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ABSTRACT

Hyperammonemia in the CNS induces irreversible damages to neurons due to ultimate cell loss. Neurite
degeneration, a primary event that leads to neuronal cell death, remains less elucidated especially in
hyperammonemia circumstances. Here, we found that the administration of ammonia induced neurite
degeneration in cultured cerebellar granule neurons. The resulting altered neuronal morphology, rupture of
neurites, and disassembly of the cytoskeleton led to cell death. Calcein and Fluo-4 staining revealed that
ammonia induced intracellular calcium dysregulation. Subsequently activated calpain cleaved CRMP-2, a
microtubule assembly protein. Pharmacologically inhibition of calpain, but not caspases or GSK-3, suppressed
the cleavage of CRMP-2 and reversed neurite degeneration under ammonia treatment. Exposure to ammonia
decreased whereas inhibition of calpain restored the amplitude and frequency of miniature excitatory
postsynaptic currents. These data suggest a mechanism by which elevated ammonia level may induce neuronal
dysfunction via abnormal calcium influx and calpain-dependent CRMP-2 cleavage, leading to abnormal synaptic
transmission, cytoskeletal collapse, and neurite degeneration.

INTRODUCTION

Hyperammonemia is the critical factor contributed to
the pathogenesis of several neurodegenerative disorders,
such as hepatic encephalopathy (HE) and hyper-
ammonemia (HA) [1, 2]. In addition, increased
ammonium level in the brain is observed with inherited
defects of the urea cycle [3], congestive heart failure
[4], transient hyperammonemia of newborns [5] and
other dysfunctions. The highest concentration of
ammonium 15.5 mM has been reported in brain
abscesses. Ammonia crosses the blood-brain barrier and
induces astrocyte swelling and oxidative stress, which
contribute to neuronal dysfunction [6]. High con-
centration of ammonia not only induces the dysfunction
of astrocytes [7] but also directly leads to cell death of
cultured neurons [8]. For example, ammonia

induces apoptosis of cultured hippocampal neurons by
altering BAD dephosphorylation [9] and activating
NMDA receptors [8, 10], which may result in a massive
influx of calcium ions [11, 12]. Exploring the precise
mechanisms by ammonia-induced neuronal cell loss
helps to identify new therapeutic targets.

One process that leads to neuronal apoptosis and death
is neurite degeneration [13], an early event in many
neurological conditions, including Parkinson’s disease,
Alzheimer’s disease, and amyotrophic lateral sclerosis
[14-16]. These and various other neurodegenerative
diseases are also associated with altered function of
collapsin response mediator protein 2 (CRMP-2) [17,
18]. CRMP-2 is a member of a family of cytoplasmic
proteins enriched in developing and adult nervous
systems [19-21] that are important for cell migration,

www.aging-us.com 4354

AGING


mailto:tlinhsh@jnu.edu.cn

neuronal polarity and neurite extension, and axonal
guidance and regeneration [22, 23]. Members of the
CRMP family act as microtubule-associated proteins
targeting cytoskeletal microtubules and microfilaments
[24, 25]. CRMP-2 is enriched in distal parts of growing
neurites, where it binds to and helps transport tubulin
dimers and actin filaments to facilitate cytoskeletal
assembly [26-28]. Phosphorylation regulation by
upstream kinases, such as GSK-3, Cdk5 [22] and Rho
[29] leads to the inactivation of CRMP-2 and the
dissociation from the cytoskeleton. Apart from
phosphorylation regulation, CRMP-2 can be cleaved
and inhibited by calpain during neurite degeneration
[30, 31]. However, how these regulations of CRMP-2
participate in hyperammonemia scenario remain to be
explored.

To elucidate whether ammonia may impact neuronal
morphology and the mechanism by which this may
occur, cultured cerebellar granule neurons were treated
with ammonia and analyzed for changes in morphology
and calcium-dependent processes. We found that
ammonia treatment induced calcium influx and calpain
activation, leading to the cleavage of CRMP-2 and
ultimately neurite degeneration and cell death.

RESULTS

Ammonia induces neurite degeneration in cultured
cerebellar neurons

Primary cerebellar granule neurons cultured for 7 days
in vitro were treated with 1, 2, 5, or 10 mM ammonia
for 24 h and observed by microscopy for morphological
changes. The treatments induced neurite degeneration,
observed as swollen puncta along axons above 2 mM
ammonia, neurite beading and fragmentation above 5
mM, and neurons becoming transparent, indicating cell
death, at 10 mM (Figure 1A). To identify the affected
neurites, immunofluorescence staining with MAP2 for
dendrites and BIlI-tubulin for axons were performed. As
shown in Figure 1B, the dendrite shafts showed no
significant morphological changes, extending smoothly
in each ammonia-treated group as control group.
However, the varicosities and number of beading
increased in Tubulin-positive neurites that did not
colocalize with MAP2, in an ammonia-concentration
dependent manner. These changes were quantified by
measurements of the proportions of intact neurites
remaining (Figure 1C) and the density of neurite beads
along neurites (Figure 1D). The data suggest that
ammonia administration mainly affect the morpho-
logical changes of axons but not dendrites.

