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Patientswith relapsing–remittingmultiple sclerosis (RRMS) are commonly treatedwith high doses of intravenous
corticosteroids (CS). ACTH 1–39, a member of the melanocortin family, stimulates production of CS by the adre-
nals, but melanocortin receptors are also found in the central nervous system (CNS) and on immune cells. ACTH
is produced within the CNS and may have direct protective effects on glia and neurons independent of CS. We
previously reported that ACTH 1–39 protected oligodendroglia (OL) and their progenitors (OPC) from a panel of
excitotoxic and inflammation-related agents. Neurons are the most vulnerable cells in the CNS. They are termi-
nally differentiated, and sensitive to inflammatory and excitotoxic insults. For potential therapeutic protection of
graymatter, it is important to investigate the direct effects of ACTH on neurons. Cultures highly enriched in neu-
rons were isolated from 2–3 day old rat brain. After 4–7 days in culture, the neurons were treated for 24 h with
selected toxic agents with or without ACTH 1–39. ACTH 1–39 protected neurons from death induced by
staurosporine, glutamate, NMDA, AMPA, kainate, quinolinic acid, reactive oxygen species and, to a modest extent,
from rapidly released NO, but did not protect against kynurenic acid or slowly released nitric oxide. Our results
show that ACTH1–39 protects neurons in vitro from several apoptotic, excitotoxic and inflammation-related insults.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Relapses of multiple sclerosis (MS) are frequently treated with
corticosteroids (CS), which shorten duration of the relapses. In some in-
stances patients are treated with ACTH in a gel formulation (Simsarian
et al., 2011). In several studies ACTH has proven equivalent to CS
for treatment of relapses (Barnes et al., 1985; Milanese et al., 1989;
Thompson et al., 1989). It has been assumed that the therapeutic effects
of ACTH in MS are mediated by endogenous CS. ACTH is a melanocortin
peptide and binds with varying avidity to melanocortin receptors
(MCRs) which are widely distributed throughout the body including
in the central nervous system (CNS) (Catania et al., 2004b, 2010;
Catania, 2008; Arnason et al., 2013). Within the CNS, MCRs have been
shown to be expressed on astrocytes (AS) (Selkirk et al., 2007), micro-
glia (MG) (Lipton et al., 1998) and neurons (Catania et al., 2004b,
2010; Catania, 2008; Mountjoy, 2010). Recently we demonstrated that
melanocortin 4 receptors (MC4R) are expressed by OL in vitro
(Benjamins et al., 2013). This raises the possibility that ACTH might
exert a therapeutic effect independent of stimulating endogenous
CS production and secretion by signaling through MC2R in the
adrenal glands (Catania et al., 2004b, 2010; Ross et al., 2013;
Montero-Melendez, 2015). ACTH has been shown to be superior to CS
in treatment of infantile spasms with hypsarrhythmia (Mytinger et al.,
2012; Shumiloff et al., 2013; Pavone et al., 2014), suggesting that
ACTH has a therapeutic effect that is not simply the result of stimulating
increase in levels of endogenous CS.

We previously reported that ACTH was capable of protecting OL
(Benjamins et al., 2013) and their precursors (OPC) (Benjamins et al.,
2014) from in vitro cytotoxic cell death induced by several mediators
of excitotoxic, oxidative and inflammation-related damage. We also
showed that ACTH stimulated OPC proliferation and induced OL to
elaborate larger and more dense membrane sheets (Benjamins et al.,
2014). It is increasingly clear that damage to axons/neurons is impor-
tant in the pathogenesis of MS in all stages of the disease (Ferguson
et al., 1997; Trapp et al., 1998; Dutta and Trapp, 2007; Lassmann,
2013; Mahad et al., 2015). While some axonal and neuronal loss may
result from changes in function in demyelinated axons (Dutta and
Trapp, 2011; Criste et al., 2014), some damage and neuronal loss may
be caused by direct effects of mediators of excitotoxicity and inflamma-
tion (Lisak et al., 2012; Lassmann, 2014a, 2014b). It is important to
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Fig. 1.Neurons in culture expressmelanocortin4 receptors. Purifiedneuronal cultureswereprepared frombrains of 2 day old rats, and immunostainedafter oneweek in culture. Expression
of MC4R in neurons was investigated by fixing cells for 15 min in 4% paraformaldehyde, permeabilizing with 0.05% Triton X-100 for 20 min, immunostaining for MC4R, then double label
immunostaining for NF-H. Melanocortin 4 receptor, MC4R (red); neurofilament H, NF-H (green); DAPI, nuclear stain (blue).
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determine if ACTH could also provide protection to neurons, the most
vulnerable cells within the CNS, from the same set of toxic molecules.

