
et al., 2015) and ovariectomized rodents (Vierk et al., 2012; Martin
et al., 2003). Furthermore, significant aromatase enzyme activity con-
tinues to occur in primary cultures of hippocampal neurons for at least
12 days in vitro (Prange-Kiel et al., 2003), functioning to maintain sy-
naptic spine density through activation of nuclear ERα (Kretz et al.,
2004; Zhou et al., 2014). Therefore, local neuroestrogen synthesis may
continue to activate nuclear estrogen receptors in absence of ovarian
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estrogens.
Ligand-independent activation of neuronal nuclear estrogen re-

ceptors may also continue to occur in absence of ovarian estrogens. AF-
1 requires intracellular kinase cascade-dependent phosphorylation of
specific residues in the A/B domain of nuclear estrogen receptors (Le
Goff et al., 1994; Kato et al., 1995; Bunone et al., 1996). The insulin-like
growth factor-1 (IGF-1) receptor (IGF-1R) and ERα co-localize in the
rodent hippocampus (Cardona-Gómez et al., 2000). The two major IGF-
1R effector cascades are the phosphoinositide-3 kinase (PI3K) and mi-
togen-activated protein kinase (MAPK) family cascades (Kadowaki
et al., 1996). Both the PI3K and MAPK cascades can regulate the
transcriptional output of ERα in neuronal cells (Patrone et al., 1998;
Mendez and Garcia-Segura, 2006). Therefore, IGF-1R may activate
nuclear estrogen receptors in neuronal cells through regulation of the
PI3K or MAPK cascade.
Multiple lines of evidence indicate a reciprocally interactive re-

lationship exists between ligand-independent kinase cascade signaling
and estrogen receptor function. In hippocampal neurons, membrane-
associated estrogen receptors can activate the MAPK cascade through
interaction with membrane-associated metabotropic glutamate re-
ceptors (Boulware et al., 2005), resulting in enhanced hippocampus-
dependent memory (Boulware et al., 2013). Likewise, estrogen-in-
dependent activation of intracellular kinase signaling can activate nu-
clear estrogen receptor signaling. In COS-1 renal carcinoma cells,
MAPK-dependent activation of ERα was only observed in the presence
of the full agonist 17-β-estradiol (17βE2), the partial agonist tamoxifen,
or by genetic removal of the ligand-binding domain entirely (Tora et al.,
1989; Ali et al., 1993; Kato et al., 1995). In contrast, similar experi-
ments indicate that MAPK activation in absence of applied ligand is
sufficient to activate estrogen receptors in the HeLa cervical cancer and
SK-BR-3 breast cancer cell lines (Bunone et al., 1996) as well as the SK-
N-BE neuroblastoma (Patrone et al., 1998) and Neuro-2A neuro-
blastoma cell lines (Mendez and Garcia-Segura, 2006). Unlike the
nonsteroidogenic COS-1 cell line (Zuber et al., 1986), the latter cell
lines were derived from inherently estrogenic tissue. Both HeLa cells
and neuronal cultures have since been shown to endogenously syn-
thesize estrogenic compounds in vitro (Ishikawa et al., 2006; Prange-
Kiel et al., 2003). Therefore it is possible that endogenous synthesis of
estrogenic compounds in these cell lines functions to relieve inhibition
from the unbound ligand-binding domain and permit estrogen receptor
activation in absence of exogenously applied ligand.
Our lab has found multiple lines of evidence suggesting that both

brain-derived estrogen synthesis and ligand-independent activation of
nuclear estrogen receptors continue in the rodent brain in absence of
any circulating ovarian or exogenously applied estrogens. We first
found that increased levels of ERα in the hippocampus of ovar-
iectomized rats enhances hippocampus-dependent memory (Rodgers
et al., 2010; Witty et al., 2012), through a mechanism dependent on
IGF-1R signaling (Witty et al., 2013). We have also found that in-
trahippocampal infusion of IGF-1 increases phosphorylation of ERα at

serine-118 and expression of estrogen receptor-dependent target genes
(Grissom and Daniel, 2016). We have separately shown that con-
tinuous, unopposed estradiol exposure enhances hippocampus-depen-
dent memory in ovariectomized rats through a mechanism dependent
on brain-derived estradiol (Nelson et al., 2016). Finally, we have shown
that significant estrogen response element (ERE)-dependent gene ex-
pression continues in the hippocampus and cortex long after ovar-
iectomy in the transgenic ERE-LUC mouse line (Pollard et al., 2018).
However, the mechanisms through which IGF-1-dependent kinase ac-
tivation and ligand availability interact in neuronal cells to regulate
ERE-dependent gene expression are poorly defined.
We hypothesize that both IGF-1-dependent kinase activation and

locally synthesized neuroestrogens interactively regulate estrogen re-
ceptor activity in neuronal cells in the absence of exogenously applied
estradiol. The Neuro-2A cell line was chosen as the model system for
these studies because IGF-1-dependent regulation of nuclear estrogen
receptors has already been established and has been shown to interact
with the application of exogenous estradiol (Mendez and Garcia-
Segura, 2006). The goal of the present work is to integrate the effects of
MAPK activation, PI3K activation, exogenously applied estradiol, and
endogenous neuroestrogen synthesis in determining the transcriptional
output of estrogen receptors in Neuro-2A cells. In a series of experi-
ments, we determined the sequence of kinase cascade activation events
that occur following IGF-1 treatment. We then determined how acti-
vation of these two kinases contributes to regulation of estrogen re-
ceptor-dependent gene transcription. We finally determined the con-
tribution of neuroestrogen synthesis to basal and IGF-1-dependent
nuclear estrogen receptor activation.

2. Methods

2.1. Experiment 1: time-course of IGF-1-dependent activation of PI3K/Akt
and MAPK/ERK

Initially we sought to observe the time-course of IGF-1-dependent
activation of PI3K and MAPK in the Neuro-2A cell line. This experiment
was not replicated for statistical analyses but only served to identify the
optimal treatment time-point to be used in a subsequent experiment in
which replication and statistical analyses would be performed. Cells
were hormone starved for 24 h and then pretreated for 45min with the
PI3K inhibitor, wortmannin, the MAPK inhibitor, U0126, or DMSO
alone. As shown in Fig. 1, cultures were then treated for zero, five, 15,
30, 60, or 120min with IGF-1 and cellular protein was extracted for
Western blot analysis. A separate control experiment was performed in
which cultures were treated with 100 nM IGF-1 or vehicle alone for
either 15min or 24 h before lysis. Results of this experiment are shown
in Supplemental Figure 1. The relative amount of phosphorylated S473-
Akt and T202/Y204 p42/44 ERK was used to quantify relative PI3K and
MAPK activity, respectively.

