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Abstract

Neuromyelitis optica spectrum disorders (NMOSD) is a heterogeneous group of 
neuroinflammatory conditions associated with demyelination primarily in spinal cord 
and optic nerve, and to a lesser extent in brain. Most NMOSD patients are sero-
positive for IgG autoantibodies against aquaporin-4 (AQP4-IgG), the principal water 
channel in astrocytes. There has been interest in establishing experimental animal 
models of seropositive NMOSD (herein referred to as NMO) in order to elucidate 
NMO pathogenesis mechanisms and to evaluate drug candidates. An important 
outcome of early NMO animal models was evidence for a pathogenic role of AQP4-
IgG. However, available animal models of NMO, based largely on passive transfer 
to rodents of AQP4-IgG or transfer of AQP4-sensitized T cells, often together with 
pro-inflammatory maneuvers, only partially recapitulate the clinical and pathological 
features of human NMO, and are inherently biased toward humoral or cellular 
immune mechanisms. This review summarizes current progress and shortcomings in 
experimental animal models of seropositive NMOSD, and opines on the import of 
advancing animal models.

INTRODUCTION
Neuromyelitis optica spectrum disorders (NMOSD), as cur-
rently defined (62), consist of a heterogeneous group of dis-
eases characterized by neuroinflammation and demyelination 
that can produce motor, visual and other neurological deficits. 
Most NMOSD patients are seropositive for IgG autoantibod-
ies against astrocyte water channel aquaporin-4 (AQP4), called 
AQP4-IgG (or NMO-IgG). This review is focused on experi-
mental animal models of AQP4-IgG-seropositive NMOSD 
(herein called NMO). Having AQP4 as a well-defined immune 
target in NMO affords a rational basis to establish animal 
models. The development of animal models of NMO is 
motivated by their potential utility in studying NMO disease 
pathogenesis mechanisms and testing therapeutic candidates.

An ideal animal model of  NMO would closely reca-
pitulate the major features of  NMO disease in humans. 
NMO in humans is a spontaneously occurring autoimmune 
condition, with relapses and disease-inactive periods, and 
clinical findings consequent to inflammatory demyelinating 
lesions in spinal cord and optic nerve, and to a lesser 
extent in brain. There are often characteristic clinical fea-
tures of  optic neuritis and transverse myelitis, such as 
vision loss in one or both eyes, weakness or paralysis in 
the legs or arms, painful spasms, sensory loss, vomiting 

and bladder dysfunction, with a typical relapsing course. 
A characteristic radiographic feature of  NMO is longitu-
dinally extensive spinal cord lesions on T2-weighted MRI 
extending over three or more vertebral segments (16, 61). 
Pathological features of  active NMO include astrocytopathy 
with loss of  AQP4 and glia fibrillary acidic protein (GFAP), 
inflammation with granulocyte and macrophage infiltration 
and microglial activation, complement activation, blood–
brain barrier disruption and demyelination (12, 31, 41). 
These processes can lead to neuronal loss and tissue scar-
ring. Clinical and pathological studies in human NMO 
have suggested a central role for complement activation 
in NMO pathogenesis, though various other potential 
primary mechanisms have been proposed such as antibody-
dependent cellular cytotoxicity, glutamate excitotoxicity, 
AQP4 cellular internalization, AQP4 water transport inhi-
bition and blood–brain barrier disruption (41).

We review here reported experimental animal models of 
NMO, many of which involve passive transfer of AQP4-
IgG to rodents using a variety of methods and conditions, 
with some models involving T cell administration. Table 1 
summaries the various models that are discussed below. We 
discuss the scientific advances that have emerged from animal 
models, and comment on the debatable need for their con-
tinued advancement.
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AQUAPORIN-4, THE TARGET OF IGG 
AUTOANTIBODIES IN NMO
AQP4 is a water-selective transport protein expressed at the 
plasma membrane of astrocytes throughout the CNS, par-
ticularly in astrocyte foot processes (31). AQP4 is expressed 
as well outside of the CNS in skeletal muscle and in a 
subset of epithelial cells in the kidney, airways, stomach 
and exocrine glands. Studies in AQP4 knockout mice have 
elucidated its function in water movement (brain edema), 
neuroexcitation, astrocyte migration and glial scarring, and 
neuroinflammation [reviewed in Ref. 32]. AQP4 is considered 
to be  an attractive drug target for various neurological 
conditions such as ischemic stroke, though at present there 
are no validated AQP4 inhibitors (59).

AQP4 is the target of AQP4-IgG autoantibodies in NMO 
(23). Several studies have addressed the nature of the extra-
cellular epitopes in AQP4 that bind AQP4-IgGs (29, 58). 
Though aquaporins in general assemble in membrane in 
tetramers, AQP4 is unique as its tetramers further aggregate 
at the cell plasma membrane as orthogonal arrays of par-
ticles (OAPs), which are square supramolecular clusters that 
have been visualized by freeze-fracture electron microscopy, 
and more recently by super-resolution microscopy (44, 49, 
63). Of relevance to NMO pathogenesis and animal models, 
AQP4 assembly in OAPs is necessary for AQP4-IgG patho-
genicity, as most AQP4-IgGs bind to OAPs much better 
than to separated AQP4 tetramers (7), and a multivalent 
interaction between membrane-bound AQP4-IgG with C1q, 
the initial component of complement, is essential for com-
plement activation (34) (Figure 1). As in humans, AQP4 is 
assembled into OAPs in rodents, which is a pre-requisite for 
models of NMO  based on passive transfer of AQP4-IgG.