2. Materials and methods

Cultures highly enriched in neurons were isolated from 2–3 day
old rat brain (Eide and McMurray, 2005), with minor modifications
including the addition of 1 μg/ml nerve growth factor (Gibco Lifetech,
Grand Island, NY, NGF 2.5S) (Lisak et al., 2011). Cell types were char-
acterized using the following antibodies to phenotypic markers:
Fig. 2.ACTHprotects neurons against glutamate-mediated toxicity. Neuronal cultureswere untr
glutamate or agonists of glutamate receptors. After 24 h, cell death was measured in neurons b
(B) Addition of 1 mM NMDA to activate ionotropic NMDA glutamate receptors. (C) Addition
kainate to activate high affinity glutamate receptors. Results represent means +/− S.E.M. from
agonist vs. ACTH + agonist, *p b 0.002, +p b 0.02; #200 nM vs 400 nM ACTH; p b 0.001.
anti-phosphorylated neurofilament H (NF-H) (Covance, Berkley, CA,
SMI-31P) (Sternberger and Sternberger, 1983) and anti-NeuN
(Chemicon International, Bellerica, MA, MAB377) for neurons (Mullen
et al., 1992), anti-glial fibrillary acidic protein (GFAP) (Chemicon Inter-
national Inc., Temecula, CA, M#B360) for AS (Raff et al., 1978) and the
lectin IB4 (Sigma, St. Louis, MO, L9381) for MG (Nedelkoska and
Benjamins, 1998). Expression of MC4R in neurons was investigated by
fixing cells for 15 min in 4% paraformaldehyde, permeabilizing with
0.05% Triton X-100 for 20 min. then double label immunostaining
with antibodies to MC4R and NF-H. Rabbit polyclonal antibody to
eated (control) or treated for 30minwith 200 nMor 400 nMACTH1–39 before addition of
y uptake of trypan blue. (A) Addition of 100 μM glutamate to activate glutamate receptors.
of 50 μM AMPA to activate ionotropic AMPA glutamate receptors. (D) Addition of 25 μM
3 or more experiments with duplicate coverslips in each experiment. Glutamate receptor



Fig. 5. ACTH protects neurons against death induced by staurosporine. Purified neuronal
cultures were untreated or treated for 30 min with 200 nM or 400 nM ACTH 1–39 before
addition of 10 nm or 20 nM staurosporine. After 24 h, cell deathwasmeasured in neurons
by uptake of trypan blue. Results represent means +/− S.E.M. from 3 experiments
with duplicate coverslips in each experiment. * Staurosporine vs. ACTH + staurosporine,
p b 0.001.

Fig. 3. ACTH protects neurons against quinolinic acid but not kynurenic acid. Neuronal
cultures were untreated or treated for 30 min with 200 nM or 400 nM ACTH 1–39 before
addition of 25 μM kynurenic acid or 25 μM quinolinic acid. After 24 h, cell death was
measured in neurons by uptake of trypan blue. Results represent means +/− S.E.M.
from 3 experiments with duplicate coverslips in each experiment. *Quinolinic acid vs.
ACTH+ quinolinic acid, p b 0.001.
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MC4R was purchased from Cayman Chemicals (Ann Arbor, MI,
10006355).

Neurons, immunostained for NeuN or NF-H represented 85–90% of
the cells, with less than 10% AS and 4% MG as determined by double
label immunofluorescence. After 4–7 days in culture, the neurons
were treated for 1 day with selected toxic agents with or without 200
or 400 nM ACTH. Concentrations of toxic agents were chosen to result
in 65–80% neuronal cell death. Untreated neurons served as controls.
Neuronal death was assessed by trypan blue uptake (Lisak et al., 2011;
Fig. 4.ACTHprotects neurons against reactive oxygen species, with little or noprotection fromN
1–39 before addition of H2O2 to generate ROS. After 24 h, cell deathwasmeasured in neurons by u
(B) Except for modest protection against NOC-12, ACTH did not protect neurons against rapid or
for 30min with 20 nMACTH before addition of NOC-12, which releases NOwith a half-life of 5.5
in neurons by uptake of trypan blue. Results representmeans+/− S.E.M. from 3with duplicate co
NOC-12, p b 0.03.
Benjamins et al., 2013). Neuronal apoptosis was measured using the
Apoptag in situ apoptosis kit (EMD Millipore, Billerica, MA, #S7165) to
visualize terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), as we previously described for glia (Skoff et al., 1998;
Benjamins et al., 2014), followed by immunolabeling of neurons with
antibodies to NF-H.

