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In vitro excitotoxic cell death experiments can be
considered a screening model of stroke to evaluate the
neuroprotective property of specific compounds. Survival of
neurons following excitotoxicity is influenced by the
neurotrophic factors (nerve growth factor and brain-derived
neurotrophic factor). Here, a novel 12 amino-acid peptide
[AYKSYVRALPLL (TUF1)] with a high level of evolutionary
conservation was assessed for its neuroprotective property
in an in vitro model of glutamate-induced N-methyl-D-
aspartic acid receptor hyperactivation and excitotoxicity.
This peptide shares 100% homology to the conserved motif
(SYVRAL) of the neurotrophic factors, which is found in
numerous US patents. Following exposure to toxic levels of
glutamate (500 µM), cultured primary rat forebrain neurons
treated with TUF1 showed a dose-dependent survival rate
compared with untreated neurons. The neuroprotective
effect was blocked by p75 neurotrophic receptor (p75NTR)
inhibitor (MC192), but not by tyrosine kinase receptor
inhibitor (K252a) or N-methyl-D-aspartic acid receptor
antagonists (MK801 and D-amino-5-phosphonovaleric acid).
Serine to alanine substitution that abolishes p75NTR

interaction showed a loss of neuroprotective effect.
Collectively, the findings showed that TUF1 can protect
cultured primary cortical neurons from excitotoxic cell death

through the p75NTR-dependent pathway. Given that TUF1 is
derived from TMEM35 (NACHO), which is required for the
assembly and expression of nicotinic acetylcholine
receptors, mechanism of TUF1 action may involve
organization of nicotinic acetylcholine receptor and p75
neurotrophin receptor to modulate neuronal responses,
including Ca2+ signaling, to cytotoxic events. Unlike nerve
growth factor, which requires a pre-insult exposure, TUF1
has neuroprotective properties even with post-insult
administration, making it a potential target for therapeutic
development in mitigating neuronal damage due to stroke
and brain injury. NeuroReport 30:213–216 Copyright ©
2019 The Author(s). Published by Wolters Kluwer Health,
Inc.
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Introduction
Brain injuries associated with cerebrovascular stroke or

ischemia can cause an extremely wide range of effects

depending on the location and the severity of the damage.

Neuronal cell death is a known sequala of ischemic brain

injury [1,2]. One mechanism for cell death following

ischemic brain injury is excitotoxicity due to the excessive

release of glutamate and other excitatory amino acids,

leading to increased intracellular calcium influx [3,4].

Antagonizing glutamate receptors [e.g. N-methyl-D-aspartic

acid receptor (NMDAR)] by D-amino-5-phosphonovaleric

acid (DAPV, competitive inhibitor) or dizocilpine (MK801,

noncompetitive inhibitor) prevent neuronal cell death from

excitotoxicity, indicating that activation of the NMDAR is

crucial to excitotoxic neuronal cell death [5,6]. However,

in vivo and clinical trials of NMDAR antagonists have

failed to produce clinical efficacy [7,8]. This has left an

urgent need for new treatments for stroke therapies as well

as neuropathologies associated with aberrant excitotoxic

cell death [9,10].

Neurotrophic factors promote neuronal survival under

excitotoxic conditions, which is mediated by both the

high [tropomysin receptor kinase (Trk)] and low [p75

neurotrophic receptor (p75NTR)] affinity receptors [11,12].

Importantly, p75NTR has emerged as a pharmacological

target for neuroprotection and repair against brain injury or

neurodegenerative disorders [12,13]. A synthetic 12-amino

acid peptide (TUF1) has been shown to bind the p75NTR

[14]. This interaction is dependent on a conserved charged

amino acid residue within the p75NTR binding motif of the

neurotrophic factors [14,15]. This peptide was derived

from the hydrophilic region between the first and second

hydrophobic transmembrane domains of an evolutionarily
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conserved neural-specific transmembrane 35 (TMEM35)

protein. While the full-length TMEM35 has been shown

as a putative endoplasmic reticulum protein required for

assembly and expression of nicotinic acetylcholine recep-

tors (nAChRs) [16,17], TUF1 may have an additional role

given its potential extracellular localization and interaction

with p75NTR [14]. The present study assessed whether the

TUF1 peptide has a neuroprotective property against

glutamate-induced excitotoxic neuronal cell death.

