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Interferon-o. Induces Neurotoxicity Through Activation
of the Type | Receptor and the GIUN2A Subunit
of the NMDA Receptor

Cari F. Kessing' and William R. Tyor'?

Elevated levels of interferon-alpha (IFNo) in the central nervous system (CNS) are linked to cognitive dys-
function in patients with inflammatory CNS diseases such as HIV-associated neurocognitive disorders (HAND).
Increased CNS IFNa has also been found to be associated with cognitive dysfunction in a HAND mouse model.
Here, we corroborate previous studies showing a dose-dependent decrease in dendritic branching and length
caused by IFNa treatment and extend those studies. Because both direct and indirect mechanisms of IFNa-
induced neurotoxicity are likely involved, the cell signaling pathway involving the IFNa receptor (IFNAR) was
initially evaluated. Rat neuronal cultures exposed to IFNo demonstrate increased phosphorylation of STAT1
and increased interferon stimulating gene 15 (ISG15) expression, indicators of IFNAR engagement. However,
specific blocking antibodies to the IFNAR were found to only partially protect neurons from IFNa-induced
neurotoxicity. Additionally, inhibiting the GluN2A subunit of N-methyl-D-asparate receptor (NMDAR) was
also found to be partially protective against IFNa-induced neurotoxicity compared with the GIuN2B subunit.
Neurotoxicity is evident in neurons extracted from IFNAR KO mice treated with IFNa as well, further
indicating that IFNAR signaling is not required for IFNa neurotoxicity. The neurotoxic actions of IFNa are
mediated through both the IFNAR as well as the GIuN2A subunit of the NMDAR to reduce dendritic arbor-
ization in neurons. Complete protection from IFNa-induced neurotoxicity was demonstrated when both path-
ways were blocked. Blocking these pathways could lead to potential therapies for cognitive dysfunction during
neuroinflammation and specifically lead to better treatments for HAND.

Introduction volved in IFNa neurotoxicity could lead to potential therapies

for central nervous system (CNS) inflammatory diseases as

INTERFERON-ALPHA (IFNo) PLAYS a critical role in early
inhibition of viral replication within infected cells and
establishes an antiviral state in the surrounding cells.
However, excessive amounts of IFNa can cause neurotox-
icity. IFNa is elevated in patients with neuroinflammatory
diseases such as HIV-associated neurocognitive disorders
(HAND) (Rho and others 1995), Aicardi-Goutieres syn-
drome (Goutieres and others 1998), neuropsychiatric sys-
temic lupus erythematosus (Shiozawa and others 1992) and
multiple sclerosis (Traugott and Lebon 1988; Fritz-French
and Tyor 2012; Tzartos and others 2012). In addition, neu-
ronal toxicity has been implicated in hepatitis and cancer
patients being treated with high-dose IFNo therapy, where
patients have shown neuropsychiatric side effects, such as
subcortical dementia, which dissipate after terminating
treatment (Valentine and others 1998; Kirkwood and others
2002; Schaefer and others 2002). Identifying pathways in-

well as treatments targeting the side effects of IFNa therapy.

