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Elucidating the pathological
mechanisms of neurodegeneration
in the lethal serpinopathy FENIB
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The term serpinopathies was introduced to
describe a family of diseases caused by point
mutations in serine protease inhibitors, or
serpins. Serpins inhibit their cognate protease
by an irreversible suicide mechanism starting
with the attack of the active site serine on the
reactive center loop of the inhibitor, followed
by formation of a covalent complex between
both proteins, insertion of the reactive center
loop of the serpin into its own beta-sheet A,
and culminating in distortion of the active site
of the serine protease and thus irreversible
inactivation. This inhibitory mechanism,
reminiscent of the movement of a mousetrap,
requires a structural flexibility that proves
to be unfavorable when the folding of the
serpin is altered by mutations responsible for
conformational rearrangements, allowing an
intermolecular domain exchange characterized
by the insertion of the C-terminal domain of
a molecule into a second one, thus forming
a dimer. Expansion of this insertion reaction
leads to the formation of serpin polymers that
accumulate within the endoplasmic reticulum
(ER) of the cell and consequently reduces the
secretion of the wild-type serpin (Greene et al.,
2016).

Alphal-antitrypsin (AAT) is the best-
characterized member of the serpin family. This
serpin is synthesized prevalently by hepatocytes
in the liver, secreted into the circulation and
transported to the lung where it protects
the tissue against the proteolytic activity of
neutrophil elastase (Figure 1; left panel). AAT
is also produced by other cell types including
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monocyte-derived macrophages and dendritic
cells and alveolar macrophages, exerting
a variety of inhibitory and noninhibitory
functions across different tissues, including
immunomodulatory roles. AAT deficiency is
a genetic disease caused by mutations that
lead to decreased AAT activity in plasma.
Inactivating (dysfunctional) mutations as well as
mutations that prevent correct production and
secretion of AAT, either by promoting complete
degradation of AAT (null mutations) or by
causing its intracellular polymerization, have
been described. The most common disease
variant is the Z allele (E342K) with a high
prevalence in northern and western Europe
and the USA. This mutation is responsible for
a structural destabilization and, although most
of the protein is degraded within the cell, part
of it accumulates within the ER of hepatocytes
as ordered polymers, while a small fraction
is secreted. In fact, circulating polymers have
been detected in the plasma of patients
carrying the Z and other AAT polymerogenic
mutations. Clinically, these mutations in AAT are
responsible for a gain-of-function phenotype
in the liver, which in some cases manifests as
neonatal hepatitis or, in adults, as cirrhosis and
hepatocellular carcinoma, as well as a loss-of-
function phenotype caused by reduced levels of
circulating active AAT, resulting in uncontrolled
neutrophil elastase activity and leading to early-
onset lung emphysema in Z-AAT homozygotes
(Greene et al.,, 2016).

Familial encephalopathy with neuroserpin
inclusion bodies (FENIB) is a serpinopathy
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Figure 1 | Physiological and pathological roles of alphal-antitrypsin and neuroserpin.
Alphal-antitrypsin is synthesized in the liver and transported to the lung where it inhibits neutrophil
elastase. Mutations that destabilize its structure are responsible for polymer accumulation in hepatocytes
and lung epithelial cells (G-o-F, gain-of-function) and reduced inhibition of neutrophil elastase in the lung
(L-o-F, loss-of-function). Similarly, neuroserpin is synthesized in the endoplasmic reticulum of neurons,
transported along axons and dendrites and secreted at synapses where it regulates the activity of tissue-
plasminogen activator. Polymerogenic mutations lead to polymer accumulation in the endoplasmic
reticulum (toxic G-o-F) and reduced neuroserpin secretion. If increased tissue-plasminogen activator
activity (L-o-F) and/or extracellular polymer deposition (G-o-F) aggravate the pathomechanism of familial
encephalopathy with neuroserpin inclusion bodies (FENIB) is still unknown. Green circle: Wild-type
serpin; red circle: mutant serpin; black triangle: serine protease.