Fig. 1. Time-lines used in western blotting experi-
ments. In Experiment 1, IGF-1 was added to culture
media and cells were lysed after five, 15, 30, 60, or
120-min incubations. Western blotting was per-
formed to determine the time-course of IGF-1-de-
pendent PI3K and MAPK activation in Neuro-2A
cells. In Experiment 2, the 15-min time-point was
replicated multiple times for statistical analysis.
Cultures were pretreated for 45min with the PI3K
inhibitor, wortmannin, the MAPK inhibitor, U0126,
the combination of wortmannin and U0126, or
DMSO alone. Cells were then incubated with IGF-1 or
its vehicle alone for 15min prior to lysis. Western
blotting was performed to determine the effect of
PI3K and MAPK inhibition on IGF-1-dependent ki-
nase signaling.
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2.1.1. Culture maintenance
The Neuro-2A cell line was purchased from American Type Culture

Collection (Manassas, VA) and cultured in growth media composed of
phenol red-free 50/50 DMEM/Ham's F12 media (Life Technologies;
Carlsbad, CA) supplemented with 10% fetal bovine serum (Life
Technologies; Carlsbad, CA), 1% penicillin-streptomycin solution (5000
units/mL of each, ThermoFisher Scientific; Waltham, MA), and 0.2%
plasmocin prophylactic (2.5mg/mL, InvivoGen; San Diego, CA). Cells
were grown in a sterile incubator held at 37 °C and 5% carbon dioxide.
The culture was passaged with a 1:3 split ratio as necessary. No culture
was used for experiments after 10 passages.

2.1.2. Hormone starvation
Cells were incubated in steroid hormone-free media comprised of

phenol red-free 50/50 DMEM/Ham's F12 media supplemented with 2%
charcoal-stripped fetal bovine serum (Life Technologies; Carlsbad, CA)
for 24 h prior to initiation of all treatment paradigms.

2.1.3. Kinase inhibitor pretreatment
The MAPK inhibitor, U0126 (Sigma Aldrich, St. Louis, MO), and the

PI3K inhibitor, wortmannin (Sigma Aldrich; St. Louis, MO), were dis-
solved in DMSO. Kinase inhibitors were added directly to cell culture
media to a final concentration of 10 μM U0126 and 100 nM wort-
mannin. An equal volume of DMSO was added to cultures receiving no
pretreatment, resulting in a final concentration of 0.43% DMSO in all
cultures during pretreatment.

2.1.4. IGF-1 treatment
IGF-1 (GroPrep, Thebarton, SA, Australia) was dissolved in 10mm

HCl and added directly to the pretreated culture media to a final con-
centration of 100 nM (Mendez and Garcia-Segura, 2006). An equal
volume of 10mM HCl was added vehicle-treated cultures resulting in a
final concentration of 0.02mM HCl in all cultures. Vehicle-treated
cultures were lysed 120min after addition of vehicle and are re-
presented by the zero-minute time-point in Fig. 3. IGF-1 treated cul-
tures were treated for five, 15, 30, 60, or 120min in IGF-1 and then
lysed for western blotting analysis.

2.1.5. Sample collection for western blotting
Cultures were lysed with the addition of ice cold lysis buffer com-

posed of 50mM Tris-HCl, 150mM sodium chloride, 1mM EDTA, 1mM
sodium orthovanadate, 10mM sodium pyrophosphate, 20mM glycer-
ophosphate, 50mM sodium fluoride, 0.1 mM PMSF, 1% protease in-
hibitor cocktail (Sigma Aldrich, St. Louis, MO), 1% Nonidet-P40, 0.25%
sodium deoxycholate, and 0.1% SDS. Homogenate was then centrifuged
at 12,000 g for 15min at 4 °C. The supernatant was collected and the
protein concentration of each sample was determined with a Lowry
Assay (Bio-Rad; Hercules, CA). Lysate was mixed 1:1 with Laemmli
sample loading buffer (62.5 mM Tris-HCl, 2% SDS, 25% glycerol, 0.01%
bromophenol blue, 350mM DTT, pH 6.8) and boiled for 8min. The
protein concentration of each sample was equalized with additional
loading buffer and stored at −80 °C.

2.1.6. Western blotting
Western blotting was performed as described previously (Grissom

and Daniel, 2016) using 15 μg of total protein from culture lysate. Se-
parate blots were initially probed for either phospho-T202/Y204 p42/
44 ERK (Cell Signaling 9101S; Danvers, MA) or phospho-serine 473 Akt
(Cell Signaling 9271S). Blots were then stripped with Restore Stripping
Buffer (Fisher Scientific; Hampton, NH) for 15min at room temperature
with no agitation and re-probed for either total p42/p44 ERK (Cell
Signaling 9102S) or total Akt (Cell Signaling 9272S), respectively. All
primary antibodies were used at a dilution of 1:5000 and visualized
with the horseradish peroxidase (HRP) conjugated secondary antibody
(Santa Cruz sc-2004; Dallas, TX) at a dilution of 1:20,000. The presence
of HRP was detected with the Enhanced Chemiluminescent Substrate

(ECL) (Pierce Scientific; Waltham, MA). ECL solution was applied to
blots and film was exposed to blots for increasing duration until the
darkest band began to reach saturation. The optical density multiplied
by the area (DxA) of Western blot bands representing the proteins of
interest were quantified with MCID Core imaging software (InterFocus
Imaging Ltd.; Cambridge, England). Both the 44 kDa and 42 kDa bands
of ERK showed similar patterns of phosphorylation and DxA values of
both bands were summed for quantitative analysis. The DxA of phos-
phorylated kinase was normalized to the DxA of total kinase to obtain a
quantitative value of phosphorylation.

2.2. Experiment 2: interaction of IGF-1-dependent PI3K/Akt and MAPK/
ERK signaling

We next sought to confirm the apparent interaction between PI3K/
Akt and MAPK/ERK signaling following IGF-1 treatment seen in
Experiment 1 through replication of the 15-min time-point and statis-
tical analysis. Fig. 1 outlines the timeline of Experiment 2. Neuro-2A
cultures were pretreated for 45min with the PI3K/Akt inhibitor,
wortmannin, the MAPK/ERK inhibitor, U0126, the combination of
wortmannin and U0126, or DMSO alone. Cultures were then incubated
with IGF-1 for 15min to induce IGF-1-dependent kinase signaling.
Cultures were lysed and cellular protein content was extracted from
lysate to determine the relative activation of kinase cascades through
Western blot analysis. Culture maintenance and hormone starvation
were performed as described in Section 2.1. Kinase inhibitor pretreat-
ment was performed as described in Section 2.1.3 with an additional
group pretreated with the combination of 100 nM wortmannin and
10 μM U0126.

2.2.1. IGF-1 treatment
IGF-1 treatment was performed as described in Section 2.1.4. IGF-1

was added directly to pretreated culture media and an equal volume of
vehicle was added to cultures that did not receive IGF-1 treatment re-
sulting in a final concentration of 0.02mM HCl in all cultures. All
cultures were lysed 15min after treatment. Sample collection and
western blotting were performed as described in Section 2.1 with the
following exception: the presence of HRP was detected with the Su-
perSignal West Femto Maximum Sensitivity Substrate (Pierce Scientific;
Waltham, MA) to better quantify lower abundance bands for quanti-
tative statistical analysis. Short film exposures were used to quantify
ERK phosphorylation and IGF-1 induced phosphorylation of Akt.
Longer exposures were used to quantify Akt phosphorylation in the
absence of IGF-1 treatment.