EARLY MODELS INVOLVING 
EXPERIMENTAL AUTOIMMUNE 
ENCEPHALOMYELITIS (EAE)
EAE is an animal model of CNS inflammation and demy-
elination that is produced by immunization with various 
myelin-related peptides or other materials, resulting in a  
T cell-mediated autoimmune response. Early NMO models 
involved administration of AQP4-IgG to rodents with preex-
isting EAE, in which there is underlying CNS inflammation 
and injury to the blood–CNS barrier. One study involved 
intraperitoneal injections of AQP4-IgG (purified from NMO 
patient sera) for 4  days in rats with EAE induced by active 
immunization with myelin basic protein (MBP) (20). The spi-
nal cord showed infiltration of macrophages, neutrophils and 
eosinophils around blood vessels in gray matter, with loss of 
GFAP and AQP4, and perivascular deposition of human IgG 
and C5b-9. Similar spinal cord pathology, as well as lesions 
in the fourth ventricle and optic chiasm, was found when 
AQP4-IgG was administered to rats with EAE produced by 
passive transfer of MBP-activated T cells (5). In a third related 
study, retrobulbar administration of a recombinant AQP4-IgG 
in rats with EAE produced by active immunization with MBP 
showed astrocyte injury with complement deposition in spinal R
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cord (4). However, each of the studies showed little demyeli-
nation and axonal injury, important pathological feature in 
NMO. The acknowledged weakness of these studies is that 
preexisting EAE confounds interpretation of the effects of 
AQP4-IgG, as NMO is not a disease of myelin-targeted T 
cells. More recently, a longer term EAE model of NMO in 
mice was created by active immunization with myelin oligo-
dendrocyte glycoprotein peptide (MOG35-55) for 60  days fol-
lowed by AQP4-IgG administration (48). AQP4-IgG 
penetration into spinal cord was seen in this model, with 
clinical disability over 2 months, and unlike the early models 
there was significant demyelination and axonal injury.

Another more recent EAE-based NMO model involved 
MBP-immunized Lewis rats with intraperitoneal injection 
of purified human IgG from a seropositive NMO patient 
or a high-affinity anti-AQP4 monoclonal antibody (21). 
Pathological features of NMO were found, including large 
lesions extending longitudinally from medulla oblongata to 
spinal cord. Most recently, a model of MOG-induced EAE 
with repetitive intrathecal injection of AQP4-IgG and human 
complement showed astrocyte injury in brain and spinal 
cord, with complement deposition (22).

PASSIVE TRANSFER MODELS OF NMO
Passive transfer models of NMO involve administration of 
AQP4-IgG, from NMO patient sera or as recombinant 
monoclonal antibody, into animals, which at present are 

limited to mice and rats. As summarized in Figure 2, the 
routes of administration have included direct injection or 
infusion of AQP4-IgG into various CNS tissues, sometimes 
together with human complement, or injection of AQP4-
IgG peripherally (intraperitoneal or intravenous) to mimic 
seropositivity in humans. The goal has been to reproduce 
the major pathological features of human NMO, and in 
doing so afford the opportunity to study disease pathogenesis 
mechanisms and test drug candidates. The various models 
as described below have recapitulated many of the major 
features of NMO, albeit with differing degrees of fidelity 
and robustness.

Models involving AQP4-IgG delivery to brain

The first passive transfer model of NMO, without preexist-
ing EAE, involved direct intracerebral injection of AQP4-IgG 
(IgG purified from NMO patient sera) and human comple-
ment (non-heat-inactivated human serum) into mouse brain 
(45). Within 12  h after injection marked loss of AQP4 and 
GFAP immunoreactivity was seen together with astrocyte 
swelling, myelin breakdown and axonal injury, albeit with 
minimal inflammation. By 7  days extensive inflammatory 
cell infiltration and perivascular deposition of activated 
complement was seen, as well as marked demyelination and 
neuronal cell death. Behavioral studies showed a propensity 
for right turning in mice injected with AQP4-IgG and com-
plement in their right hemisphere. In control studies, patho-
logical or behavioral changes were not seen in AQP4 knockout 
mice injected with AQP4-IgG and complement, or in wild-
type mice injected with AQP4-IgG alone or control (non-
NMO) human IgG together with complement. These results 
offered the first compelling evidence for a pathogenic role 
of AQP4-IgG in seropositive NMO. This intracerebral injec-
tion model has been used widely as discussed further below.

In a variant of the original model, in a project designed 
to investigate the role of eosinophils in NMO and the 
potential utility of eosinophil-targeted therapeutics (72), 
NMO pathology was produced in mice by continuous intrac-
erebral infusion of AQP4-IgG and human complement for 
3  days. In contrast to single injection models, brain pathol-
ogy in the continuous infusion model was associated with 
marked eosinophil infiltration.