affecting the nervous system. The disease,
first described 1999 by Davis and colleagues
(Davis et al., 1999), is an autosomal dominantly
inherited neurodegenerative disease with
cognitive decline, tremor and seizures, resulting
in pre-senile dementia and death. Histological
characterization of the patient’s brain revealed
neuronal accumulation of inclusion bodies
(IB), called Collins bodies, in several cortical
and subcortical regions, whereas biochemical
analysis showed that they consisted only of
neuroserpin. Neuroserpin is an extracellular
inhibitor of the serine protease tissue-
plasminogen activator (tPA) mainly expressed
in neurons. Since the first description of
FENIB, six different point mutations have
been identified as responsible for amino
acid substitutions affecting the opening of
the so-called shutter region, essential to the
inhibitory mechanism and consequently to the
conformational stability of this serpin. As for
other serpinopathies, a correlation between
conformational rearrangement triggered by
the mutations, magnitude of intracellular
protein deposition/reduction in secretion and
severity of the disease has been observed
(Lee et al., 2015). However, compared to AAT-
deficiency, to attribute the pathophysiology of
FENIB to gain-of-function or loss-of-function
effects or both is complicated by the nature of
neuroserpin expression and function. In the
nervous system, neuroserpin is synthesized
and secreted by neurons, and, unlike AAT, is
mainly active at the site of synthesis. Although
a toxic gain-of-function phenotype elicited
by the accumulation of the mutant protein
has been demonstrated in cell and animal
models of FENIB, as described below, reduced
secretion of wild-type neuroserpin has been
hypothesized to disrupt the balance between
serine protease and serpin, thus favoring
an uncontrolled activity of tPA that could
manifest in the seizure phenotype observed
in FENIB patients (Figure 1; right panel). In
fact, transgenic mice overexpressing human
G392E-mutant neuroserpin were shown to be
more susceptible to kainite-induced seizures
(Takasawa et al., 2008). However, these mice
have normal levels of murine neuroserpin,
arguing against a possible loss-of-function
phenotype. Furthermore, neither increased tPA
activity, nor seizures or neuronal degeneration
have been observed in neuroserpin-deficient
mice so far. The possibility of a compensatory
effect by another serpin is often discussed, the
best candidate being plasminogen activator
inhibitor-1, the serpin that regulates the activity
of tPA in the circulation. However, plasminogen
activator inhibitor-1 is present at very low levels
in the brain under physiological conditions
and analysis of the neocortex of neuroserpin-
deficient mice did not reveal a compensatory
upregulation of this serpin (Lee et al., 2015).
The absence of neuroserpin in mice affects
maturation and plasticity of hippocampal
synapses, resulting in deficits in cognitive,
emotional and social behaviour (Reumann et
al., 2017), but a similar investigation has never
been performed in a FENIB mouse model,
therefore the contribution of the loss-of-
function to FENIB remains to be investigated.

Many efforts have been conducted in the last
twenty years to discover the pathomechanisms
of FENIB using both cell culture and animal
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models. Overexpression of mutant neuroserpin
has been performed in several cell lines of
neuronal and non-neuronal origin, in which
polymerization, IB formation within the ER and
reduced protein secretion have always been
observed (Miranda et al., 2008; Guadagno et
al., 2017). FENIB mouse models recapitulating
disease progression showed neuroserpin
polymerization and ER-accumulation of
intraneuronal IB in a time-, dose- and mutation-
dependent fashion throughout the disease,
as well as neuronal loss and a mild induction
of apoptosis (Galliciotti et al., 2007; Takasawa
et al., 2008). Other animal models of FENIB,
generated in D. melanogaster (Miranda et
al., 2008) and C. elegans (Schipanski et al.,
2013), presented with IB accumulation without
apparent effects on survival, but a reduction in
locomotor activity that correlated with polymer
load was found in flies. Intracellular polymers
accumulate even if part of the monomeric
mutant neuroserpin is specifically cleared by
ER-associated degradation, as seen in cell lines
and in a mouse model of FENIB, and basal
autophagy cooperates by degrading both wild-
type and mutant neuroserpin, as demostrated
in COS7 and PC12 cell lines (Kroeger et al.,
2009; Schipanski et al., 2014). Furthermore,
although experiments with the mouse and
worm models showed limited activation of
the unfolded protein response at an early
stage of the disease (Schipanski et al., 2013),
contradictory results were reported with cell
lines overexpressing polymerogenic variants
of neuroserpin, in which unfolded protein
response activation was not observed but
neuroserpin accumulation triggered an ER
overload response characterized by activation
of NF-kB (Davies et al., 2009). This discrepancy
could be explained by the different conditions
present in the models tested, with polymers
accumulating in post-mitotic cells over a long
time period in the animal models and only
in the short-term in dividing cultured cells.
Similar findings have also been described
for Z-AAT, with unfolded protein response
activation depending on the particular cell
type and activation of NF-kB as a characteristic
consequence of polymer accumulation. A
component of the toxicity elicited by the
FENIB mutations was suggested in a study
demonstrating that neural progenitor cells
differentiated to neurons and expressing G392E
neuroserpin upregulated genes involved in
oxidative stress and were more susceptible to
apoptosis upon inhibition of the antioxidant
defense (Guadagno et al., 2017).