To assess whether these changes involve ammonia-
induced calcium dysfunction, live neurons were

stained with the membrane-permeable dye calcein-
AM. Ammonia-treated cells exhibited fluorescent
puncta within the cell body and along the neurites,
indicative of high local concentrations of calcium
(Figure 2A, upper panel). The numbers of these puncta
increased in an ammonia concentration-dependent
manner (Figure 2B). Because calcein staining is very
pH sensitive and hard to reveal puncta from lipid
vesicles, we also applied Fluo-4 staining (Figure 2A,
lower panel). The statistical results of Fluo-4 staining
(Figure 2D) showed the same trend as calcein (Figure
2C). These data indicate that ammonia induces neurite
degeneration, cytoskeletal collapse, and finally
neuronal death, which may result from the increase of
local calcium concentration.

Ammonia induces calpain-mediated CRMP-2
cleavage

As the dysregulation of intracellular calcium levels can
alter the activity of a variety of calcium-dependent
enzymes, such as calpain [32], we sought to assess if
ammonia treatment induces the cleavage of proteins
important for regulating cytoskeletal structure. We
focused on CRMP-2, which is known to be cleaved by
calpain [30, 31, 33-36]. Western blot analysis of
cerebellar granule neurons revealed increasing amounts
of cleaved CRMP-2 with treatments of increasing
concentrations of ammonia (Figure 3A and 3B). To
determine if the cleavage of CRMP-2 was a result of
enzyme activity, we treated cells with several inhibitors
in addition to ammonia. The western blot analysis
revealed that the cleavage of CRMP-2 in ammonia-
treated cells was significantly suppressed when calpain
was inhibited by ALLM (Figure 3C and 3D) but not
when caspases were inhibited by ZVAD (Figure 3E and
3F), confirming that ammonia-induced CRMP-2
cleavage is calpain dependent. Moreover, Spectrin is a
well-characterized substrate for calpain [37, 38]. We
found that ammonia administration significantly
induced the cleavage of Spectrin, with the upregulation
of 150 kD cleaved band, in an ammonia-concentration
dependent pattern (Figure 3A, lower panel). The
cleavage also can be inhibited by the application of
calpain inhibitor ALLM (Figure 3C). We next sought to
determine whether the cleavage of CRMP-2 is
dependent on its activity. As microtubule binding
activity of CRMP-2 can be inhibited by phosphorylation
with GSK-3 [22, 39], we cotreated cells with ammonia
and a GSK-3-specific inhibitor, AR-A014418. The
results showed that inhibition of GSK-3 did not
significantly impact ammonia-induced CRMP-2
cleavage (Figure 3G and 3H). Altogether, these data
indicate that exposure to ammonia induces calpain-
dependent cleavage of CRMP-2 in cerebellar granule
neurons.
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Figure 1. Ammonia induces axonal degeneration of cultured neurons. (A) Axonal beading and fragmentation in the course of
degeneration induced by ammonia (1, 2, 5, and 10 mM for 24 h) in cerebellar granule neurons (CGNs) cultured for DIV 7. Morphological
changes of neurons were monitored with phase-contrast microscopy, and representative and enlarged images were shown. White arrows
show the beading formation. Scale bar, 50 um. (B) Same treated neurons were subjected to immunocytochemistry with MAP2 staining
(Green signal) for dendrites and BlII-Tubulin (red signal) for neurites. Hoechst staining shows the nucleus of neurons. Whiter arrows show the
beading formation along the axonal shafts. Dendrites revealed by MAP2 showed no varicosities. Scale bar, 20 um. Quantitative
measurements of neurite fragmentation (C) and axonal beading (D). Relative percentages in the control group (Ctrl) were set at 100% in (C).
* p<0.05vs. Ctrl.
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Inhibition of calpain prevents ammonia-induced
neuronal degeneration and rescues synaptic
dysfunction

As inhibition of calpain prevented ammonia-induced
CMRP-2 cleavage, we next assessed whether it would
also prevent ammonia-induced morphological changes.
Treatment of cells with the calpain inhibitor ALLM
prevented the appearance of neurite degeneration
(Figure 4A), increased the proportion of intact neurites
(Figure 4B) and reduced bead formation (Figure 4C),
comparing to those in cells treated with ammonia only.
Treatments with ZVAD and AR-A014418 had no
effect, consistent with their inability to block ammonia-
induced CRMP-2 cleavage.