Ample evidence of IFNa-induced neurotoxicity has been
shown in both clinical studies of HAND (Rho and others 1995)
and animal studies (Sas and others 2009). Importantly, IFNo
levels in the cerebrospinal fluid of HIV-infected patients are
significantly higher in patients with dementia compared with
patients without dementia (Rho and others 1995). Studies us-
ing a SCID mouse model of HAND found that elevated IFNo.
levels in the brains of HAND mice correlated with cognitive
and neuronal dysfunction (Sas and others 2007) that was
prevented by treatment with neutralizing antibodies to IFNo
(Sas and others 2009). Despite the advent of antiretroviral
therapy, the prevalence of HAND continues to increase in
HIV-infected patients, affirming the need for more specific
treatments targeted to HAND. Therefore, we have focused on
evaluating the mechanism of IFNa-induced neurotoxicity to
identify potential targets for treatment in HAND.
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The mechanism of IFNa-induced neurotoxicity is yet to
be established. In this study, we begin to investigate the cell
signaling pathways involved using a cortical neuron culture
model (Kaech and Banker 2006). We examine the roles of
type 1 interferon receptor [IFNo receptor (IFNAR)] en-
gagement and the N-methyl-D-asparate receptor (NMDAR).
IFNo initiates an antiviral response by binding to the IF-
NAR and the subsequent activation of the JAK/STAT
pathway, and therefore, we expected that IFNAR binding
would be required for IFNo-induced neurotoxicity. How-
ever, we show that blocking the IFNAR only partially
protects neurons from dendritic damage caused by IFNo,
indicating a possible role of other pathways. The NMDAR
has been linked to IFNo neurotoxicity in clinical studies,
where treating patients on IFNo therapy with a mild
NMDAR antagonist resulted in decreased side effects
(Quarantini and others 2006; Sas and others 2009). The
NMDAR is a tetrameric complex where the GIuN2 subunit
is responsible for receptor function (Paoletti and Neyton
2007). In the adult CNS, the predominant subunits in the
cortex and hippocampus are GIuN2A and GIluN2B, sug-
gesting critical roles in synaptic plasticity and function. Our
current studies show that the GIuN2A subunit of the
NMDAR plays a significant role in IFNa-induced neuro-
toxicity. Further characterizing signaling molecules (ie,
JAK/STAT pathway) involved in IFNo-induced neurotox-
icity will help to identify potential therapeutic targets for
inflammatory diseases of the CNS, where IFN« is upregu-
lated, such as HAND and the side effects of IFNa therapy.

Materials and Methods
Neuronal cell culture

Neurons were dissected from the frontal cortex of E18
Sprague-Dawley rat embryos (Charles River Laboratory).
For the IFNAR KO experiments, Ifnar~/~ fetal mice were
kindly provided by Kaja Muralie (Emory University). All
procedures were approved by the Institutional Animal Care
and Use Committee of the Atlanta Veterans Administration
Medical Center and were in accordance with the guidelines
of the NIH Guide for the Care and Use of Laboratory An-
imals. High-density cultures for protein and RNA extrac-
tions were prepared by plating neurons in poly-L-lysine
(PLL; Sigma)-coated dishes at 5x 10° cells/60-mm dish and
incubated at 37°C with 5% CO, in a plating medium [MEM
supplemented with 10% fetal bovine serum (FBS), glucose
0.6% wt/vol, HEPES]. After 2 h, the plating medium in the
high-density cultures was exchanged for a neurobasal me-
dium (neurobasal medium supplemented with B27 and
GlutaMax; Invitrogen). Low-density neuronal cultures pre-
pared for coculturing with glia were plated on PLL-coated
glass coverslips at 5x 10° cells/10-cm dish, as described in
Kaech and Banker (2006). Two hours after plating, the low-
density neuronal cultures on the glass slides were flipped
over onto a dish containing a glial monolayer grown in the
neurobasal medium. Coculture with the glial monolayer
allows the neurons to grow healthy and robust dendrites
even at low density. Cytosine-D-arabinoside (Ara-C, 1 uM;
Fluka) was added to both high- and low-density cultures at
day 3 after plating to prevent glial cell proliferation. High-
density cultures were used to collect large quantities of RNA
and protein, and low-density cultures were used to assess
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dendritic length and branching on individual neurons. Media
were exchanged every 7 days. Low-density glass coverslips
and high-density neuronal cultures after 14 days are less
than 5% glia.

Treatment and reagents

Rat IFNo and IFNP (PBL Interferon) were diluted in
0.9% saline at a dose range of 300-900 IU/mL based on
previous findings (Sas and others 2009), and a single dose
was administered to cultures on day 14. Control groups were
given equal volumes of saline. For high-density cultures,
treatment was left on cultures for different time points
varying from 20min to 48h before RNA or protein ex-
tractions. Low-density neurons cocultured with glia on
coverslips were removed from the glia and treated with
IFNa or saline for 2 h. The neurons were then returned to the
glia for long-term culturing. The type I interferon receptor
(IFNAR) mouse antibody (eBioscience), IgGl K isotype
control (eBioscience), or saline was administered at 1 to
50 pg 20 min before IFNa treatment. TCN 201 (Tocris) was
given at 0.1, 1, and 10 uM, and ifenprodil (Tocris) was given
at 3—10 uM 20 min before IFNa treatment.