Motivated by the need to inject human complement into 
mouse brain to produce NMO pathology, a study was done 
involving intracerebral injection of AQP4-IgG into brain of 
naïve rats (2), as rats have human-like complement activity 
and human IgG effectively activates the classical complement 
pathway in rats. A single intracerebral injection of AQP4-IgG 
into brains of adult Lewis rats produced robust NMO pathol-
ogy around the needle track in all rats, with marked loss 
of AQP4, GFAP and myelin at day 5, along with granulocyte 
and macrophage infiltration, microglial activation, complement 
deposition, blood–brain barrier disruption and neuron death 
(Figure 3). Interestingly, a distinct “penumbra” was seen 
around lesions characterized by loss of AQP4 but not of 
GFAP or myelin. No lesion or penumbra was seen in rats 
receiving control IgG. The penumbra, but not the central 
lesion, was seen in AQP4-IgG-injected rats made complement 

Figure 1. Complement activation following AQP4-IgG binding to AQP4 
aggregates on astrocyte membrane, showing multivalent interaction of 
AQP4-IgG with C1q, the complement protein involved in activation of 
the classical complement pathway. Relative sizes of the proteins are 
shown to scale. Adapted from Ref. 34. 
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deficient by cobra venom factor or when rats were admin-
istered AQP4-IgG lacking complement effector function, sug-
gesting a complement-independent pathogenic mechanism. 
Mechanistic studies implicated antibody-dependent cellular 
cytotoxicity (ADCC) as responsible for the penumbra, as the 
penumbra was eliminated by injection of AQP4-IgG lacking 
ADCC effector function. This study established a robust, 
passive transfer model of NMO that does not require pre-
existing neuroinflammation or complement administration. 
This model supported a central role of complement in NMO 
pathogenesis, though also suggested the involvement of com-
plement-independent pathogenic mechanisms.

Models involving AQP4-IgG delivery to  
spinal cord

Following the success of passive transfer models based on 
intracerebral injection of AQP4-IgG, various attempts were 

made to produce NMO pathology in spinal cord, a more 
relevant tissue than brain in human NMO. These studies 
generally involved injection of patient-derived or recombinant 
AQP4-IgG directly into the cerebrospinal space. In a study 
designed to investigate the role of complement regulator 
protein CD59 in NMO, AQP4-IgG and human complement 
were delivered to mice by intrathecal injection at L5–L6 
(73). Though relatively minor pathology was found in wild-
type mice, robust, longitudinally extensive white matter lesions 
were seen in CD59-deficient mice by day 2, with loss of 
AQP4 and GFAP, inflammation, deposition of activated 
complement deposition and demyelination. Hindlimb motor 
function was remarkably impaired as well. Interestingly, 
partial remyelination and recovery of motor function was 
seen at day 5. The results implicated CD59 as an important 
modulator of the immune response in NMO, and provided 
an animal model of NMO that recapitulated the longitu-
dinally extensive spinal cord pathology seen in human NMO.

Figure 2. Passive transfer models of NMO in mice (top) and rats 
(bottom) involving direct administration of AQP4-IgG, sometimes 
together with human complement. As diagrammed, routes of 

administration have included direct injection into CNS tissues or 
peripherally, sometimes together with maneuvers to permeabilize the 
blood-brain barrier. See text for explanations. 
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In another intrathecal injection model, AQP4-IgG was 
repetitively injected into rats over 19  days using an indwell-
ing catheter positioned at the atlanto-occipital joint (11). 
The rats developed progressive motor deficit with impaired 
ambulation, with recovery in a few weeks after discontinu-
ing injections. MRI of spinal cord showed longitudinal 
lesions and histology showed accumulation of human IgG 
with reduced AQP4 and GFAP, but without demyelination 
or axonal injury. Also, “penumbra-like” lesions were seen 
with loss of AQP4 but preserved GFAP and lack of com-
plement activation. Curiously, similar pathology was  seen 
in rats pre-treated with cobra venom factor, suggesting a 
complement-independent mechanism. A related model 
involved continuous intraventricular infusion of patient-
derived AQP4-IgG for 7  days by osmotic mini-pump (27). 
Human IgG was seen in brain, spinal cord and optic nerve, 
with the loss of AQP4 and reactive astrocytes in spinal 
cord and optic nerve, and demyelination and axonal injury 
in spinal cord. In a study using two-photon imaging of 
spinal cord to study early pathological events in NMO, 
astrocyte and axon injury were seen within 2  h after local 
application of AQP4-IgG and complement, though the 
mechanism of the early axon injury was not established 
(13). Together, these various models support the conclusion 
that passive transfer of AQP4-IgG can produce human-like 
NMO pathology in spinal cord.