2.2.2. Statistical analysis
This experiment was independently repeated six times, with at least

three sample replicates per group per repetition. Phosphorylation of
ERK and Akt was quantified as described in Section 2.1.6. The calcu-
lated ratio of phosphorylated kinase to total kinase was then averaged
for all replicate samples within each group and within each experiment.
Average values were complied across experiments for statistical ana-
lysis with a final "n" of six. Phosphorylated Akt in the presence of
wortmannin and phosphorylated ERK in the presence of U0126 were
not consistently detectable by Western blot and were omitted from
statistical analysis. Therefore, the final analysis of ERK phosphorylation
only included cultures pretreated with wortmannin or DMSO alone
while the final analysis of Akt phosphorylation only included cultures
pretreated with U0126 or DMSO alone. Furthermore, bands re-
presenting phosphorylated Akt after IGF-1 treatment could not be
quantitatively imaged with the same film exposure as bands re-
presenting phosphorylated Akt after vehicle treatment because IGF-1
treatment results a large induction of Akt phosphorylation. Therefore,
Akt phosphorylation in the presence of IGF-1 treatment could not be
quantitatively compared to Akt phosphorylation in the absence of IGF-1
treatment. Individual paired t-tests were then used to make the
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following comparisons: ERK phosphorylation in DMSO pretreatment/
vehicle treatment groups versus wortmannin pretreatment/vehicle
treatment group, ERK phosphorylation in DMSO pretreatment/IGF-1
treatment group versus wortmannin pretreatment/IGF-1 treatment
group, Akt phosphorylation in DMSO pretreatment/vehicle treatment
group versus U0126 pretreatment/vehicle treatment group, and Akt
phosphorylation in DMSO pretreatment/IGF-1 treatment group versus
U0126 pretreatment/IGF-1 treatment group.

2.3. Experiment 3: time-course of IGF-1-dependent estrogen receptor
activation

We next sought to compare the time-course of transcriptional acti-
vation at estrogen response elements that occurs following application
of IGF-1 to the time-course that occurs following application of 17-β-
estradiol. This experiment was not replicated for statistical analyses but
only served to identify the optimal treatment time-points to be used in
Experiments 4 and 5 where both the representative short-term response
time-point (6 h) and long-term response time-point (24 h) were re-
plicated multiple times for statistical analysis. Cultures were transiently
transfected with the ERE-Firefly and CMV-Renilla luciferase constructs.
The ERE-Firefly luciferase reports transcriptional activity at estrogen
response elements while CMV-Renilla luciferase reports transcriptional
activity at the constitutively active CMV control promoter. The time-
course of Experiment 3 is shown in Fig. 2. Cultures were treated with
IGF-1 or estradiol and incubated for durations of one, three, six, 12, or
24 h prior to lysis. Lysate was then immediately analyzed for the pre-
sence of the experimental Firefly luciferase and control Renilla luci-
ferase protein content. Culture maintenance was again performed as
described in Section 2.1.1.

2.3.1. Transfection
The Invitrogen Neon Transfection System (Life Technologies;

Carlsbad, CA) was used according to manufacturer's instructions to
transfect cells via electroporation. Each transfection contained 106 cells
and 120 ng of plasmid DNA comprised of 10 ng CMV-GFP plasmid
(Promega; Madison, WI), 10 ng CMV-Renilla luciferase plasmid
(Promega; Madison, WI), 100 ng ERE-firefly luciferase plasmid. The
ERE-Firefly luciferase (3X ERE TATA luc) plasmid was a gift from
Donald McDonnell (Addgene plasmid # 11354) (Hall and McDonnell,
1999). Two pulses, each 1400 V and 20ms, were applied to the trans-
fection mixture and cells were plated in a 96-well plate at a seeding
density of 1.05× 105 cells per cm2 in antibiotic-free growth media.
Cells were allowed to recover in growth media for 40 h after electro-
poration and prior to steroid hormone starvation. Cultures were then

hormone starved for 24 h prior to treatment as described in Section
2.1.2.

2.3.2. IGF-1 and estradiol treatment
17-β-estradiol (Sigma Aldrich, St. Louis, MO) was dissolved in 100%

ethanol. IGF-1 was dissolved in 10mM HCl. IGF-1 was added directly to
culture media at a final concentration of 100 nM 17-β-estradiol was
added directly to culture media at a final concentration of 10 nM.
Where either treatment was omitted, an equal volume of vehicle alone
was added directly to media resulting in a final concentration of 0.03%
ethanol and 0.02mM HCl in all cultures. Cells were treated with es-
tradiol, IGF-1, or vehicle alone for one, three, six, 12, or 24 h before
lysis. Lysate was immediately analyzed for the presence of Firefly and
Renilla luciferase enzyme proteins.

2.3.3. Dual-luciferase assays
Firefly and Renilla luciferase enzyme content was quantified using

the Dual-Glo Luciferase Assay System according to the manufacturer's
protocol (Promega; Madison, WI). Briefly, Firefly buffer is first added to
each culture well. This buffer both lyses the culture and provides the
substrate for the Firefly luciferase reaction. Firefly luminescence is then
immediately measured on a luminometer, which is proportional to
Firefly luciferase enzyme content. The Renilla buffer is then added to
each culture well. This buffer quenches the Firefly luciferase reaction
and provides the substrate for the Renilla luciferase reaction. Renilla
luminescence is then immediately measured on a luminometer, which
is proportional to the Renilla luciferase enzyme content.

2.3.4. Statistical analysis
A single experiment was conducted with three replicate wells for

each treatment group and time-point. The observed Firefly luciferase
enzyme content was normalized to Renilla luciferase enzyme content to
obtain a value for the fold induction of ERE-dependent gene tran-
scription at each time-point. The Firefly/Renilla luciferase enzyme
content value was averaged across each of the three wells in each
treatment group and normalized to the time-matched vehicle control
condition. All vehicle controls thus have a value of 1 and are re-
presented by the zero-minute time-point in Fig. 6.

2.4. Experiment 4: IGF-1-dependent regulation of estrogen receptor activity
through PI3K/Akt and MAPK/ERK

We next sought to determine if IGF-1-dependent regulation of es-
trogen receptor activity in Neuro-2A cells is mediated through the
PI3K/Akt and/or MAPK/ERK kinase cascades (see Fig. 7). The timeline

Fig. 2. Time-lines used in luciferase reporter ex-
periments. In Experiment 3, cultures were treated
with IGF-1, 17βE2, or vehicle alone for durations of
one, three, six, 12, or 24 h. Cultures were lysed and
immediately analyzed for dual luciferase reporter
enzyme expression. The 6-h time point was re-
plicated in Experiments 4 and 5. In Experiment 4,
cultures were pretreated for 45 min with the PI3K
inhibitor, wortmannin, the MAPK inhibitor, U0126,
the combination of wortmannin and U0126, or
DMSO alone. Cells were then treated with IGF-1,
17βE2, IGF-1+17βE2, or vehicle alone for 6 h.
Cultures were lysed and immediately analyzed for
dual luciferase reporter enzyme expression. In
Experiment 5, cultures were pretreated for 24 h with
the aromatase enzyme inhibitor, letrozole, or DMSO
alone. Cells were then treated with IGF-1, 17βE2,
IGF-1+17βE2, or vehicle alone for 6 h (Experiment
5A) or 24 h (Experiment 5B). Cultures were lysed
and immediately analyzed for dual luciferase re-
porter enzyme expression.
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of Experiment 4 is outlined in Fig. 2. Neuro-2A cells were transfected
with dual ERE-Firefly and CMV-Renilla luciferase constructs via elec-
troporation. Cultures were then pretreated for 45min with the PI3K/
Akt inhibitor, wortmannin, the MAPK/ERK inhibitor, U0126, the
combination of wortmannin and U0126, or DMSO alone. Cultures were
then treated with IGF-1 for 6 h and dual luciferase assays were per-
formed to determine the effect of inhibition of these two kinase cas-
cades on IGF-1-dependent activation of estrogen receptors in Neuro-2A
cells. General culture maintenance was performed as described in
Section 2.1. Transfection was performed as described in Section 2.3.1.
Cultures were hormone starved for 24 h prior to treatment as described
in Section 2.1.2. Cultures were pretreated for 45min with the PI3K/Akt
and/or MAPK/ERK inhibitors as described in Section 2.2.