Protein extractions and western blot

Proteins were harvested from the high-density neuronal
cultures using the RIPA buffer with 10 pL/mL protease in-
hibitors (Thermo Scientific), incubated on ice for 10 min,
and spun down at 14,000rpm for 10 min. The lysate was
removed, and the total protein concentration was determined
by a Pierce® BCA Protein Assay Kit. The lysate was ali-
quoted and stored at —80°C. Five micrograms of each
sample was then loaded on a 7.5% polyacrylamide gel. The
protein was then transferred to the PVDF membrane run at
120V for 40 min. The anti-Phospho-STATI, anti STATI
(Cell Signaling), and GAPDH (Millipore) antibodies were
used as primary antibodies at 1:1,000 each. Western blots
were probed according to the manufacturer’s protocol. The
membrane was then washed and incubated with either the
goat anti-rabbit IgG HRP-linked secondary antibody at
1:1,000 (Cell Signaling) or the goat anti-mouse IgG HRP-
labeled secondary antibody at 1:1,000 (Perkin Elmer). The
membrane was then exposed to X-ray film using Super-
Signal® West Pico Chemiluminescent Substrate (Thermo
Scientific).

Real-time PCR

High-density neuronal cultures were used to extract RNA
according to the RNeasy Mini Kit (Qiagen) protocol. cDNA
synthesis was performed using the iScript cDNA Synthesis
Kit (Biorad). Levels of rat interferon-stimulated gene 15
(ISG15) were analyzed using real-time polymerase chain
reaction (PCR) with the Biorad C1000 Thermocycler, and
GAPDH was used as our housekeeping gene and an en-
dogenous control for experiments. ISG15 and GAPDH
primers were designed using Assays-by-Design (Applied
Biosystems). Levels of the target gene were normalized
against the endogenous gene to assess relative quantification
after PCR amplification efficiencies were determined ac-
cording to the MIQE guidelines. The relative changes in
gene expression were analyzed using the 27 A% method by
Livak and Schmittgen (Livak and Schmittgen 2001).
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Image acquisition and processing

The low-density neuronal cultures plated on the glass
coverslips were removed from the glial coculture and wa-
shed in phosphate-buffered saline (PBS) before fixing cells
with cold methanol for 20 min at —20°C. Coverslips were
rinsed in PBS and TBSs5 before permeabilizing the cells in
0.3% Triton X-100/TBSsq for 5 min. Slides stained for IF-
NAR were not permeabilized. Cells were then rinsed in
0.1% Triton X-100/TBSs, before blocking in the blocking
buffer [2% bovine serum albumin (BSA), 2% FBS (Sigma),
0.1% Triton X-100, in TBSs¢] for 1-2h. Coverslips were
then rinsed in the buffer (2% BSA, 0.1% Triton X-100 in
TBSsp) and then incubated in the primary anti-microtubule-
associated protein 2 (MAP2) antibody (Millipore) at 1:300
at room temperature for 1 h. The secondary fluorescein goat
anti-rabbit IgG (Vector) was then added at 1:500 in the dark
after rinsing for 30 min.

Coverslips were rinsed and placed on slides with Vecta-
shield fluorescence protection (Vector). Slides were viewed
using an Olympus IX71, and photographs were taken using
ImagePro Express 6.0. Two 15-mm slides per treatment
group were stained, and 20 neurons per treatment group
analyzed. ImagePro was also used to measure the dendritic
length and branching manually using the trace feature that
then totals the measurements of the dendritic length. All
dendrites that are not connected to the soma are counted as
branches. The researcher was blinded to treatment groups.