Models of NMO optic neuritis and retinitis

Various passive transfer models have been attempted to cre-
ate NMO pathology in optic nerve, the other major site of 
pathology in NMO, as well as in retina. In an initial study 
(1), neither retrobulbar infusion nor intravitreal injection of 

AQP4-IgG and human complement produced pathological 
changes in optic nerve in mice. However, a 3-day continuous 
intracranial infusion of AQP4-IgG, with needle tip 
inserted near the optic chiasm, produced characteristic NMO 
pathology in optic nerves, including loss of AQP4 and GFAP, 
granulocyte and macrophage infiltration, deposition of acti-
vated complement, demyelination and axonal injury. The 
injury was more pronounced, with retinal ganglion cell loss, 
in CD59 knockout mice or in wild-type mice infused with 
a genetically modified AQP4-IgG having enhanced comple-
ment effector function. Optic nerve pathology was not seen 
in AQP4 knockout mice receiving AQP4-IgG and comple-
ment, or in wild-type mice receiving control (non-NMO) 
IgG and complement. The results supported the conclusion 
that similar NMO pathogenic mechanisms are involved in 
optic nerve as in brain and spinal cord, though the model 
is somewhat technically challenging and variable, as exposure 
of the optic nerves to AQP4-IgG depends on precise needle 
positioning.

In another study, NMO patient serum was injected beneath 
the optic nerve sheath of Sprague Dawley rats after exposing 
the optic nerve by blunt dissection via a superior conjunctival 
approach (28). AQP4 and GFAP were reduced in optic nerves 
at day 7, with a marked inflammatory response and evidence 
of axonal injury at day 14, with loss of retinal ganglion 
cells. A recent study using same technique (70) demonstrated 
reduced amplitudes in visual evoked potentials at day 7, 
with reduced pupillary light reflex and retinal nerve fiber 
layer thickness. Optic nerve histology showed reduced AQP4, 
GFAP, MBP and NF in optic nerve at day 21, with an 
inflammatory response. The correlation between visual func-
tional changes and optic nerve pathology supported a patho-
genic role of AQP4-IgG in NMO optic neuritis.

Figure 3. NMO pathology produced in rat brain following intracerebral 
injection of AQP4-IgG. AQP4, GFAP and MPB immunofluorescence at 
5  days after injection of control (non-NMO) IgG or AQP4-IgG  in rats. 
Solid line shows central area of fluorescence loss and dashed line 

denotes penumbra region seen for AQP4. Where indicated (right), rats 
were pretreated with cobra venom factor to inactive complement. 
Adapted from Ref. 2. 
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In a study done using rats that attempted to produce 
NMO optic neuritis or retinitis, AQP4-IgG (without com-
plement) was delivered to the eye by a single intravitreal 
injection (10). AQP4-IgG deposition was seen on retinal 
Müller cells. At day 5, AQP4 expression was reduced and 
GFAP expression was increased, with mild retinal inflam-
mation seen; at day 30 loss of retinal ganglion cells was 
seen with thinning of the ganglion cell complex. Interestingly, 
the loss of AQP4 was complement independent as evidenced 
by lack of complement deposition and by the similar retinal 
pathology in cobra venom factor-treated rats receiving intra-
vitreal AQP4-IgG, and in normal rats receiving a mutated 
AQP4-IgG lacking complement effector function. Intravitreal 
transfer of AQP4-IgG thus produces primary, complement-
independent retinal pathology, which might contribute to 
retinal abnormalities seen in human NMO. Mechanistic 
studies in ex vivo retinal cultures showed reduced AQP4 
expression after 24-h exposure to AQP4-IgG alone, which 
was largely prevented by inhibitors of endocytosis or lyso-
somal acidification. NMO pathogenesis mechanisms in retina 
may thus differ from those in optic nerve, spinal cord and 
brain.

Models involving systemic AQP4-IgG delivery to 
mimic seropositivity

In our initial attempt to produce NMO pathology by intra-
venous administration of AQP4-IgG to mice, AQP4-IgG 
was strongly deposited on AQP4-expressing cell membranes 
in kidney (collecting duct), skeletal muscle, trachea (epithelial 
cells) and stomach (parietal cells), but not in brain, spinal 
cord, optic nerve or retina, except for the area postrema 
in brain (39). Pharmacokinetic analysis showed that serum 
AQP4-IgG decreased with t1/2 ∼18  h in wild-type mice and 
∼41  h in AQP4 knockout mice. Pathology was not seen in 
the CNS or peripheral organs, which in retrospect is not 
surprising, as mice have a very weak complement activation 
pathway (42). In a separate study in rats made seropositive 
by intraperitoneal injection of AQP4-IgG, as in mice, AQP4-
IgG deposition was seen in peripheral AQP4-expressing cells 
and area postrema in brain, but without significant patho-
logical changes (3). However, one-time puncture of brain 
parenchyma with a 28-gauge needle in AQP4-IgG-seropositive 
rats produced robust NMO pathology around the needle 
track, with loss of AQP4 and GFAP, granulocyte and mac-
rophage infiltration, and deposition of activated complement, 
with demyelination by 5  days. Pathology was not seen in 
rats receiving control human IgG or in AQP4-IgG-seropositive 
rats treated with cobra venom factor. AQP4-IgG seropositiv-
ity alone is thus not sufficient to cause NMO pathology 
in rats, though a single intracerebral needle insertion, which 
disrupts the blood–brain barrier locally and may initiate an 
inflammatory response, was able to produce local NMO 
pathology.

Motivated by the observation that NMO pathology could 
be created in AQP4-IgG-seropositive rats by intracerebral 
needle injury, we tested whether focused ultrasound, which 
can transiently permeabilize the blood–CNS barrier, could 
produce NMO pathology in AQP4-IgG-seropositive rats (6). 