2.4.1. IGF-1 treatment
IGF-1 treatment was performed as described Section 2.1.4. Results

of Experiment 3 (shown in Fig. 6) revealed that maximal IGF-1-de-
pendent estrogen receptor activation occurred at the 6-h time point.
Therefore, cultures were treated with IGF-1 for 6 h in Experiment 4 and
dual luciferase assays were immediately performed as described in
Section 2.3.3.

2.4.2. Statistical analysis
This experiment was independently performed three separate times

with four replicates per treatment group per experiment. The fold-in-
duction of ERE-dependent gene transcription for each sample (Firefly/
Renilla luciferase enzyme expression) was averaged across wells within
each treatment group for each experiment. The averaged values were
compiled across replicate experiments for statistical analysis with a
final "n" of three. A two-way repeated-measures ANOVA with within-
subjects factors of “kinase inhibitor pretreatment” and “IGF-1 treat-
ment” with LSD post-hoc tests was used to determine significant effects

Fig. 3. Time-course of MAPK and PI3K activation after treatment with IGF-1 as determined by phosphorylation of ERK and Akt, respectively. (A) Neuro-2A cultures
were pretreated for 45 min with the PI3K inhibitor, wortmannin, the MAPK inhibitor, U0126, or vehicle alone (0.43% DMSO). Cells were then treated for zero, five,
15, 30, 60, or 120 min with 100 nM IGF-1. (B) Representative western blots of phosphorylated and total Akt and ERK after zero, five, or 15 min of IGF-1 treatment
that were developed with low-sensitivity chemiluminescent substrate. (C) Quantification of Akt and (D) quantification of ERK phosphorylation over time after
activation of IGF-1. + addition of drug, - omission of drug.
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of kinase inhibition and IGF-1 application on the fold induction of ERE-
dependent gene expression.

2.5. Experiment 5: interaction of IGF-1R signaling and neuroestrogen
synthesis in regulation of estrogen receptor activity

Finally we sought to determine if endogenous estradiol synthesis
contributes to IGF-1 or estradiol-dependent regulation of estrogen re-
ceptors in the Neuro-2A cell line. The results of Experiment 3, shown in
Fig. 6, determined that IGF-1 dependent ERE-Luciferase reporter ex-
pression peaks 6 h after treatment while estradiol-dependent ERE-lu-
ciferase reporter expression continues to increase up to 24 h after
treatment. Therefore both the six and 24-h time-points were replicated
for statistical analysis in Experiments 5A and 5B, respectively. Cultures
were transfected with dual ERE-Firefly and CMV-Renilla luciferase
transcriptional reporter constructs and pretreated for 24 h with the
aromatase enzyme inhibitor, letrozole, or DMSO alone. Cultures were
then treated with IGF-1, 17βE2, the combination of IGF-1 and 17βE2,
or vehicle alone for another six or 24 h. Lysate was then immediately
assayed for the Firefly and Renilla luciferase enzyme content. Culture
maintenance was performed as described in Section 2.1.1. Transfection
was performed as described in Section 2.3.1.

2.5.1. Aromatase enzyme inhibitor treatment
The aromatase enzyme inhibitor, letrozole (Sigma Aldrich; St. Louis,

MO), was dissolved in DMSO and added directly to culture media to a
final concentration of 100 nM. An equal volume of DMSO was added to
cultures receiving vehicle pretreatment resulting in a final concentra-
tion of 0.003% DMSO in all cultures during pretreatment. Cells were
then incubated for 24 h.

2.5.2. Hormone treatment
17-β-estradiol and IGF-1 treatments were added directly to pre-

treatment media as described in Section 2.3.2 with an additional
treatment group receiving co-application of 17-β-estradiol and IGF-1.
Where a treatment was omitted, an equal volume of either vehicle was
added in its place resulting in a final concentration of 0.03% ethanol
and 0.02mM HCl in all cultures. Cultures were then incubated for 6 h
(Experiment 5A) or 24 h (Experiment 5B) and lysed. Lysate was im-
mediately analyzed for the presence of Firefly and Renilla luciferase
enzyme content as described in Section 2.3.3.

2.5.3. Statistical analysis
The six and 24-h experiments were each independently replicated

three separate times with four replicate cultures per treatment group
per experiment. The fold-induction of ERE-dependent gene transcrip-
tion (Firefly/Renilla luciferase enzyme content) for each sample was
averaged within each treatment group for each experiment. Averaged
values were then compiled across replicate experiments for statistical
analysis resulting in a final "n" of three. A two-way repeated-measures
ANOVA with within-subjects factors of “aromatase enzyme inhibition”
and “hormone treatment” and LSD post-hoc tests were performed se-
parately for the six and 24-h experiments to determine significant ef-
fects of aromatase enzyme inhibition and hormone treatment on acti-
vation of ERE-dependent gene transcription at these two time-points.

3. Results

3.1. Experiment 1: time-course of IGF-1-dependent activation of PI3K/Akt
and MAPK/ERK

We first sought to qualitatively determine the time-course of PI3K
and MAPK activation in response to IGF-1 treatment. As shown in
Fig. 3A, Neuro-2A cells were treated with IGF-1 in the presence or
absence of the PI3K inhibitor, wortmannin (Wort), and the MAPK in-
hibitor, U0126. Replicate cultures were lysed zero, five, 15, 30, 60, or

120min after IGF-1 addition and western blotting for phosphorylated
Akt and ERK was performed to determine relative activation of the PI3K
and MAPK kinase cascades, respectively. Western blots depicting
phosphorylated and total Akt and ERK from the zero, five, and 15min
time points are shown in Fig. 3B and the full, un-cropped western blots
are shown in Supplemental Figure 2. Quantification of relative phos-
phorylation across all time points for Akt and ERK are represented in
Fig. 3C and D, respectively. As shown in Fig. 3C, PI3K is rapidly acti-
vated after IGF-1 treatment, reaching its maximal level within 5min of
treatment. IGF-1-dependent PI3K activation is prolonged, remaining
elevated above baseline levels throughout the 2-h treatment time-
course but returning to baseline levels 24 h after treatment (see
Supplemental Figure 1). The presence of the MAPK inhibitor, U0126,
enhanced the magnitude of IGF-1-dependent PI3K activation. As shown
in Fig. 3D, MAPK is also rapidly activated after application of IGF-1,
reaching its maximal level within 5min of treatment. Unlike IGF-1-
dependent activation of PI3K, MAPK activation returns to baseline
within 15min of treatment. However the presence of the PI3K inhibitor,
wortmannin, enhanced both the magnitude and duration of IGF-1-de-
pendent MAPK activation. IGF-1-dependent ERK phosphorylation in the
presence of wortmannin remained elevated up to 1 h after treatment
relative to both cultures treated with IGF-1 in the absence of wort-
mannin and vehicle alone. Together these results indicated that IGF-1
treatment rapidly activates both the PI3K/Akt and MAPK/ERK kinase
cascades, which interact through mutual repression in the Neuro-2A
cell line.