Materials and methods
Tissue culture

Cultured forebrain neurons from 1-day-old rat pups (Harlan,

Indianapolis, Indiana, USA) were prepared as described

previously [18]. Briefly, the forebrain was dissociated in

L-15 media containing 3mg/ml papain (Sigma, St. Louis,

Missouri, USA) and 3mg/ml BSA (Sigma). After trituration

in growth media [MEM without glutamine, 27.75mM

glucose, 10% NuSerum (Collaborative Research, Bedford,

Massachusetts, USA), 50U/ml penicillin, 50 μg/ml strepto-

mycin], the cell suspension was layered on L-15 containing

100mg/ml BSA and centrifuged at 500 rpm for 5min. The

pellet was resuspended in growth media. Overall, 200 k

cells were seeded onto polylysine-coated 24-well plates.

Fluorodeoxyuridine (15 μg/ml) and uridine (35 μg/ml) were

added at 24 h after plating to restrict glial cell overgrowth.

Cultures were maintained (37°C, 5% CO2) for 7–10 days

before use.

Toxicity induction and cell death assessment

After neurons had developed a network of processes, two

healthy fields with evenly distributed neurons per well

were preselected. The growth medium was replaced by

1.5 ml of MEM containing (in mM) 27.75 glucose, 35

sucrose, 0.01 glycine, 10 Na-HEPES, and 500 µM gluta-

mate (Glu). After 10 min, cultures were rinsed twice with

Earle’s Balanced Salt Solution (EBSS+ ) containing (in

mM) 116 NaCl, 5.4 KCl, 1.8 CaCl2, 0.1 MgSO4, 0.9

NaH2PO4, 26.2 NaHCO3, 27.75 glucose, 35 sucrose, and

0.01 glycine. After 24-h incubation, trypan blue dye was

added (final concentration 0.12 mg/ml) and cells con-

taining (dead) and excluding (live) dye were counted in

the preselected fields.

Administration of TUF1 peptides and inhibitors

After second rinse with EBSS+ following Glu exposure,

the following were added to the cell cultured wells: In-

house synthesized TUF1 (AYKSYVRALPLL, >97% pur-

ity) and TUF1ΔS46A (AYKAYVRALPLL, >97% purity),

MK801 (Sigma), DAPV (Sigma), K252a (Sigma), or MC192

(Abcam, Cambridge, Massachusetts, USA).

Statistical analysis

Data were analyzed by a one-way analysis of variance

followed by post-hoc Bonferroni corrected t-test for

pairwise comparison using GraphPad Prism, GraphPad

Prism, La Jolla, California, USA. Mean differences

between groups were considered significant if P values

are less than 0.05.

Results and discussion
TUF1 promotes neuronal survival in a dose-dependent

manner

TUF1 peptide composition was derived from TMEM35

(aka NACHO) based on the principle of evolutionary

conservation that important protein motifs are highly

conserved across evolution (Fig. 1a; Supplementary Fig.,

Supplemental digital content 1, http://links.lww.com/WNR/
A499). Interestingly, the central six amino acids

(SYVRAL) are a highly patented peptide sequence (data

not shown). A range of TUF1 doses was tested to

determine the efficacy of TUF1 in reducing cell death

induced by a toxic level of glutamate. Treatment with

glutamate produced a significant level of cell death

comparable to previous observations (Fig. 1b) [18]. The

survival rate observed across TUF1 doses indicates a

dose-dependent effect (Fig. 1b) and supports a role in

neuroprotection against glutamate toxicity. The optimal

effect was observed between nanomolar to micromolar

range, which is far higher than the picomolar range for

nerve growth factor (NGF) and brain-derived neuro-

trophic factor [11,19]. This effect is consistent with the

low affinity of TUF1 for p75NTR compared with NGF

[14]. Thus, additional optimization of TUF1 peptide will

be necessary to increase its efficiency, including the

generation of small molecule mimetics. To further

determine a time point at which TUF1 neuroprotective

activity is most effective, combinations of the different

timed applications were tested. TUF1 neuroprotection

was effective at all tested time points relative to induc-

tion of glutamate toxicity (Fig. 1c; F= 19.95, P< 0.0001).