Despite having partially characterized the
mechanism of polymerization, the fate of the
mutant protein and some crucial mechanisms
of toxicity, further questions are still
unanswered. Is the presence of IB toxic to cells,
or does the sequestration of the mutant protein
within these structures confer protection,
similar to Alzheimer disease, where insoluble
beta-amyloid aggregating in plaques is now
considered less toxic than soluble oligomeric
species? A possible answer is offered by a study
showing that hepatoma cells in culture, despite
accumulating mutant AAT within IB, maintained
ER function, whereas overexpression of calnexin
inhibited IB formation and led to cell shrinkage
and deficits in protein secretion (Granell et
al., 2008). This would suggest that the soluble
mutant form of the serpin that is not efficiently

degraded by ER-associated degradation and/or
autophagy could be the toxic species. Another
open question is whether the intracellular
or the secreted form is the most harmful.
Since the severity of FENIB goes along with
decreased secretion of the mutant protein,
one could intuitively conclude that cell toxicity
is caused by the intracellular form of the
protein. Still, the possibility that the presence
of mutant neuroserpin in the extracellular
milieu aggravates the toxic phenotype had not
been tested so far. Neuroserpin sorting has
been investigated in primary neurons, where it
is transported within large dense core vesicles
along dendrites and axons, and is secreted
perisynaptically (Lee et al., 2015). If the mutant
protein shares the same fate, it might exert
its toxicity at synapses. The idea of a synaptic
phenotype being caused by extracellular
deposition of pathogenic, misfolded proteins is
not new. This concept has been described for
several neurodegenerative diseases including
Alzheimer’s disease, the tauopathies and prion
diseases. Because synaptic pathology occurs
at early stages of dementia, targeting synaptic
loss might retard disease progression and
ameliorate the symptomatology of the affected
patients. Therefore, we have investigated
the secretion pathway and the effects on the
synapse of mutant neuroserpin in a recently
published manuscript (Ingwersen et al., 2021).
We observed that G392E-mutant neuroserpin,
like its wild-type counterpart, was sorted
along the ER-to-Golgi secretory pathway.
Furthermore, using an in vitro model consisting
of cultured hippocampal neurons, previously
proven to reproduce synaptotoxicity in prion
and Alzheimer’s diseases, we tested if exposure
to the mutant serpin would lead to a synaptic
phenotype, but we failed to observe this.
This contradicts the dysregulated expression
of the post-synaptic marker protein PSD-95
that we found in the hippocampus of aged
FENIB mice, a feature also described in the
hippocampus of neuroserpin-deficient mice,
in which synaptic deficits have been observed
at functional and behavioural levels (Reumann
et al., 2017). The relevance of these findings
for FENIB is still unknown, further research
on the physiological functions of neuroserpin
is needed to understand the contribution
of gain-of-function and/or loss-of-function
mechanisms to FENIB disease. The knowledge
generated through these studies will also be
informative for other serpinopathies and for
other neurodegenerative diseases.
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