Statistics

Analysis of real-time PCR results and dendritic length
and branching data was completed using 2-way analysis of
variance. Analysis between treatment groups was done with
post hoc Tukey tests using SPSS Statistics 19 software.
Significance was set at P value <0.05 for all analyses.
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Results
IFNz is toxic to neurons cocultured with glia

To determine the timing of IFNa neurotoxicity, we trea-
ted low-density rat cortical neurons with 300 IU/mL of IFNa
or saline away from the presence of glia. Neurons are re-
moved from glia for treatment to ensure effects are on
neurons alone and returned to glia for long-term culturing.
After 2h, IFNa-treated neurons were returned to glia and
subsequently fixed at 12, 24, 48, and 72h after exposure.
Dendritic morphology was measured to assess the total
length of dendrites per neuron and number of dendritic
branches. A comprehensive time course study was done to
assess when dendritic morphology damage begins. A sig-
nificant decrease in dendritic length and branching occurs at
24 h and continues for 72 h, but no effect is seen at 12 h after
IFNo exposure (Fig. 1). In addition, neurons treated with
IFNa for 72 h showed decreased dendritic arborization, but
overall did not show severe abnormalities indicative of
neuronal cell death (ie, swollen or abnormally shaped nu-
cleus, dendritic blebbing). Previous studies of cell viability
using Trypan Blue staining showed a dose-dependent in-
crease in cell death by IFNa (Sas and others 2009).

JAK/STAT pathway activated in neurons
treated with IFNo,

To assess JAK/STAT pathway activation in neurons,
high-density rat cortical neurons were treated with 300 [U/
mL of IFNa and protein extracted at 20 min, 2, 12, 24, and
48h. Neurons show elevated phosphorylated STATI1 at
20 min after a single IFNa treatment compared to untreated
neurons. The phosphorylated STATI1 signal persisted for
48 h after a single treatment of IFNo based on western blot
analysis (Fig. 2). ISG15 is upregulated after IFNAR
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IFNu is toxic to neurons cocultured with glia. Neurons were treated with a single dose of 300 IU/mL of IFNa over

12, 24, 48, and 72 h. IFNa-induced toxicity is observed at 24 h after a single dose of IFNa and persists for 72 h. No toxicity
is seen at 12 h post-treatment. Graphs include data from 3 separate experiments (*P <0.05). IFNa, interferon-alpha.
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FIG. 2. STATI is phosphorylated in neurons treated with
IFNa. Protein extracts from neurons treated with IFNa at
various time points were analyzed by immunoblotting for
STAT1 and phospho-STAT1 (p-STAT1) expression. p-STAT1
peaked at 20 min post-treatments and signal persisted for 48 h
indicating IFNAR activation. Samples were run in duplicate
lanes on western blot. IFNAR, IFNa. receptor.

activation and used as a marker in this system to assess
downstream JAK/STAT pathway activation. ISG15 mRNA
was elevated in cultures treated with IFNoo 20min after
treatment (Fig. 3A).

Blocking IFNAR blocks the JAK/STAT pathway

To determine the requirement of the IFNAR for IFNo-
induced neurotoxicity, the effectiveness of an IFNAR-blocking
antibody was examined in culture. IFNAR engagement in-
duces the JAK/STAT pathway after [IFN binds the receptor.
High-density neurons were pretreated with the IFNAR-
blocking antibody, IgG1 K isotype control, or saline 20 min
before IFNa treatment. To ensure that the pathway was effi-
ciently blocked, ISG15 gene expression was examined. ISG15
expression in IFNAR antibody-pretreated cultures was not
significantly different than saline-treated cultures indicating
that the JAK/STAT pathway was effectively blocked by the
IFNAR antibody (Fig. 3A). The protein was extracted and
western blot analysis revealed almost no phosphorylated
STAT]I after 20 min from cultures pretreated with the IFNAR-
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blocking antibody before IFNo exposure compared to neurons
treated with an isotype-matched control or IFNo-only-treated
cultures (Fig. 3B).