Interestingly, TUF1 treatment 2 h after glutamate

exposure increased cell survival by 15.7% compared with

untreated neurons (P= 0.047). Although modest, this

post-insult efficacy confers an advantage of TUF1 over

NGF or brain-derived neurotrophic factor [11,19] given

the poor translational efficacy of the neurotrophic factors

in clinical settings [20]. Additional studies will be needed

to further determine its efficacy beyond 2-h post-

excitotoxic induction. The effectiveness of treatment

after cytotoxicity is important, as it is impossible to pre-

dict when brain injurious events, including strokes, will

occur. As such, neuroprotective interventions must be

efficacious even after the insult has occurred.

Neuroprotective activity of TUF1 is dependent on p75NTR

receptor

Given that p75NTR can mediate neuroprotection against

glutamate cytotoxicity [11,21], TUF1ΔS46A, which does

not bind p75NTR [14], was tested and showed a loss of

neuroprotective effect (Fig. 2a), suggesting a p75NTR-

dependent mechanism analogous to the action of NGF

[11,21]. To further validate this notion, an inhibitor of

p75NTR (MC192) was used together with TUF1. The
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Fig. 1
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TUF1 dose and time responses. (a) Evolutionary conservation of the p75NTR binding motif between the classic neurotrophic factor and TMEM35 (line
box). The shaded box indicates TUF1 peptide, which is flanked by potential proconvertase sites (KR and KK). (b) Survival of neurons 24 h after
exposure to the toxic level of glutamate (Glu) for 10 min, and immediately treated with TUF1 at various concentrations. Values are mean±SEM,
n=11–12/treatment, analysis of variance (ANOVA), ***P<0.001. (c) Cell survival response to the timing of TUF1 treatment. Live neurons 24 h after
exposure to glutamate (Glu). Values are mean ±SEM, n=9/treatment, ANOVA, ***P<0.001, **P<0.01, *P<0.05.
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The p75NTR-dependent activity of TUF1 peptide. (a) Effects of co-application of TUF1 and antagonist of p75NTR or Trk. Survival of neurons 24 h after
10-min glutamate (Glu, 500 µM) exposure following by treatment with TUF1 (1.8 µM), TUF1ΔS46A (1.8 µM), MC192 (2.67 nM), K252a (200 nM), or a
combination of TUF1 and specific antagonist. Values are mean±SEM, n=3/treatment, analysis of variance (ANOVA), ***P<0.001, **P<0.01. (b)
Effects of co-application of TUF1 (1.8 µM) and NMDA receptor inhibitors [MK801 (20 µM), DAPV (50 µM)]. Values are mean ±SEM, n=9–15/
treatment, ANOVA, ***P<0.001.
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insufficiency of MC192 alone or in combination with

TUF1 to produce a significant cell survival following

glutamate exposure (Fig. 2a) indicates a requirement for

p75NTR activation. Conversely, inhibition of Trk recep-

tors by K252a [22] did not significantly reduce the neu-

roprotection of TUF1 (Fig. 2a, P< 0.01), suggesting a

Trk-independent pathway. To further determine if the

survival produced by TUF1 peptide was associated with

NMDAR activation, inhibitors of NMDAR (MK801 or

DAPV) were used in conjunction with TUF1. TUF1,

MK801, or DAPV alone elicited a significant increase in

the survival of neurons exposed to glutamate (Fig. 2b,

P< 0.001). There was no additive effect in survival rates

when TUF1 was used together with either antagonist,

suggesting that TUF1 acts in an NMDAR-independent

mechanism.

The present study utilized the principle of evolutionary

conservation to identify a potentially important protein

motif (i.e. TUF1), which was subsequently showed to

have a neuroprotective property in the context of

glutamate-induced excitotoxic cell death of cultured rat

forebrain neurons. Particularly, the ability of TUF1 to

provide significant neuroprotection over an extended

time period post-insult holds a potential for therapeutic

development. A mechanism of action for TUF1 is likely

involved the modulation of p75NTR activity. It is possible

that TMEM35, from which TUF1 is derived, facilitates

appropriate localization of nAChRs and p75NTR. This

organization of receptors within and outside of the

synapses may play a vital role in regulating neuronal

responses, including Ca2+ signaling, to excitotoxicity

[23–25]. Clearly, additional studies are warranted to elu-

cidate the precise role of this novel peptide.
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