Prior literature indicated that focused pulsed ultrasound 
directed non-invasively through intact skin, following intra-
venous delivery of microbubbles, could transiently permea-
bilize the blood–brain barrier with minimal tissue injury or 
inflammation (64). Application of pulsed ultrasound to rat 
brain using a 1 MHz transducer of 6 cm focal length allowed 
passage of IgG for 3–6  h in an approximately prolate ellip-
soidal volume of diameter ∼3.5  mm and length ∼44  mm. 
Ultrasound treatment in brain in AQP4-IgG-seropositive rats 
produced localized NMO pathology, with characteristic astro-
cyte injury, inflammation and demyelination at day 5. NMO 
pathology was similarly created in cervical spinal cord in 
seropositive rats with ultrasound focused on spinal cord. 
Focused ultrasound offers a non-invasive, targeted method 
to create NMO pathology in AQP4-IgG-seropositive rats. 
These findings suggest that blood–brain barrier permeabiliza-
tion in AQP4-IgG-seropositive rats, without underlying injury 
or inflammation, is sufficient to create NMO pathology.

In a recent study, rats were injected multiple times with 
a highly pathogenic, monoclonal AQP4-IgG via an intraperi-
toneal route (14). Various types of pathology were seen in 
brain and spinal cord as a presumed consequence of AQP4-
IgG entry into the CNS through circumventricular organs 
and meningeal vessels, which was exacerbated by administra-
tion of encephalitogenic T cells. However, the relevance of 
the findings to human NMO is not clear because of the 
large amounts of highly pathogenic AQP4-IgG administered 
and the fact that humans can be seropositive without clinical 
disease prior to and in between disease exacerbations.

Ex vivo CNS organ culture models

Organ culture models of CNS tissues were developed to study 
NMO disease pathogenesis mechanisms, motivated by  the 
limitations of cell culture models and the potential advantages 
of precise manipulation of putative effectors in disease-relevant 
tissues (71). To create an ex vivo model of NMO in spinal 
cord, vibratome-cut transverse spinal cord slices from adult 
mice of thickness ~300  µm were cultured for 7  days on 
transwell porous supports, after which they were exposed for 
1–3  days to AQP4-IgG and various effectors. The 7-day slice 
cultures showed preserved cellular structures, including astro-
cytes, microglia, neurons and myelin (though axons are tran-
sected in transverse spinal cord slices). Slices exposed to 
AQP4-IgG and complement showed marked loss of GFAP, 
AQP4 and myelin, with increased NMO pathology seen when 
slice cultures were incubated neutrophils or macrophages, or 
various soluble inflammatory factors including TNF-α, IL-6, 
IL-1β and interferon-γ. NMO pathology was similarly created 
in ex vivo optic nerve and hippocampal  slice  cultures incu-
bated with AQP4-IgG and complement.

In subsequent studies, we used spinal cord cultures to 
test NMO therapeutics (34, 57) and cerebellar slice cultures, 
in which axons remain largely intact, to study remyelination 
in NMO (65). Other labs have adapted mouse cerebellar 
slice cultures to study the sensitivity of neurons and oli-
godendrocytes to astrocyte injury by recombinant AQP4-IgG 
and human complement (25) and to compare immunore-
activity of recombinant monoclonal antibodies cloned from 
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cerebrospinal fluid plasmablasts of multiple sclerosis vs. NMO 
patients (24). It was reported that a multiple sclerosis anti-
body that bound to oligodendrocyte processes and myelinated 
axons caused complement injury to oligodendrocytes and 
demyelination, whereas AQP4-IgG injured astrocytes with 
microglial activation, demyelination and neuronal death. It 
was concluded that myelin-specific multiple sclerosis antibod-
ies cause oligodendrocyte loss and demyelination, quite 
distinct from the AQP4-targeted pathology in NMO.

T CELL DELIVERY MODELS OF NMO
Motivated by the early work using EAE-based models, sev-
eral groups studied the potential role of AQP4-specific T 
cells in NMO pathogenesis. A study involving immunization 
of C57BL/6 mice with AQP422-36 or AQP4289-303 peptide, 
without AQP4-IgG administration, showed no pathology 
(18). In another study, AQP4-specific T cells were generated 
by immunization of Lewis rats with AQP4207-232 peptide from 
which peptide-specific T cells lines were isolated from lymph 
nodes (37). Rats that received AQP4-specific T cells showed 
inflammation in brain and spinal cord, but without astrocyte 
or myelin injury. However, transfer of AQP4207-232-specific 
T cells together with AQP4-IgG derived from NMO patient 
sera produced greater pathology with parenchymal infiltra-
tion of T cells and macrophages, and complement deposi-
tion, though no demyelination. It was concluded that 
AQP4-specific T cells together with AQP4-IgG can produce 
NMO-like pathology in the CNS, which supported a role 
for encephalitogenic AQP4-specific T cells in NMO. In 
follow-on work, highly encephalitogenic, AQP4268-285-specific 
T cells were generated in Lewis rats (68), which deeply 
infiltrated into brain parenchyma when transferred intra-
peritoneally to rats. Administration of AQP4 following the 
T cells produced loss of AQP4 and GFAP in spinal cord 
and brain, while optic nerve showed inflammation without 
loss of AQP4. In another study from the same group, 
pathogenic T cell lines combined with AQP4-IgG injection 
produced damage in optic nerve and retina (69).