3.2. Experiment 2: interaction of IGF-1-dependent PI3K/Akt and MAPK/
ERK signaling

As described in Section 3.1, both U0126-dpendent enhancement of
IGF-1-dependent Akt phosphorylation and wortmannin-dependent en-
hancement of IGF-1-dependent ERK phosphorylation were apparent at
the 15-min time-point. Therefore, this time-point was chosen for further
analysis in Experiment 2. As shown in Figs. 4A and 5A, Neuro-2A cul-
tures were pretreated with the PI3K inhibitor, wortmannin, the MAPK
inhibitor, U0126, the combination of wortmannin and U0126, or DMSO
alone and subsequently treated for 15min with IGF-1 or its vehicle
alone. The effect of kinase inhibition on basal phosphorylation of Akt
and ERK is shown in Fig. 4 while the effect of kinase inhibition on IGF-
1-dependent phosphorylation of Akt and ERK is shown in Fig. 5.
Representative western blots demonstrating the effect of MAPK

and/or PI3K inhibition on basal phosphorylation of Akt and ERK are
shown in Fig. 4B. Quantification of the effect of MAPK inhibition on
basal phosphorylation of Akt is represented in Fig. 4C while quantifi-
cation of the effect of PI3K inhibition on basal phosphorylation of ERK
is represented in Fig. 4D. The paired t-tests determined that MAPK in-
hibition with U0126 significantly increased basal phosphorylation of
Akt (t(5)= 2.877, p=0.0347) while inhibition of PI3K with wort-
mannin had no effect on basal phosphorylation of ERK. These results
indicate that, in absence of IGF-1 treatment, MAPK activity exerts basal
inhibition of PI3K while basal PI3K activity has no effect on MAPK
activity.
Representative western blots demonstrating the effect of MAPK and

PI3K inhibition on IGF-1-dependent phosphorylation of Akt and ERK
are shown in Fig. 5B. Quantification of the effect of MAPK inhibition on
IGF-1-dependent phosphorylation of Akt is represented in Fig. 5C while
quantification of the effect of PI3K inhibition on IGF-1-dependent
phosphorylation of ERK is represented in Fig. 5D. The paired t-tests
determined that U0126 pretreatment significantly enhanced IGF-1-de-
pendent Akt phosphorylation (t(5)= 5.689, p=0.0023) and wort-
mannin pretreatment significantly enhanced IGF-1-dependent ERK
phosphorylation (t(5) = 3.307, p=0.0213). These data confirm that the
MAPK and PI3K cascades mutually repress activation of each other in
Neuro-2A cells after treatment with IGF-1.
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3.3. Experiment 3: time-course of IGF-1-dependent estrogen receptor
activation

We next sought to qualitatively determine the time-course of IGF-1-
dependent activation of nuclear estrogen receptors in Neuro-2A cells in
comparison to the time-course of activation of nuclear estrogen re-
ceptors by their cognate ligand, 17-β-estradiol. Neuro-2A cells were
transfected with experimental ERE-Firefly and control CMV-Renilla
luciferase reporter constructs and treated with IGF-1 or 17-β-estradiol
for zero, one, three, six, 12, or 24 h. Fold induction of the experimental
ERE-Firefly luciferase reporter construct was used to measure the re-
lative activation of nuclear estrogen receptors. As shown in Fig. 6,
nuclear estrogen receptors displayed distinct temporal responses to
treatment with IGF-1 and 17-β-estradiol. IGF-1 treatment resulted in a
transient increase in ERE-dependent gene expression, reaching its
maximal response at 6 h and returning to baseline within 12 h of
treatment. 17-β-estradiol treatment resulted in a sustained increase in
ERE-dependent gene expression, progressively increasing across the

duration of the 24-h time-course. These results indicate that exogenous
17-β-estradiol treatment results in continuous, while IGF-1 treatment
results in transient, activation of endogenous nuclear estrogen receptors
in the Neuro-2A cell line.

3.4. Experiment 4: IGF-1-dependent regulation of estrogen receptor activity
through PI3K/Akt and MAPK/ERK

We next sought to determine how activation of MAPK and PI3K
contribute to activation of estrogen receptor signaling in Neuro-2A
cells. As described in Section 3.3, the maximal induction of ERE-de-
pendent gene expression following IGF-1 application was observed at
the 6-h time-point. Therefore, this time-point was chosen for further
analysis in Experiment 4. Cells were again transfected with the dual
ERE-Firefly and CMV-Renilla luciferase reporter constructs. They were
then pretreated for 45min with the PI3K inhibitor, wortmannin, the
MAPK inhibitor, U0126, the combination of wortmannin and U0126, or
DMSO alone. Cells were then treated for 6 h with IGF-1 or vehicle alone

Fig. 4. Basal MAPK cascade activity suppresses basal PI3K cascade activity in the Neuro-2A cell line. (A) Cells were pretreated for 45 min with the PI3K inhibitor,
wortmannin (Wort), the MAPK inhibitor, U0126, the combination of wortmannin and U0126 or vehicle alone (0.43% DMSO). Cells were then treated an additional
15 min with the vehicle for IGF-1 (0.02 mM HCl) to observe the effect of pretreatment alone on basal kinase activation. (B) Representative western blots of
phosphorylated and total Akt (left) and ERK (right) developed with high-sensitivity chemiluminescent substrate after the indicated treatment paradigm. (C)
Inhibition of MAPK with U0126 significantly increases basal phosphorylation of Akt. (D) Inhibition of PI3K/Akt with wortmannin has no effect on mean basal
phosphorylation of ERK. Bar graphs represent mean value + SEM. + addition of drug, - omission of drug. *p < 0.05 vs. DMSO pretreatment.
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and lysed to measure induction of ERE-dependent gene expression. The
two-way repeated-measures ANOVA identified a significant main effect
of kinase inhibitor pretreatment (F(3,6) = 26.458, p < 0.001), no main
effect of IGF-1 treatment, and a significant interaction between kinase
inhibitor pretreatment and IGF-1 treatment (F(3,6)= 9.720 p=0.01).
Post-hoc testing among levels of pretreatment determined that pre-
treatment with wortmannin increased (p < 0.001) while pretreatment
with U0126 (p = 0.003) or U0126 + wortmannin (p=0.005) de-
creased ERE-dependent gene expression relative to pretreatment with
DMSO alone. Further post-hoc testing to determine the source of pre-
treatment by treatment interaction revealed that IGF-1 treatment sig-
nificantly increased ERE-dependent gene expression in cultures pre-
treated with DMSO (p=0.045) or wortmannin (p=0.014) but not
U0126 or the combination U0126 and wortmannin. Finally, IGF-1
treatment after wortmannin pretreatment resulted in a significantly
larger induction of ERE-dependent gene transcription than IGF-1
treatment after pretreatment with vehicle alone (p=0.018). Together
these results indicate that IGF-1-dependent MAPK activation promotes,
while IGF-1-dependent PI3K activation inhibits, ERE-dependent gene

expression in Neuro-2A cells.