Blocking IFNAR is partially protective
against IFNz-induced neurotoxicity

After determining that the IFNAR antibody is efficient in
blocking the JAK/STAT pathway in neuronal cultures, we
assessed the ability of the IFNAR antibody to block IFNo-
induced neurotoxicity. Neuronal cultures were pretreated
with the IFNAR antibody, an isotype control, or saline. After
20 min, neurons were exposed to IFNa or saline and cultured
for 48h. Dendritic measurements and analysis of IFNAR
antibody-treated cultures showed partial protection against
IFNa-induced neurotoxicity based on the total dendritic
length and branching (Fig. 4). Cultures treated with varying
doses of IFNAR antibody before IFNo exposure were sig-
nificantly different than cultures treated with IFNo alone. In
addition, IFNAR antibody-treated cultures were significantly
different from untreated cultures. Previous studies found that
IFNo-neutralizing antibodies completely protected neurons
from IFNo-induced neurotoxicity (Sas and others 2009).
Complete protection was not seen when the IFNAR alone
was blocked. Although IFNua is likely to be exerting some
neurotoxic effects through its receptor, current studies indi-
cate that receptor associations are complex. In addition, IFNo
stimulates a number of substances that could be neurotoxic
(Kirkwood and others 2002), therefore, some IFNa effects
could be indirect and independent of the IFNAR.

Blocking GIuN1/GIuN2A-containing NMDAR
is protective

To determine the role of the NMDAR in IFNo-induced
neurotoxicity, the effects of neurons pretreated with TCN 201
(GIuN2A antagonist) and ifenprodil (GluN2B antagonist)
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FIG. 3. IFNAR inhibitor blocks IFNa signaling in IFNa-treated neuronal cultures. Neurons were pretreated with saline or

increasing doses of an IFNAR blocker or an IgG1 K isotype control (IFNGR) at 10 and 50 pg. Cultures were then exposed to
either saline or IFNo for 20 min. JAK/STAT signaling is inhibited in cultures treated with the IFINAR blocker. ISG15
expression was found to be decreased in cultures pretreated with the IFNAR blocker compared to IFNa-alone-treated
cultures (*P <0.05, **P<0.001) (A). p-STAT1 expression was decreased in cultures pretreated with the IFNAR blocker
before IFNa treatment compared to cultures treated with IFNo alone STATI, and p-STAT1 controls were run with the
protein extracts as positive controls (B). Experiments were conducted in triplicates. ISG15, interferon stimulating gene 15.
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FIG. 4. Blocking the IFNAR partially protected the neurons from IFNa toxicity. Neurons were pretreated with saline, an
IFNAR blocker (1, 10, or 50 pg), or an IgG1 K isotype control (IFNGR) (1, 10, or 50 pg) and then exposed to IFNa for 48 h.
Dendritic length and number of branches were significantly improved in cultures pretreated with IFNAR Ab at all doses before
IFNo exposure compared to cultures treated with IFNo alone or an isotype control. However, cultures pretreated with IFNAR
Ab were not completely protected and were significantly different than saline-treated cultures (*P <0.05, **P <0.001).

Dendritic Length/Neuron
40000 ———————

SEULE
30004

2000+

T.Iﬂﬂﬂll

-9 k-3 - >

Dendritic Length (um)

c}‘ & G‘ <9°
e . iy # Branches/Neuron
TCN 201 :
20y ——
w
3 ;
§15—1
@ .
104
= = [
=)
& 5-
o
*
U L L] L] L
f & «e @ Qe xqe ge

@«G\G\@\@

FIG. 5. Blocking the NR2A-specific subunit of NMDAR was partially protective against IFNa toxicity. Cultures were
pretreated with either TCN 201 (0.1, 1, or 10 uM) or ifenprodil (3 or 10 pM) and then exposed to IFNa for 48 h. TCN 201 at 1 and
10 1M had a protective effect against IFNo neurotoxic effects with dendritic length that was not seen in lower doses or with
ifenprodil. In addition, the highest dose of TCN 201 was significantly protective against dendritic branching. However, TCN 201
was not completely protective because dendritic length and branching were still significantly different than saline-treated cultures
(*P<0.05), suggesting partial involvement of the NR2A subunit of NMDAR in IFNa-induced neurotoxicity. Images are
representative of 3 separate experiments that were combined in the graphs. NMDAR, N-methyl-D-asparate receptor.
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IFNa induces neurotoxicity in IFNAR KO mouse neuronal cultures. Significant decreases in dendritic length and

branching were evident in neurons extracted from IFNAR KO mouse fetuses that were treated with 300 or 900 U of IFNa
for 48 h. Neuron cultures pretreated with TCN 201 before IFNa exposure were not significantly different than saline-treated
neurons indicating complete protection from IFNa-induced neurotoxicity when both receptors are inhibited (*P <0.05,