Three or more independent experiments were performed for each
condition; data were analyzed by the unpaired Student's t-test.
O. (A) Cultureswere exposed to 2 μM.H2O2 or treated for 30minwith 200 or 400 nMACTH
ptake of trypanblue. *H2O2 vs.ACTH+H2O2, p b 0.001; #200nMvs 400nMACTH, p b 0.002.
slow release of NO, generated from NOC-12 or NOC-18 by hydrolysis. Neurons were treated
h, or NOC-18, which releases NOwith a half-life of 20 h. After 24 h, cell deathwasmeasured
verslips in each experiment. *NOC-12 vs.ACTH+NOC-12, p b 0.001;+NOC-12 vs. ACTH+



Fig. 6. Apoptosis contributes to neuronal death initiated by staurosporine, glutamate, NMDA, AMPA, kainate and quinolinic acid, and is decreased by ACTH. Neurons were treated for 24 h
with 20 nM staurosporine, 100 μM glutamate, 1 mMNMDA, 50 μMAMPA, 25 μM kainate, or 25 μM quinolinic acid, with or without 400 nM ACTH. A. Apoptosis was assessed by Apoptag
staining; neurons were immunostainedwith antibodies to NF-H. B. Values indicate the percent of NF-H+ cells that were positive for Apoptag staining at this time point. Results represent
means +/− S.E.M. from 3 or more experiments with 1–2 coverslips in each experiment. * Agent vs. ACTH + agent, p b 0.02; + agent vs. ACTH + agent, p b 0.05.
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Table 1
Summary of protective effects of ACTH on neurons.

Protection No protection

Glutamate Quinolinic acid Kynurenic acid
NMDA H2O2 (ROS) NOC-18 (slow NO release)
AMPA NOC-12 (rapid NO release)
Kainate Staurosporine

Neuronswere treated for 24 h with the toxic agents in the absence or presence of 400 nM
ACTH. Neuronal death was measured by trypan blue uptake.
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3. Results

3.1. Expression of melanocortin receptors by neurons in culture

As we previously demonstrated for OL (Benjamins et al., 2013), we
found that MC4R receptors were expressed by neurons under our cul-
ture conditions (Fig. 1). These results are consistentwith those reported
by others for neurons in vitro and in vivo (Catania, 2008; Mountjoy,
2010).

3.2. Neuroprotective effects of ACTH against excitotoxic, inflammation
related and oxidative death

ACTH at concentrations of 100–400 nM had no toxic effect on
neurons (data not shown), while ACTH provided protection from
excitotoxic neuronal death induced by glutamate (100 μM), NMDA
(1 mM), AMPA (50 μM), and kainate (25 μM) (Fig. 2). It is of interest
that 200 nM ACTH provided modest protection from NMDA, AMPA or
kainate, while ACTH at 400 nM provided substantial protection in
each case. Neuronal death in untreated cultures was consistently
between 15–20%, on average 17%.

With regard to inflammation related damage, quinolinic acid is
a neurotoxic product of the indoleamine dioxygenase/kynurenine path-
way, upregulated during neuroinflammation. ACTH at either 200
or 400 nM protected neurons from quinolinic acid (25 μM) (Fig. 3).
However, ACTH did not protect neurons from death induced by
kynurenic acid (25 μM).

There was also protection by ACTH from cell death induced by 2 μM
H2O2,which gives rise to reactive oxygen species (ROS),with significantly
more protection at 400 nM ACTH compared to 200 nM (Fig. 4A). ACTH
gave modest protection against rapid release of nitric oxide (NO) by
NOC-12 but not slow release by NOC-18 (Fig. 4B).

As shown in Fig. 5, ACTH (200 or 400 nM) protected neurons from
cytotoxic effects of staurosporine (10–20 nM), a classic inducer of cell
death via apoptosis. ACTH reduced cell death from80% to 55% (pb 0.01).