3.5. Experiment 5: interaction of IGF-1R signaling and neuroestrogen
synthesis in regulation of estrogen receptor activity

Finally, we sought to determine the contribution of exogenously
applied and endogenously synthesized estradiol on IGF-1-dependent
activation of estrogen receptors in Neuro-2A cells. As shown in Fig. 6,
IGF-1-dependent estrogen receptor activation peaked within 6 h of
treatment while estradiol-dependent estrogen receptor activation con-
tinued to increase across the 24-h time-course. Both the six and 24-h
time-points were chosen for further replication and quantitative sta-
tistical analysis to determine the effect of aromatase enzyme inhibition
and exogenous estradiol application both during IGF-1 dependent es-
trogen receptor activation and long after IGF-1-dependent estrogen
receptor activation has ceased. Cultures were again transfected with
dual ERE-Firefly and CMV-Renilla luciferase reporter constructs and
then were pretreated for 24 h with the aromatase enzyme inhibitor,
letrozole, or DMSO alone. Cells were then treated for six or 24 h with

Fig. 5. IGF-1-dependent activation of the MAPK and PI3K kinase cascades are mutually repressive in the Neuro-2A cell line. (A) Cells were pretreated for 45 min with
the PI3K inhibitor, wortmannin (Wort), the MAPK inhibitor, U0126, the combination of wortmannin and U0126 or vehicle alone (0.43% DMSO). Cells were then
treated an additional 15 min with IGF-1 to observe the effect of pretreatment on IGF-1-dependent kinase activation. (B) Representative western blots of phos-
phorylated and total Akt (left) and ERK (right) developed with high-sensitivity chemiluminescent substrate after the indicated treatment paradigm. (C) Inhibition of
MAPK/ERK with U0126 significantly increased IGF-1-dependent phosphorylation of Akt. (D) Inhibition of PI3K/Akt with wortmannin significantly increased IGF-1-
dependent phosphorylation of ERK. Bar graphs represent mean value + SEM + addition of drug, - omission of drug. #p < 0.05 vs. DMSO pretreatment.
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IGF-1, 17βE2, IGF-1+17βE2, or vehicle alone and lysed to determine
induction of ERE-dependent gene expression.
After 6 h of treatment, the two-way repeated-measures ANOVA

found no significant main effect of aromatase enzyme inhibition, a
significant main effect of hormone treatment (F(3,6) = 9.877,
p=0.003) and a significant interaction between aromatase enzyme

Fig. 6. Time-course of estrogen receptor response to IGF-1 and 17-β-estradiol
application. Cultures were transfected with an experimental construct expres-
sing Firefly luciferase under control of the consensus estrogen response element
(ERE) and a control construct expressing Renilla luciferase under control of the
ubiquitous CMV promoter. Cultures were treated with IGF-1 or estradiol for
one, three, six, 12, or 24 h and lysed to determine the fold induction of the ERE-
dependent reporter construct. The response of estrogen receptors to IGF-1 was
transient, reaching its maximum 6 h after stimulation and returning to baseline
by 12 h. The response to estradiol progressively increased throughout the 24-h
treatment period. Data are normalized to the average time-matched vehicle-
treated control represented by the zero-minute time-point.

Fig. 8. Short-term IGF-1-dependent activation of estrogen receptors in Neuro-
2A cells requires aromatase enzyme activity. Cultures were transfected with an
experimental construct expressing Firefly luciferase under control of the con-
sensus estrogen response element (ERE) and a control construct expressing
Renilla luciferase under control of the ubiquitous CMV promoter. Cells were
pretreated for 24 h with the aromatase enzyme inhibitor, letrozole, or vehicle
alone (0.003% DMSO). IGF-1, 17βE2, the combination of IGF-1 and 17βE2, or
vehicle alone (0.02 mM HCl, 0.03% ethanol) was then added to cultures. Cells
were incubated for 6 h (A) or 24 h (B) and lysed to determine expression of the
reporter constructs with a dual luciferase assay. IGF-1 treatment enhanced ERE-
dependent gene expression when measured six but not 24 h after treatment.
Pretreatment with letrozole blocked IGF-1-dependent estrogen receptor acti-
vation 6 h post-treatment. Aromatase enzyme inhibition has no effect on IGF-1
or estradiol dependent estrogen receptor activation 24 h post-treatment. Data
presented as mean value + SEM. *p < 0.05 vs Vehicle treatment. ˆp < 0.05
vs IGF-1 treatment. #p < 0.05 vs DMSO pretreatment.

Fig. 7. The MAPK cascade mediates, and the PI3K cascade inhibits, IGF-1-de-
pendent activation of estrogen receptors in the Neuro-2A cell line. Cultures
were transfected with an experimental construct expressing Firefly luciferase
under control of the consensus estrogen response element (ERE) and a control
construct expressing Renilla luciferase under control of the ubiquitous CMV
promoter. Cultures were then pretreated for 45 min with the PI3K inhibitor,
wortmannin, the MAPK inhibitor, U0126, the combination of wortmannin and
U0126, or vehicle alone (0.43% DMSO). Cells were then treated with IGF-1 or
vehicle alone (0.02 mM HCl) for 6 h and lysed to determine the fold induction
of the ERE-dependent reporter construct. MAPK inhibition decreased basal ERE-
dependent gene expression and blocked IGF-1-dependent activation of estrogen
receptors. PI3K inhibition potentiated IGF-1-dependent activation of estrogen
receptors. Data presented as mean value + SEM. *p < 0.05 vs DMSO pre-
treatment. #p < 0.05 vs Wortmannin pretreatment. ˆp < 0.05 vs Vehicle
treatment.
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inhibition and hormone treatment (F(3,6)= 8.370, p=0.006). As
shown in Fig. 8A, post-hoc testing among the levels of treatment iden-
tified that treatment with estradiol (p < 0.001), IGF-1 (p=0.013),
and the combination of estradiol and IGF-1 (p < 0.001) significantly
increased ERE-dependent gene expression relative to treatment with
vehicle alone. Further post-hoc testing to determine the source of ar-
omatase enzyme inhibition by hormone treatment interaction de-
termined that letrozole pretreatment resulted in a significant reduction
in the estrogen receptor response to IGF-1 (p < 0.001) as well as the
combination of 17-β-estradiol and IGF-1 (p=0.049). Together these
results indicate that in vitro neuroestrogen synthesis mediates IGF-1-
dependent activation of estrogen receptors but does not affect short-
term estrogen receptor activation in response to application of exo-
genous estradiol.
After 24 h of treatment, the two-way repeated-measures ANOVA

revealed no effect of aromatase enzyme inhibition (F(1,6)= 0.0147,
p=0.914), a significant effect of hormone treatment (F(3,6)= 36.861,
p < 0.001), and no interaction (F(3,6)= 0.522, p=0.682). As shown
in Fig. 8B, post-hoc testing among the levels of treatment revealed that
treatment with estradiol (p < 0.001) or the combination of estradiol
and IGF-1 (p < 0.001) significantly increased ERE-dependent trans-
gene expression relative to treatment vehicle alone. Treatment with
IGF-1 alone had no effect on ERE-dependent gene expression and
treatment with estradiol (p < 0.001) or the combination of estradiol
and IGF-1 (p < 0.001) also significantly increased ERE-dependent
transgene expression relative to treatment IGF-1. Letrozole pretreat-
ment had no effect on ERE-dependent gene expression at the 24-h time
point. These results confirm that estradiol-dependent estrogen receptor
activation in Neuro-2A cells persists 24 h after treatment but IGF-1-
dependent estrogen receptor activation does not. Additionally, ar-
omatase enzyme inhibition did not affect the response of nuclear es-
trogen receptors to the co-application of both estradiol and IGF-1 at the
24-h time-point. This indicates that aromatase enzyme inhibition only
interferes with the response to co-application of both estradiol and IGF-
1 during the time when IGF-1 treatment is effective.