Additionally, we assessed whether ammonia would im-
pact synaptic activity. Patch-clamp recordings of cultur-
ed cerebellar granule cells revealed that treatment with
ammonia destabilized baseline activity (Figure 5A).

Moreover, ammonia dose-dependently decreased the
amplitude and frequency of miniature excitatory
postsynaptic currents (mEPSCs, Figure 5B). Notably,
these effects were blocked by the inhibition of calpain
with ALLM, which resulted in increased frequency and
amplitude of mEPSCs (Figure 5C and 5D). Not
surprisingly, ZVAD and AR-A014418 had no effect.
Altogether, these data suggest that calpain activation
upon exposure to ammonia induces the morphological
and physiological dysfunction in cultured neurons.

DISCUSSION

The results of this study show that ammonia directly
induces neurite degeneration and morphological and
functional deficits in cultured neurons. Specifically,
ammonia produces calcium dysregulation, calpain
activation, CRMP-2 cleavage, cytoskeleton collapse and
alterations in mEPSCs. These effects represent a potential
mechanism for the pathogenesis of hyperammonemia,
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Figure 2. Ammonia treatment induces locally upregulation of calcium concentration. (A) For intracellular calcium staining, 2 uM
calcein-AM or 2 uM Fluo-4 were added to culture medium for 30 min before image capture. Quantitative data of number of calcein puncta
(B) or Fluo-4 sparks (C) indicate high concentrations of calcium. Data are means + SEs from at least three independent experiments; * p <

0.05 vs. Ctrl. Scale bar, 20 um.
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Figure 3. CRMP-2 is cleaved after ammonia treatment, which is mediated by calpain. Cultured cerebellar granule cells were
treated as in Figure 1, and then neuronal lysates were subjected to western blotting with antibodies against CRMP-2 and all-Spectrin (A). (B)
Quantification of intensity bands for cleaved CRMP-2 relative to that for tubulin. Relative value in control group was set to 100%. Western
blotting analyses of cultured cerebellar granule cells treated along with calpain inhibitor ALLM (10 uM) (C and D), caspase inhibitor ZVAD
(20 uM) (E and F), and GSK-3 inhibitor AR-A014418 (10 uM) (G and H). Data are means + SEs from at least three independent experiments; *
p <0.05 vs. Ctrl.
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Figure 4. Axonal degeneration induced by ammonia is mediated by calpain. (A) Cultured cerebellar granule cells were treated with
2 mM ammonia for 24 h with or without ALLM, ZVAD, or AR-A014418, and observed by microscopy. Neurons were subjected to
immunocytochemistry with BllI-Tubulin (Blll) and Hoechst for nucleus staining. White arrows show the beading puncta. Neurite
fragmentation (B) and axonal beading (C) were quantified as in Figure 1. Data are means =+ SEs from at least three independent experiments;
* p <0.05 vs. Ctrl. Scale bar, 20 um.
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Figure 5. Inhibition of calpain prevents ammonia-induced impairment of synaptic activity. Cultured cerebellar granule cells were
treated with ammonia (0, 2, 5, or 10 mM) for 24 h and subjected to patch-clamp electrophysiological recording. Representative tracings (A)
and quantification of frequencies and amplitudes (B) of mEPSCs. Representative tracings (C) and quantification of frequencies and amplitudes
(D) of mEPSCs in neurons treated with 2 mM ammonia for 24 h with or without ALLM, ZVAD, or AR-A014418. Data are means + SEs; n =15
cells from three cultures from seven animals; * p < 0.05 vs. Ctrl.
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a condition in which the excessive accumulation of
ammonia in the brain is considered the primary
inducer [40, 41]. As ammonia is shown to induce
astrocytic swelling and to disturb normal astrocytic
neuronal interactions and neural transmission [42],
astrocytes have been considered the primary target of
ammonia toxicity, with secondary effects on neigh-
boring neurons. The evidence here introduces neurons
as a primary target of ammonia and proposes a
potential mechanism leading to neurological dys-
function.