In mice, AQP4-reactive T cells were generated in AQP4 
knockout C57BL/6 mice immunized with AQP4 peptide 
(17). This approach obviated the potential immunological 
tolerance of  T cells generated using wild-type mice. After 
inducing Th17 polarization in vitro, intravenous transfer 
of  the T cells in wild-type mice produced weight loss 
and tail and hind limb weakness, with demyelination and 
perivascular T cell infiltration in spinal cord, optic nerve 
and brain. However, loss of  AQP4, a hallmark of  NMO, 
was not seen despite widespread inflammation and demy-
elination. A similar study compared the pathogenic capa-
bility of  Th1- and TH17-polarized AQP4-specific T cells 
from AQP4 null mice (47). Th17-polarized T cells induced 
more severe clinical disease in recipient wild-type mice, 
which was associated with T cell infiltration in spinal 
cord and optic nerve. Retinal swelling and increased thick-
ness of  inner retinal layers was seen by optical coherence 
tomography. Together, these models support an encepha-
litogenic role of  AQP4-specific T cells, as some clinical 
features of  myelitis and optic neuritis are reproduced. 

However, the relevance of  these findings to human NMO 
is unclear, as mice lack an active complement system and 
AQP4-IgG was not administered in the mouse models.

SCIENTIFIC ADVANCES UTILIZING NMO 
ANIMAL MODELS
Important metrics of success of NMO animal models in 
disease pathogenesis mechanisms include whether major ques-
tions in NMO pathogenesis have been answered and new 
mechanisms identified. Major questions include: Is AQP4-IgG 
pathogenic? Why is NMO pathology restricted to spinal 
cord and optic nerve more than brain, with little pathology 
in peripheral tissues where AQP4 is also expressed? What 
is the relative role of humoral vs. cellular immune mecha-
nisms in NMO? What are the triggers of AQP4-IgG auto-
immunity and clinical disease? Why are some NMO patients 
seropositive for many years prior to their first clinical attack? 
Important metrics of success of NMO models in therapeutics 
include discovery and validation of new therapeutic strate-
gies and their translation to human clinical trials.

Pathogenicity of AQP4-IgG

The pathogenicity of AQP4-IgG had been hypothesized prior 
to animal data, based on the prediction that an IgG1 anti-
body, when bound to a target, could activate complement 
and cellular cytotoxicity mechanisms though its Fc receptor 
effector functions. Cytotoxicity by CDC and ADCC mecha-
nisms had already been demonstrated in various AQP4-
expressing cell cultures (15, 60). Passive transfer of AQP4-IgG 
in rodents confirmed early astrocyte cytotoxicity, and 
 demonstrated that the various major pathological feature 
of human NMO could be recapitulated, including inflam-
mation with granulocyte and macrophage predominance, 
centrovascular deposition of activated complement, blood–
brain barrier disruption and demyelination (2, 45). While 
such information cannot quantify the relative role of com-
plement vs.  non-complement mechanisms in human NMO, 
the finding that AQP4-IgG can produce NMO-like pathology 
in animals has been taken as compelling evidence for its 
pathogenicity.

Complement bystander mechanism

Human NMO pathology, data from passive transfer animal 
models of NMO, and the demonstrated efficacy of comple-
ment inhibition in human clinical trials implicate a central 
role for complement in NMO disease pathogenesis (26, 36). 
Animal models have supported a novel complement bystander 
mechanism, which was hypothesized based on the early and 
marked demyelination and neuronal injury seen in NMO, 
features that are hard to explain by secondary injury to 
oligodendrocytes, neurons and other cell types in the CNS. 
The mechanism of complement bystander killing involves 
local diffusion of activated, soluble complement proteins fol-
lowing AQP4-IgG binding to astrocyte AQP4, which leads 
to deposition of the complement membrane attack complex 
(MAC) on nearby non-AQP4-expressing cells (Figure 4A). 
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In an initial study, primary cocultures of rat astrocytes and 
mature oligodendrocytes exposed to AQP4-IgG and comple-
ment showed early death of oligodendrocytes in close contact 
with astrocytes, which was not seen in pure oligodendrocyte 
cultures or when astrocytes were damaged by a complement-
independent mechanism (55). Remarkably, astrocyte–oligo-
dendrocyte cocultures exposed to AQP4-IgG and complement 
showed prominent MAC deposition on oligodendrocytes in 
contact with astrocytes, whereas C1q, the initiating protein 
in the classical complement pathway, was deposited only on 
astrocytes. In rats receiving an intracerebral injection of 
AQP4-IgG, complement and a fixable dead cell stain, oli-
godendrocyte injury with MAC deposition was seen by 90 min, 
supporting a complement bystander mechanism for early 
oligodendrocyte injury and demyelination in NMO. In a more 
recent study done on astrocyte–neuron cocultures and rat 
models, complement bystander killing was demonstrated in 

neurons, which, like oligodendrocytes, do not express AQP4 
or the complement regulator protein CD59 (8).