4. Discussion

The results presented here outline the mechanisms through which
IGF-1-dependent activation of mutually repressive MAPK and PI3K ki-
nase cascades interact with endogenous estrogen synthesis to mediate
ERE-dependent gene expression in the Neuro-2A neuroblastoma cell
line. The effects of kinase inhibition and IGF-1 treatment on rapid PI3K
and MAPK signaling mirror the subsequent patterns of nuclear estrogen
receptor activation. IGF-1-dependent activation of nuclear estrogen
receptors is mediated through MAPK and inhibited by PI3K and re-
quires endogenous estrogen synthesis.
Basal phosphorylation of both ERK and Akt was detectable by

Western blot in the absence of any treatment, indicating that both
MAPK and PI3K have some level of basal activity in Neuro-2A cells.
Inhibition of basal MAPK activity with U0126 resulted in a significant
increase in PI3K activity while inhibition of basal Akt activity with
wortmannin had no effect on MAPK activity. This result suggests MAPK
non-selectively suppresses PI3K while the observed PI3K-dependent
suppression of MAPK is specific to IGF-1 treatment. Although only the
main effects of MAPK and PI3K inhibition on ERE-dependent gene ex-
pression were statistically significant, a post-hoc test performed to di-
rectly compare ERE-dependent transgene expression between the
DMSO pretreatment, vehicle treatment group and the U0126 pretreat-
ment, vehicle treatment groups was also trending toward significance
(p=0.067). Furthermore, as wortmannin pretreatment alone resulted
in a non-statistically significant increase in estrogen receptor activation,
ERE-dependent gene expression was significantly higher in the wort-
mannin pretreatment, vehicle treatment group than the U0126 pre-
treatment, vehicle treatment group (p < 0.001). These results suggest
that basal MAPK and PI3K activities might each perform a role in

regulation of basal estrogen receptor activity in Neuro-2A cells, but this
hypothesis would need to be confirmed with additional experimenta-
tion. A thorough identification of the sources of basal MAPK and PI3K
activity in neuronal cells and how they affect estrogen receptor activity
in the absence of applied estrogens is an interesting avenue for further
investigation.
IGF-1 treatment elicited a rapid and short burst of MAPK activation

in Neuro-2A cells that is terminated within 15min of stimulation. The
MAPK inhibitor, U0126, completely blocked IGF-1-dependent induc-
tion of ERE-dependent gene expression, indicating that it is the critical
kinase that mediates IGF-1-dependent activation of estrogen receptors.
We additionally identified a novel function of PI3K in rapid regulation
of estrogen receptor activation that is distinct from the previously de-
scribed long-term regulation of estrogen receptor stability (Mendez and
Garcia-Segura, 2006). In the present work, application of IGF-1 in the
presence of the PI3K inhibitor, wortmannin, enhanced both the mag-
nitude and duration of the transient MAPK burst and also enhanced
IGF-1-dependent induction of ERE-dependent gene expression. Fur-
thermore, wortmannin-dependent enhancement of nuclear estrogen
receptor activity was not observed in the presence of the MAPK in-
hibitor U0126. This indicates that PI3K-dependent regulation of nuclear
estrogen receptors is achieved through regulation of MAPK activity and
not through some unidentified, independent pathway. However, sup-
port for this interpretation is limited by the use of a single pharmaco-
logical agent for each kinase pathway. We cannot rule out the possi-
bility that these inhibitors had unexpected off-target effects similar to
previous work with the PI3K inhibitor LY294002 (Pasapera Limón
et al., 2003). The present results are also limited by the lack of re-
plication of IGF-1-dependent rapid activation of MAPK 5min after
treatment. However, this effect has already been described previously
in a number of cell types including the Neuro-2A cell line used in the
present work (Munderloh et al., 2009). The use of additional pharma-
cological inhibitors or genetic techniques for manipulation of MAPK
and PI3K activity would confirm and refine the mechanisms of IGF-1-
dependent interaction between these two kinases.
The previously described endogenous patterns of IGF-1-induced

kinase signaling, and resulting interaction between MAPK and PI3K,
differ across neuronal sub-types. In R28 retinal neuron-like cells, IGF-1
treatment elicits prolonged activation (at least 80min) of both PI3K and
MAPK (Kong et al., 2016). IGF-1 activates PI3K but not MAPK in PC12
neural crest cells but activates both PI3K and MAPK in primary culture
of cortical neurons (Wang et al., 2012). IGF-1 activates PI3K and in-
hibits MAPK in substantia nigra pars compacta dopaminergic neurons
in rat model of Parkinson's disease (Quesada et al., 2008). IGF-1R-de-
pendent activation of PI3K activates ERK via c-raf but independent of
Akt in trigeminal ganglion neurons (Wang et al., 2014). Chochlear hair
cell survival is enhanced by IGF-1 through a mechanism that requires
both PI3K and MAPK and results in transient (12 h) burst in survival-
related gene expression (Hayashi et al. 2013, 2014). The pattern of
activation in Neuro-2A cells described here is most similar to that of
primary cultured hippocampal neurons. IGF-1 treatment results in
sustained activation of PI3K but transient activation of MAPK while
BDNF treatment results in sustained activation of both cascades in
primary cultured hippocampal neurons (Zheng and Quirion, 2004).
Additionally, we show here that treatment with IGF-1 and 17-β-

estradiol elicit distinct temporal transcriptional responses from es-
trogen receptors in the Neuro-2A cell line. Treatment with estradiol
resulted in a progressively increasing rate of ERE-dependent gene ex-
pression over a 24-h time-course. In contrast, IGF-1 treatment elicited
only a transient response, peaking at 6 h and terminating 12 h after
treatment. It is not clear from the data presented here why the response
to IGF-1 was transient. IGF-1 dependent activation of MAPK ceased
within 15min of treatment while IGF-1-dependent activation of PI3K
lasted for at least 2 h but had terminated 24 h after treatment (see
Supplemental Figure 1). The response may be actively terminated or
the cells may gradually stop responding as the IGF-1 treatment is
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naturally degraded. In either case, the termination of response to IGF-1
mirrors the termination of the transient MAPK burst, which is ac-
celerated by IGF-1-induced activation of PI3K. This potentially creates
circumstances in which MAPK, the critical kinase that promotes es-
trogen receptor activation, is actively inhibited while PI3K, a kinase
that opposes MAPK-dependent activation of estrogen receptors, remains
highly active for at least 2 h. We hypothesize that this ultimately results
in a prolonged refractory period during which estrogen receptors will
be unable to respond to subsequent MAPK stimulatory events. Further
studies would be necessary to confirm this hypothesis.
The interaction of IGF-1 and estrogen signaling has been described