Patients with liver cirrhosis develop hepatic
encephalopathy with mild cognitive impairment,
attention deficits and psychomotor, where hyper-
ammonemia plays synergistic roles [43]. Hyper-
ammonemia induces cognitive impairment by directly
altering  glutamatergic and GABAergic neuro-
transmission [44—46]. For example, ammonia would
prevent activation of NMDA receptors in rat cerebellar
neuronal cultures [44], chronic hyper-ammonemia
would impair the extracellular glutamate and glutamate-
nitric oxide-cyclic GMP pathway in cerebellar neurons
in culture and in the rat in vivo [45, 47], hyper-
ammonemia alters membrane expression of GluA1l and
GluA2 subunits of AMPA receptors in hippocampus
with altered spatial memory in rats [48]. Chronic
hyperammonemia induces inflammation that leads to
cognitive impairment in rats [49]. Thus, altered
neurotransmission is significantly observed in the
cerebellum [50]. Here, in our current study, we
observed that ammonia treatment markedly induced the
impairment of mEPSCs in cultured cerebellar granule
neurons, and inhibition of calpain/CRMP-2 signaling
component would partially rescue the transmission
dysfunction (Figure 5). Our results provide detailed
signaling pathways supplementing the mechanisms of
psychomotor dysfunction in patients with hyper-
ammonemia.

Oxidative stress also plays an important role in
ammonia neurotoxicity. High levels of ammonia
increase reactive oxygen and nitrogen species in
hyperammonemia models in vivo, as well as in
cultured systems [51]. Antioxidant enzymes and lipid
peroxidation in the brain are reduced and tyrosine
nitration in astrocytes is increased in various
ammonia-treated models [7, 52]. Protein tyrosine
nitration, the oxidation of RNA, and the activation of
Zn-dependent gene transcription in the brain are
considered the main downstream consequences of
oxidative stress, which account for HE symptoms [53,
54]. Moreover, low-grade cerebral edema in HE
patients may result from astrocyte swelling when
exposed to ammonia caused by increased intracellular

concentrations of calcium [55] and later oxidative
stress [56]. A recent study showed that ammonia also
significantly induces reactive oxygen species in
cerebellar granule cells and that pharmacological
inhibition suppressed ammonia-induced damage by
oxidative stress [57]. Accordingly, we found that
ammonia treatment influences calcium distribution,
which likely triggered the observed neurite beading
and degeneration, and may have resulted in additional
oxidative stress. Further investigations are needed to
clarify the effect of ammonia on oxidation and reactive
oxygen species production in neurons.

We demonstrate that ammonia alters calcium
regulation and induces calpain-dependent cleavage of
a protein regulating the cytoskeletal structure of
neurons, namely, CRMP-2. However, we believe
many other calcium-dependent kinases may also
contribute to ammonia-induced neuronal damage.
CRMP-2 facilitates tubulin assembly and promotes
microtubule stability [58], and a disruption of this may
retard axonal growth and result in axonal degeneration.
CRMP-2 dissociates from microtubules following
phosphorylation by GSK-3 [22] and Cdk5 [59], or
after cleavage by calpain, thereby potentially greatly
impacting axonal integrity and maintenance. We
provide direct evidence of this, as the prevention of
CRMP-2 cleavage by calpain inhibition blocked that
degeneration of axons induced by ammonia.
Additionally, calpain can be activated by NMDA
administration and CaMKII, which also phospho-
rylates CRMP-2, resulting in axonal varicosities [60].
However, this phosphorylation preceded large-scale
cleavage of CRMP-2, which was not suppressed by
inhibitors of CaMKII, indicating that cleavage of
CRMP-2 is phosphorylation-independent [60]. Our
results are consistent with this, as inhibition of GSK-3
did not prevent CRMP-2 cleavage. Recent reports
show that CRMP-2 interacts with calcium channel
CaV2.2 to regulate neurotransmission [61, 62]. And
Ckd5-mediated phosphorylation of CRMP-2 enhances
the interaction with CaV2,2 [63]. Phosphorylation and
SUMOylation coordinately regulate CRMP-2 activity
to mediate neurotransmission [64, 65]. Thus, including
cleavage, the post transcriptional modifications of
CRMP-2 are important for its regulation under various
pathophysiological conditions.

In summary, the results of this study demonstrate that
high ammonia directly induces neurite degeneration
via calpain-dependent cleavage of CRMP-2. Thus,
modulation of the calpain/CRMP-2 pathway
represents a potential avenue for future effective
therapies for ammonia-induced neurite damage.

www.aging-us.com 4360

AGING



MATERIALS AND METHODS
Cell culture and treatment

Cerebellar granule cells were prepared from 7-day-old
Sprague-Dawley rat pups as previously described [39,
66], producing cultures of high purity (> 95% granule
neurons) [67]. Briefly, neurons were dissociated from
freshly dissected cerebella by mechanical disruption in
the presence of trypsin and DNase, and then seeded at a
density of 1.5 x 10° cells/ml in basal modified Eagle’s
medium containing 10% fetal bovine serum (Gibco
BRL, Gaithersburg, MD) and 25 mM KCIl (Sigma-
Aldrich, St Louis, MO), a concentration sufficient to
induce membrane depolarization. For electro-
physiological analyses, the cells were seeded on
coverslips (Thermo Fisher Scientific, Rockford, IL).