Antibody-dependent cellular cytotoxicity 
(ADCC) in NMO

While complement activation clearly plans a major role in 
NMO disease pathogenesis, the involvement of ADCC in 
NMO pathogenesis has been less clear. ADCC had been 
demonstrated in cell culture models and is expected from 
interaction of the Fc region of an IgG1 antibody with Fc 
gamma receptors on leukocytes, resulting in their activation, 
degranulation and killing of target cells. In an animal model 
study of ADCC in NMO it was found that ADCC in the 
absence of complement can produce NMO-like pathology 
(43). Injection of AQP4-IgG and natural killer (NK) cells 
in mouse brain caused loss of AQP4 and GFAP, though 
minimal loss of myelin. Pathology was not seen with injec-
tion of control IgG and NK cells in wild-type mice, or 
injection of AQP4-IgG and NK cells in AQP4 knockout 
mice. In another study, mice were administered, by intrac-
erebral injection, human complement plus AQP4-IgGs con-
taining Fc mutations to enhance or abolish complement 
and/or ADCC effector functions (38). As anticipated, the 
mutated AQP4-IgG lacking complement effector function 
(but with 10-fold enhanced ADCC effector function) pro-
duced little pathology. However, unexpectedly, a mutated 
antibody lacking ADCC effector function (but with ninefold 
enhanced complement effector function), produced much 
less pathology than the original AQP4-IgG. These findings, 
taken together with the observation of a penumbra lesion 
in rats as mentioned above (2), support a role for ADCC 
in NMO pathogenesis and suggested ADCC as a potential 
therapeutic target. In a follow-on study, in vivo evidence 
was reported for an “ADCC bystander” mechanism of kill-
ing involving leukocyte activation by astrocyte-bound AQP4-
IgG and killing of nearby cells (Figure 4B) (9).

Role of complement regulator proteins

Complement regulator proteins in astrocytes, such as CD55 
and CD59, can in principle modulate the action of comple-
ment by preventing MAC formation; CD55 can in addition 
inhibit anaphylatoxin generation. Animal models have sup-
ported a role of complement regulators in NMO. Using a 
mouse model of NMO produced by intracerebral or intrathe-
cal injection of AQP4-IgG and human complement, NMO 
pathology was much greater in CD59 knockout mice than 
in wild-type mice (73). Motivated by the finding that rats, 
unlike mice, have human-like complement activity (42), CD59 
knockout rats were generated. Intracerebral injection of 
AQP4-IgG in CD59 knockout rats produced much greater 
NMO pathology than in wild-type rats (Figure 5A); a single, 
intracisternal injection of AQP4-IgG in CD59 knockout rats 
produced hindlimb paralysis by 3  days, with inflammation 
and deposition of activated complement in spinal cord, optic 
nerves and brain periventricular and surface matter (67). 
Remarkably, CD59 rats made seropositive by intraperitoneal 
injection of AQP4-IgG developed marked weakness by 24 h 

Figure 4. Bystander cell killing in NMO caused by complement and 
ADCC mechanisms. A. Complement bystander killing produced by 
AQP4-IgG binding to AQP4 on astrocytes, involving activation of the 
classical complement pathway through C1q interaction, and diffusion of 
activated complement complex to nearby bystander cell. Adapted from 
Ref. 55. B. ADCC bystander killing produced by AQP4-IgG binding to 
AQP4 on astrocytes, involving activation of leukocytes (NK cell shown) 
through Fcγ receptor interaction, and killing of bystander cells by release 
of toxic granules. Adapted from Ref. 9. 
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with creatine phosphokinase  >  900-fold greater than in 
seropositive wild-type rats (66). Pathology in the CD59 
knockout rats showed marked injury to organs where CD59 
is normally expressed at high levels, including skeletal muscle, 
with inflammation and deposition of activated complement 
(Figure 5B). The results suggested a major protective role 
of CD59 outside of the central nervous system in seroposi-
tive NMO, and hence offer an explanation as to why periph-
eral, AQP4-expressing cells are largely unaffected in NMO. 
The results also implicate complement regulator proteins as 
new targets in NMO in which their upregulation is predicted 
to protect against complement-induced injury. Motivated by 
these observations, drug screening identified statins as tran-
scriptional enhancers of CD55 expression in astrocyte  cell 
culture models and in mice, and reported that oral atorv-
astatin significantly reduced NMO pathology in a passive 
transfer mouse model of NMO (52).

Proof-of-concept testing of novel therapeutics

The AQP4-IgG-passive transfer models of  NMO in rodents 
have been applied to test various therapeutic strategies 
[reviewed in Ref. 30]. Motivated by the presence of  gran-
ulocytes in human NMO lesions, studies were done to 
investigate the role of  neutrophils and eosinophils in NMO 
pathogenesis. Using the mouse model involving intracer-
ebral injection of  AQP4-IgG and human complement, 
NMO pathology was significantly reduced in neutropenic 
mice, and increased in mice made neutrophilic by granu-
locyte colony stimulating factor (46). Remarkably, NMO 
pathology was much reduced by the neutrophil elastase 
inhibitor Sivelestat, which motivated a small clinical trial. 
Studies were also done on eosinophils, which are abundant 
in inflammatory demyelinating lesions in NMO (34). In 
vitro studies showed eosinophil-induced cytotoxicity to 
AQP4-expressing cells and spinal cord slice cultures when 
added with AQP4-IgG, without or with complement. In 

mice, demyelinating NMO lesions with marked eosinophil 
infiltration were produced by continuous intracerebral infu-
sion of  AQP4-IgG and complement. NMO pathology was 
increased in transgenic hypereosinophilic mice, and reduced 
in mice made hypoeosinophilic by anti-IL-5 antibody or 
gene deletion. The second-generation antihistamine ceti-
rizine, which has eosinophil-stabilizing actions, greatly 
reduced NMO-IgG/eosinophil-dependent cytotoxicity in 
vitro and NMO pathology in mice, which motivated a 
small human clinical trial (19).