Both apoptotic and non-apoptotic mechanisms can contribute to
neuronal death, depending on the nature, severity and duration of the
insult. While the trypan blue assay measured the percent of live versus
dead neurons present after 24 h of insult, we further assessed the
percent of apoptotic neurons present in cultures at 24 h after treatment
with staurosporine, glutamate, NMDA, AMPA, kainate or quinolinic acid,
using the Apoptag assay and NF-H immunostaining to measure apop-
tosis in neurons; immunostaining for the staurosporine-treated cells is
shown in Fig. 6A. We asked whether ACTH protected against apoptotic
cell death. In each case, as expected at a given time point, the percent
of TUNEL+ cells was less than the total number of dead cells (positive
for trypan blue uptake). However, for all six toxic agents, ACTH signifi-
cantly reduced the percent of apoptotic cells compared to cultures not
treated with ACTH (Fig. 6B).

4. Discussion

Our study demonstrates that ACTH 1–39 protects neurons in vitro
from several excitotoxic and inflammation-related insults (summarized
in Table 1). Only a few early studies examined the direct effects of
melanocortins on neurons in culture. Melanocortins have been shown
to protect neurons in vitro against cisplatin toxicity (Bar et al., 1993a,
1993b), and α-MSH promotes neurite outgrowth in culture (Joosten
et al., 1996). An MSH analog protected an immortalized neuronal cell
line from apoptosis due to serum deprivation (Chai et al., 2006). Other
protective effects of melanocortin mediated AS and MG have been re-
ported, as well as protection of AS and inhibition of toxic effects of
activated MG (Catania et al., 2004a, 2010). A number of studies have
investigated the protective effects of melanocortins in vivo (reviewed
in Catania, 2008). As examples, melanocortins are neuroprotective in
animal models of ischemia (Spaccapelo et al., 2013), traumatic brain
injury (Schaible et al., 2013) and Alzheimer's disease (Giuliani et al.,
2014), as well as in peripheral nerve development, protection and
repair (Strand et al., 1993; Gispen et al., 1994; Ter Laak et al., 2003).
While the mechanisms underlying these effects could arise from
peripheral actions such as release of CS and peripheral anti-inflammatory
effects, some of the protection could arise from direct protection on
neurons within the CNS or PNS.

We show that ACTH protects neurons from the excitotoxic effects of
glutamate as well as NMDA, AMPA and kainate, as found for both OL
(Benjamins et al., 2013) and OPC (Benjamins et al., 2014) (summarized
in Table 2). Neurons, as expected, were more sensitive to killing by
NMDA, AMPA and kainate than OL or OPC. Further, a higher concentra-
tion of ACTH, 400 nM, was required to provide substantial protection to
neurons fromNMDA, AMPA and kainate, compared to 200 nMACTH for
OL and OPC (Benjamins et al., 2013, 2014). There was increased protec-
tionwith the higher concentration of ACTH against cytotoxicity induced
by NMDA, AMPA and kainate, but no increased protection from gluta-
mate itself. Excitotoxic damage to neurons is an important mechanism
of damage to axons and neurons in several experimental and clinical
disorders of the CNS (Werner et al., 2001; Matute, 2011; Mehta et al.,
2013). Agents that reduce production of glutamate or block NMDA
receptors have had only limited success as treatments for amyotrophic
lateral sclerosis (ALS) and Alzheimer's disease respectively (Hu et al.,
2012; Miller et al., 2012; Rive et al., 2013; Zemek et al., 2014). It is pos-
sible that treatments that inhibit in vitro neuronal cytotoxicitymediated
through all of the ionotropic glutamate receptors might, in theory,
have better therapeutic effects in CNS disorders in which glutamate
excitotoxicity plays an important pathogenic role.

As shown in Fig. 3, ACTH inhibited neuronal death induced by
quinolinic acid, a kynurenine pathwaymetabolite of tryptophan associ-
ated with inflammation (Sas et al., 2007; Vamos et al., 2009; Stone
and Darlington, 2013) that can produce NMDA excitotoxic damage or
oxidative damage dependent on or independent of NMDA receptors
(Perez-De La Cruz et al., 2012). As was the case with OL and OPC,
ACTH did not protect neurons from kynurenic acid, the product of an
earlier step in the kynurenine pathway (Vamos et al., 2009; Moroni
et al., 2012). Quinolinic acid is a weak agonist for NMDA receptors,
particularly NR2AandNR2B subunits,while kynurenic acid hasmultiple
potential actions, including antagonist at the glycine site of NMDA
receptors, antagonist of cholinergic α7 nicotinic receptors, agonist of
GPR35 G protein coupled receptors and agonist of aryl hydrocarbon
receptors (Moroni et al., 2012). Both in vivo and in vitro, kynurenic
acid is generally considered to be neuroprotective (Klein et al., 2013;
Bohar et al., 2015). However, kynurenic acid can also be toxic during
brain development or at mM concentrations in cultured cell lines
(Turski et al., 2014; Bohar et al., 2015); the mechanisms are not
known, but in our primary culture system at μM levels could involve
antagonism of cholinergic receptors or mitochondrial dysfunction in
developing neurons. Of interest, kynurenic acid levels are decreased in
CSF of MS patients during remission, and increased in both plasma
and CSF during relapse, possibly reflecting peripheral inflammatory
alterations (Bohar et al., 2015).