All animal procedures were performed in strict
accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Jinan University Institutional Animal Care and Use
Committee. All efforts were made to minimize the
suffering and number of animals used.

Morphological assessments and calcium staining

Neurite degeneration was defined by beading
(swellings along neurite) and fragmentation as
previously described [60, 68, 69]. Briefly, cultured
neurons were incubated by ammonia with or without
pre-incubation of the calpain inhibitor (ALLM, 10 uM,
Sigma), the pan-caspase inhibitor (ZVAD, 20 uM,
Sigma) and the GSK-3 inhibitor (AR-A014418, 10
uM, Sigma) for 30 min, then neuronal morphology
was evaluated. For calcium release indication, calcein-
AM and Fluo-4 (all purchased from Thermo Fisher
Scientific, Carlsbad, CA, USA) was applied to
cultured neurons. Briefly, neurons grown on coverslips
were incubated with calcium indicator 2 uM calcein-
AM for 30 min at 37°C and viewed through using a
fluorescent microscopy.

Western blotting

Western blotting analyses were performed as described
previously [70, 71]. Briefly, lysates were separated by
SDS-polyacrylamide gel electrophoresis and electro-
phoretically transferred to polyvinylidene fluoride
membranes. The membranes were blocked in Tris-
buffered saline with 5% milk and 0.05% Tween 20 and
probed with primary antibodies against CRMP-2 (Cell
Signaling Technology, Danvers, MA) and tubulin
(Sigma-Aldrich) at 4°C overnight. Appropriate
horseradish peroxidase-conjugated secondary anti-

bodies (Jackson Immuno-Research, West Grove, PA)
were used for detection with enhanced chemi-
luminescence reagents (GE Healthcare, Chalfont St
Giles, UK).

Electrophysiology

Whole-cell patch-clamp recordings of miniature
excitatory synaptic currents (mEPSCs) were obtained
from neurons cultured for 10 days in vitro [72-74].
During the recordings, the cells were bathed in an
external solution (pH 7.3) containing 128 mM NacCl, 5
mM KCI, 2 mM CaCl,, 1 mM MgCl,, 15 mM glucose,
20 mM HEPES, 1 mM tetrodotoxin, and 100 pM
picrotoxin. Recording pipettes were filled with an
intracellular solution containing 147 mM KCI, 5 mM
Naz-phosphocreatine, 2 mM EGTA, 10 mM HEPES, 2
mM MgATP, and 0.3 mM Na,GTP. Recordings were
performed at room temperature in voltage clamp mode,
at a holding potential of —70 mV, using a Multiclamp
700 B amplifier (Molecular Devices, Sunnyvale, CA)
and Clampex 10.5 software (Axon Instruments, Union
City, CA). The series resistance was below 30 MQ, and
data were acquired at 10 kHz and filtered at 1 kHz.
mEPSCs were analyzed using MiniAnalysis software
(Synaptosoft, Decatur, GA, USA) from experiments
performed at least three times.

Immunocytochemistry

Immunocytochemistry was performed as previously
described [39]. Briefly, CGNs cultured on coverslips
after treatments were fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100 in Tris-
buffered saline and blocked in 3% donkey serum. Then
neurons on the coverslips were incubated with the
mouse anti-MAP2 (Chemicon, Temecular, CA, USA)
and rabbit anti-BIII tubulin (Cell Signaling
Technology). Then secondary antibodies conjugated to
Alexa Fluor 488 or 555 (Molecular Probes, Leiden, the
Netherlands) were incubated to link the primary
antibodies. The coverslips were mounted with Fluore-
Gel 11 with DAPI (Electron Microscopy Sciences,
Hatfield, PA, USA) and images were captured with a
Carl Zeiss LSM 780 confocal microscope (Zeiss,
Germany).

Statistical analysis

The statistical significance of the differences between
two groups was determined by Student’s #-tests, and
comparisons between more than two groups were
performed with one-way analyses of variance with
Newman—Keuls post hoc tests. Data were presented as
mean + SE. A p value of < 0.05 was considered
statistically significant.
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