in various models of neuroprotection (Quesada et al., 2008; Kong et al.,
2016; Hayashi et al. 2013, 2014), but the direct involvement of ERE-
dependent gene expression in these various models was not directly
tested. MAPK has previously been shown to activate ERE-dependent
gene expression by exogenously expressed ERα in the non-neuronal
COS-1 cell line (Kato et al., 1995) and the SK-N-BE neuroblastoma cells
(Patrone et al., 1998). Previous wok investigating activation of en-
dogenous estrogen receptors in the Neuro-2A cell line found that IGF-1
and estradiol treatment both enhanced ERE-dependent expression of
the SEAP reporter protein 24 h after treatment (Mendez and Garcia-
Segura, 2006). However, co-application of IGF-1 and estradiol reduced
the estrogen receptor response relative to treatment with estradiol
alone. Application of wortmannin not only blocked the IGF-1-depen-
dent reduction in estrogen receptor activity but enhanced activity to
levels far above that of treatment with estradiol alone. The results
presented here describe a dynamic time-course of IGF-1-dependent
regulation of estrogen receptor activity. IGF-1 treatment rapidly acti-
vates both MAPK and PI3K, but MAPK activity is rapidly terminated
while PI3K activity remains elevated for at least 2 h but not as long as
24 h after treatment (see Supplemental Figure 1). The SEAP reporter
protein has a half-life of about 22 h in culture (Salucci et al., 2002),
therefore this reporter system gives an indication about how active
estrogen receptors have been over the entire previous day. In contrast,
the Firefly luciferase reporter protein has a half-life of only about 2 h
(Ignowski and Schaffer, 2004), meaning this reporter system gives an
indication about how active estrogen receptors have been over the
previous few hours. The high temporal resolution of this reporter
system allowed us to separate the short-term MAPK-dependent estrogen
receptor activation from the longer term PI3K-dependent inhibition of
ERE-dependent gene expression described previously.
Finally, we have determined for the first time that aromatase en-

zyme activity is necessary to observe IGF-1-dependent estrogen re-
ceptor activation. Neuroestrogen synthesis has been shown to be im-
portant for the maintenance of synaptic spine density in hippocampal
slice cultures (Kretz et al., 2004) and has been shown to support cog-
nitive function in postmenopausal women (Bender et al., 2015; Collins
et al., 2009; Bayer et al., 2015) and ovariectomized rodents (Vierk
et al., 2012; Martin et al., 2003). The present work shows a specific
requirement for aromatase enzyme activity in the short-term IGF-1-
dependent activation of ERE-dependent gene expression. Similar work
has shown that aromatase enzyme activity was necessary for rapid
activation of Arc and PSD-95 mRNA synthesis in the hippocampal H19-
7 immortalized cell line (Chamniansawat and Chongthammakun,
2012). In vivo work in a mouse model of Alzheimer's disease pathology
found that levels of brain-derived estradiol alter the efficacy of estrogen
replacement therapy in a mouse model of Alzheimer's disease pathology
(Li et al., 2013). Like the present work, these observations indicate that
exogenously applied estradiol and endogenously synthesized neuroes-
trogens are not always interchangeable and result in distinct patterns of
cell signaling and estrogen dependent gene regulation.
Previous results suggest that relief of ligand-binding domain in-

hibition is necessary to unmask MAPK-dependent activation of ERα (Ali
et al., 1993; Kato et al., 1995). We suggest that in Neuro-2A cells, en-
dogenous estrogen synthesis provides a constant source of minimal li-
gand sufficient to relieve ligand-binding domain inhibition and permit

responsiveness to the IGF-1 stimulatory signal. However, the present
work does not rule out alternative interpretations of the data presented.
Aromatase activity can also be rapidly activated through intracellular
kinase signaling (Fester et al., 2015). It is possible that IGF-1 dependent
activation of MAPK directly upregulates aromatase enzyme activity,
activating nuclear estrogen receptor activity indirectly through an au-
tocrine mechanism. Additionally, estrogen signaling has also been
shown to activate a variety of kinase pathways in neuronal (Boulware
et al., 2005) and neuroblastoma cells (Clark et al., 2014; Ni et al., 2015;
Takahashi et al., 2011). It is therefore also possible that local aromatase
enzyme-dependent estrogen synthesis initiates estrogen-dependent ki-
nase signaling that interacts with IGF-1-dependent kinase signaling and
modulates IGF-1-dependent effects on nuclear estrogen receptor acti-
vation. Further experimentation will be necessary to refine these ob-
servations and elucidate the full mechanism of interaction.
Unexpectedly, co-application of exogenous estradiol along with IGF-

1 after aromatase enzyme inhibition did not result in the same short-
term level of estrogen receptor activation as application of exogenous
estradiol alone after aromatase enzyme inhibition. Small differences in
the sequence of stimulatory events experienced by each treatment
group can account for this difference. IGF-1 dependent MAPK activa-
tion reaches its maximal level within 5min and returns to near baseline
levels after 15min of treatment. It has been shown that estradiol-in-
duced dimerization of ERα is negligible within the first 15min of es-
tradiol application and does not reach maximum levels until 2 h after
treatment (Powell and Xu, 2008). Cultures pretreated with the ar-
omatase enzyme inhibitor followed by treatment with the combination
of estradiol and IGF-1 therefore first experienced rapid activation of
MAPK and PI3K followed by slower ligand-induced dimerization, while
cultures pretreated with aromatase enzyme inhibitor followed by
treatment with exogenous estradiol alone experienced only slower li-
gand-induced dimerization with no intervening kinase activation. The
high temporal resolution of the Firefly luciferase reporter systems may
be able to detect these differences where other reporter systems with
lower temporal resolution would not. Furthermore, aromatase enzyme
inhibition had no effect on the response of nuclear estrogen receptors to
co-application of estradiol and IGF-1 24 h after treatment; long after
IGF-1-dependent regulation of nuclear estrogen receptors had ceased.
Aromatase enzyme inhibition only interfered with the response to co-
application of estradiol and IGF-1 within the first 6 h when IGF-1
treatment was still effective.

5. Conclusion

The results presented here describe a highly interactive mechanism
through which IGF-1 signaling activates nuclear estrogen receptors in
the Neuro-2A cell line. IGF-1 treatment simultaneously results in a
rapid, but transient, burst in MAPK activity as well as a rapid and
prolonged activation of PI3K. MAPK activation is the critical kinase
event that mediates IGF-1-dependent estrogen receptor activation. The
prolonged activation of PI3K functions to dampen both the transient
burst in MAPK activity and subsequent activation of nuclear estrogen
receptors. Finally, we have determined that IGF-1-dependent MAPK
activation requires concomitant endogenous estrogen synthesis through
the aromatase enzyme to mediate estrogen receptor activation.
Together these results highlight the interactive nature of cellular sig-
naling context and ligand availability in activation of nuclear estrogen
receptors through intracellular kinase signaling.
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