Of interest, ACTH also protected neurons from ROS generated by
incubation with H2O2 (Fig. 4). There was protection from rapid genera-
tion of NO but not slower release, the opposite of what we found with
the effect of ACTH on OPC (Benjamins et al., 2014). For mature OL,



Table 2
Comparison of protective effects of ACTH 1–39 on neurons, oligodendroglia and oligoden-
droglial progenitors.

Agent OLa OPCb Neurons

Glutamate + + +
NMDA + + +
AMPA + + +
Kainate + + +
Quinolinic acid + + +
Kynurenic acid np np np
H2O2 + + +
NOC-12 (rapid NO release) np np +
NOC-18 (slow NO release) np + np
Staurosporine + + +

np= no protection.
a Benjamins et al. (2013).
b Benjamins et al. (2014).
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ACTH did not provide protection from either rapid or slow NO release
(Benjamins et al., 2013). These differences may reflect differences
between the cell types, for example, in the kinetics and pathways of
signaling used by each cell type to respond to reactive nitrogen species,
or differences in the damaging effects of nitrosylation of key receptors
or enzymes (Boullerne and Benjamins, 2006). Staurosporine is widely
used to study apoptosis and induces apoptosis via mechanisms includ-
ing inhibition of protein kinases and generation of ROS (Bertrand
et al., 1994; Krohn et al., 1998). ACTH inhibited total staurosporine-
induced neuronal death as measured by uptake of trypan blue at 24 h
(Fig. 5), and reduced the percentage of apoptotic neurons as assessed
by Apoptag staining (Fig. 6A, B).

Both MC3R and MC4R have been reported to be expressed by
neurons (Catania, 2008; Mountjoy, 2010). MC3R message is found in
the hypothalamus and limbic system, while MC4R message is found
in the cortex, thalamus, hypothalamus, brain stem and spinal cord
(reviewed in Catania, 2008). We confirmed the expression of MC4R in
our neuronal cultures (Fig. 1). Our neuronal cultures are derived from
forebrain of newborn rats. We have not yet analyzed if other MCRs are
expressed on the neurons in these cultures, nor do we know which
receptor subtypes are important in mediating the direct neuroprotec-
tive effects of ACTH in our in vitro model.

Our cultures contain a very small percentage of AS and MG and it
is certainly possible that these cells provide some protective effects
involving direct cell to cell contact in vitro as well as in vivo. Astroglial
uptake of excessive glutamate is an important protective function of
astrocytes (Anderson and Swanson, 2000) as have been demonstrated
to express MC1R and MC4R, and MG are known to express MC1R
(Catania, 2008; Catania et al., 2010). Studies to determine if AS and/or
MG contribute to the neuroprotective effects seen in this study will be
important for future studies. It should be emphasized that neurons are
reported to express MCRs including MC4R, as confirmed in our system.

In conclusion, ACTH, a relatively small protein that produced within
the CNS as well as by the adrenals and other tissues, has potential as a
protective agent for neurons as well as for OL and OPC. The protective
effects of ACTH for OL, OPC and neurons show striking similarities, the
only difference being the effects of ACTH protection for slow versus
rapid NO generation (Table 2). ACTH and related melanocortins such
as α-MSH have been shown to have therapeutic benefits in several an-
imal models of inflammatory-mediated CNS and peripheral nervous
system diseases (Moyer et al., 1950; Catania, 2008; Taylor and
Kitaichi, 2008; Cusick et al., 2014; Montero-Melendez, 2015). How
much of the protection results from anti-inflammatory effects in the
periphery or within the CNS, and how much results from direct effects
on neurons, OL and OPCwithin the brain is not well understood. Finally,
whether such beneficial effects can be demonstrated in vivo in human
diseases is not yet known.
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