*P<0.001, ***P<0.0001).

before IFNo. exposure were examined (Fig. 5). Low-density
neuronal cultures were treated with doses ranging from 0.1
to 10 uM of TCN 201 or 3 to 10 uM of ifenprodil 20 min
before adding 300 IU/mL of IFNa. Cultures were analyzed
48h later for dendritic length and branching. Neuronal
cultures pretreated with higher doses of TCN 201 (1 and
10 uM) were found to be significantly different than cultures
treated with IFNo alone based on dendritic length mea-
surements, and the high dose of TCN 201 was found to be
significantly different indicating a partial protective effect of
TCN 201 against IFNa neurotoxicity. Ifenprodil was found
to have no protective effects against IFNo at any dose.

In addition, neurons extracted from IFNAR KO fetal mice
were exposed to IFNo and showed significant decreased
dendritic branching and length despite the neurons lacking
receptors for IFNa (Fig. 6). However, IFNAR KO fetal mice
neurons were completely protected against IFNo-induced
neurotoxicity when pretreated with TCN 201 (Fig. 6).

IFNp has no toxic effect on neurons

We investigated the effect of IFNP on neurons cocultured
with glia because IFNP, a type I IFN, along with IFNo, uti-
lizes the IFNAR. Treating neurons with 100, 300, or 900 IU
of IFNP had no effect on the neurons up to 72h. (Fig. 7).

Discussion

In this study, we used a primary rat cortical neuronal
in vitro model system to determine mechanisms and re-
ceptors involved in IFNa-induced neurotoxicity. The neu-
rotoxic effects of IFNa become significant after 24h of
exposure and these effects on dendrites can be seen at 72h
without morphological signs of neuronal cell death (ie, soma
swelling, dendritic blebbing). We found that pretreating
neurons with either an IFNAR blocker or NMDAR subunit-
specific inhibitor was partially protective against IFNo-
induced neurotoxicity. This study is the first to look at
specific receptor pathways involved in IFNo-induced neu-
rotoxicity. The results imply that IFNo causes toxicity in
neurons through indirect and direct pathways and the mech-
anism for IFNa neurotoxicity is complex.

IFNo neurotoxicity has been studied in several in vivo
models (Dunn and Crnic 1993; Dafny 1998; Campbell and
others 1999; Makino and others 2000; Mendoza-Fernandez
and others 2000; Sas and others 2009). However, very few
studies have examined the mechanism of IFNo neurotoxicity
in vitro. In the current study using a neuronal in vitro system,
we found that a significant decrease in dendritic length and
branching is seen between 12 and 24 h after neurons are ex-
posed to IFNo. A significant loss in dendritic arborization
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dritic branching or length in = 3000- - 0
rat neuronal cultures. Neurons ~ § T £ 10 I
were treated with IFNB 100, E o §
300, or 900IU for 48 h. Neu- o &
rons displayed no significant ¥ %S 5
decrease in dendritic length or 2 1000+ *
branching, indicating no sig- &
nificant neuronal toxicity of 0 o
IFNp compared to IFNo. 0 100 300 900 0 100 300 900
IFNg Dose (U/ml) IFNg Dose (U/ml)



IFN-ALPHA INDUCES NEUROTOXICITY THROUGH MULTIPLE RECEPTORS

was also seen at 48 and 72h after IFNo exposure. These
results confirm and extend previous studies where IFNo, was
found to cause toxicity after 48h in a different neuronal
culture system (Sas and others 2009).

The current study found that pretreating neurons that are
exposed to IFNo with an IFNAR blocker showed only 65%
retention of dendritic length compared to 97% dendritic re-
tention, as was seen in a previous study where neurons were
treated with neutralizing antibodies to IFNo (Sas and others
2009). Similarly, dendritic branching was more reduced in
cultures where the receptor, IFNAR, was targeted compared
to using neutralizing antibodies to IFNo. In addition, studies
using neurons from IFNAR KO fetal mice showed loss of
dendritic branching and length in cultures treated with IFNo
(Fig. 6). The results of the present study indicate that IFNa is
inducing neurotoxicity through direct engagement of its re-
ceptor, but that there are additional important mechanisms
involved in IFNa-induced neurotoxicity.