Animal models of NMO were also used to investigate 
the possibility of remyelinating therapy in NMO (65). The 
FDA-approved drug clobetasol, which was found to promote 
differentiation in oligodendrocyte precursor cell (OPC) and 
cerebellar slice cultures, was tested in mice using the intrac-
erebral injection model. Intraperitoneal administration of 
2  mg/kg/day clobetasol reduced myelin loss by ~60%, with 
increased numbers of mature oligodendrocytes within lesions. 
These data offered proof-of-concept for the potential utility 
of a remyelinating approach in NMO. Animal models of 
NMO have also been used to demonstrate efficacy of C1q-
targeted (35) and Fc hexamer (53) complement therapeutics, 
aquaporumab antibody (57) and small molecule (56) blockers 
of AQP4-IgG/AQP4 binding, IgG-inactivating enzymes (51, 
54), IVIG (40) and a statin upregulator of CD55 (52), as 
well as the lack of efficacy of various proposed therapeutics 
including C1-esterase inhibitor (50).

PERSPECTIVE
Though experimental animal models of NMO have advanced 
in the past decade and, as reviewed herein, been applied 
to study specific disease pathogenesis mechanisms and thera-
peutic approaches, there remain major shortcomings. No 
model has achieved spontaneous AQP4 autoimmunity with 
pathology in optic nerve and spinal cord. Models involving 

Figure 5. CD59 knockout in rats greatly amplifies NMO pathology 
following passive transfer of AQP4-IgG. A. AQP4, GFAP and MBP 
immunofluorescence of rat brain at 7 days after intracerebral injection of 
AQP4-IgG in wild-type (CD59+/+) and knockout (CD59−/−) rats. Dotted 

line denotes areas of loss of fluorescence. Adapted from Ref. 67. B. 
AQP4 and myosin-II immunofluorescence at 24 h after intraperitoneal 
injection of AQP4-IgG in CD59+/+ and CD59−/− rats. Adapted from 
Ref. 66. 
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passive transfer of AQP4-IgG, often with human comple-
ment, conclude, not surprisingly, that humoral immune 
mechanisms can explain fully, or at least in large part, NMO 
disease pathogenesis, and so are arguably intrinsically biased. 
Passive transfer models involving direct injection of AQP4-
IgG into CNS tissues, which generally create astrocyte injury, 
inflammation and demyelination around the injection site, 
can be confounded by an inflammatory response and injury 
to the blood-CNS barrier caused by needle insertion. Passive 
transfer models involving systemic AQP4-IgG administration 
generally require concomitant CNS inflammation or injury. 
Models involving transfer of sensitized T cells have gener-
ally poorly recapitulated human NMO pathology and largely 
ignore the central role of humoral immune mechanisms 
and complement, as T cell models often use mice, a species 
lacking a functional classical complement activation pathway. 
T cell models have not been useful in testing of specific 
hypotheses on NMO disease pathogenesis or therapeutics.

An important consideration in advancing NMO models 
is tailoring the model to the contemplated application, such 
as testing a proposed disease pathogenesis mechanism or 
evaluating a new therapy. For example, whereas existing 
passive transfer models may be informative in evaluating a 
complement-targeted drug therapy, they are not appropriate 
to study B cell-targeted or tolerizing therapeutics. Underlying 
limitations in rodent models of NMO include the very dif-
ferent astrocyte-to-neuron ratio in rodents compared to 
humans, and differences in AQP4 expression and distribu-
tion. Perhaps alternative animal models may better reca-
pitulate the human NMO disease, as might creative adaptation 
of advances in immune cell molecular genetics involving 
reconstitution of key components of human AQP4 
autoimmunity.

Given the shortcomings of available animal models of 
NMO and the absence of a clear path forward to a model 
of spontaneous AQP4 autoimmunity with human-like pathol-
ogy in optic nerve and spinal cord, the question arises 
whether further research is warranted to advance experimental 
animal models of NMO. It can be argued that recent 
advances in NMO animal models are largely incremental 
and have not clarified the roles of humoral vs. cellular 
immune mechanisms or of complement vs. cellular cyto-
toxicity to astrocytes, nor have they clarified the sites of 
pathology or the clinical course of human NMO disease. 
Animal models did not played a role in advancement of 
three drugs, eculizumab, satralizumab and inebelizumab, that 
have recently shown benefit in NMO clinical trials and may 
be approved for the NMO indication (33). Nevertheless, 
notwithstanding these caveats, breakthrough animal models 
of NMO would be most welcomed that substantially clarify 
human disease mechanisms and accelerate therapeutics 
developments.
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