The NMDAR has been previously implicated in IFNo
neurotoxicity (Katafuchi and others 1995; Sas and others
2009). The NMDAR is a glutamate-gated cation channel
composed of GluN1 and GluN2/3 subunits that play a vital
role in synaptic plasticity and cognitive function. The
GluN2 subunit is expressed as 4 specific isoforms and this
subunit controls the electrophysiological properties of the
NMDAR. In addition, there is a GIuN2B to GluN2A switch
that occurs in the NMDAR as the neuron develops and
matures (Wang and others 1995). Our results indicate that
neurons pretreated with higher doses of a novel GluN1/
GluN2A-specific antagonist, TCN 201, are partially pro-
tected against IFNo-induced neurotoxicity. Neurons pre-
treated with a GluN1/GluN2B antagonist, ifenprodil, were
not protected against IFNa exposure. These results suggest
that our neuronal cultures represent a more mature pheno-
type, perhaps more consistent with adult brain neurons.
Neurons lacking an IFNAR and treated with TCN 201 were
completely protected against IFNo-induced neurotoxicity
indicating the involvement of both the IFNAR and
NMDAR. In addition, excessive activation of the NMDAR
can lead to excitotoxicity, a mechanism of neurotoxicity
linked to several neurodegenerative diseases, including
HAND (Kaul and others 2001). The ability of TCN 201 to
attenuate IFNo-induced neurotoxicity indicates a mecha-
nism of IFNo causing decreased dendritic arborization
through overstimulation of the NMDAR and subsequent
excitotoxicity. Furthermore and importantly, the data indi-
cate that the GluN2A subunit of the NMDAR is specifically
involved and is a possible therapeutic target for IFNo-
mediated neurotoxicity. Therefore, our new data extend
previous findings by suggesting that NMDAR-mediated
neurotoxicity could be dependent on specific NMDAR iso-
types. Furthermore, our study emphasizes that the devel-
opment of effective NMDA antagonists could be applied to
multiple diseases.

We also found that despite IFNf engaging the same re-
ceptor as IFNa, treating neurons with IFNf showed no signs
of toxicity based on dendritic arborization assessments (Fig.
7). These data are consistent with numerous studies that
have found differential signaling pathways between IFNo
and IFNP after IFNAR binding (MacDonald and others
1990; Platanias and others 1996; Marijanovic and others
2007). It is also consistent with the clinical observation that
treatment of patients with IFNP does not result in cognitive
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impairment (Jin and others 2007; Lacy and others 2013;
Patti and others 2013).

Data shown here indicate that neuronal damage caused by
the interaction of IFNa with its receptor is not restricted to
the IFNAR and includes NMDAR pathways. TCN 201 only
partially restored the neuron’s baseline health in the pres-
ence of IFNa. It is possible that the cellular cascade initiated
by IFNAR activation could affect other ion channels or
cytoskeletal pathways in neurons, although no changes were
seen in MAP2 or MAPla expression in neuronal cultures
exposed to IFNo (data not shown). Another potential
mechanism of IFNo neurotoxicity is through indirect upre-
gulation of other immune factors like nuclear factor-kappa
B, a known transcription factor that is upregulated in HAND
patients and may play a role in several neurodegenerative
diseases (Rostasy and others 2000). Future studies will focus
on identifying how IFNAR activation causes changes to
dendritic morphology and how IFNa engages the NMDAR.

Identifying potential targets for IFNa neurotoxicity could
lead to specific treatments for patients suffering from CNS
inflammatory diseases, especially HAND. In addition, IFNa
remains the backbone of hepatitis treatment, and compli-
cations resulting directly from IFNo treatment involving
cognitive dysfunction are common (Okanoue and others
1996; Lieb and others 2006). Blocking IFNa, or other pro-
teins involved in downstream IFNa signaling, could prevent
the damage to neurons and the subsequent cognitive dys-
function that is seen both in CNS inflammatory diseases and
in patients on IFNa therapy.
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