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Abstract

Organotypic slice cultures of brain or spinal cord have been a longstanding tool in neuroscience research but their
utility for understanding Alzheimer’s disease (AD) and other neurodegenerative proteinopathies has only recently
begun to be evaluated. Organotypic brain slice cultures (BSCs) represent a physiologically relevant three-
dimensional model of the brain. BSCs support all the central nervous system (CNS) cell types and can be produced
from brain areas involved in neurodegenerative disease. BSCs can be used to better understand the induction and
significance of proteinopathies underlying the development and progression of AD and other neurodegenerative
disorders, and in the future may serve as bridging technologies between cell culture and in vivo experiments for
the development and evaluation of novel therapeutic targets and strategies. We review the initial development and
general use of BSCs in neuroscience research and highlight the advantages of these cultures as an ex vivo model.
Subsequently we focus on i) BSC-based modeling of AD and other neurodegenerative proteinopathies ii) use of
BSCs to understand mechanisms underlying these diseases and iii) how BSCs can serve as tools to screen for
suitable therapeutics prior to in vivo investigations. Finally, we will examine i) open questions regarding the use of
such cultures and ii) how emerging technologies such as recombinant adeno-associated viruses (rAAV) may be
combined with these models to advance translational research relevant to neurodegenerative disorders.
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Background
The cellular and molecular complexity of the brain and
spinal cord has presented challenges for ex vivo studies
of the central nervous system (CNS). Though much has
been learned, and will continue to be learned from fu-
ture studies, of isolated primary brain cells, these “reduc-
tionist” methodologies have major limitations and can
be highly misleading [1]. An excellent illustration of con-
founds introduced by isolated cultures of specific cell
types are studies showing that cultured primary mouse
microglia are highly phenotypically distinct from the
resident microglia in the brain [2]. Though human in-
duced pluripotent stem cell (iPSC)-derived mini-brain
organoids hold promise for studying these complex in-
teractions, these studies still face many technical and

conceptual challenges [3]. Further, because of costs and
complexity, iPSC-derived brain organoids are not widely
accessible to the broader research community.
Though rodent acute brain slices have been used for

many years, primarily for electrophysiology studies [4],
long-term organotypic brain slice cultures (BSCs) have
emerged as a relatively straightforward, inexpensive and
easily implemented, method to study a cytoarchitectu-
rally intact 3D model of the brain ex vivo [1]. Here we
discuss i) the origins of BSC methodology, ii) the advan-
tages and limitations of these models, and iii) how they
have been used to study CNS proteinopathies. Finally we
describe i) recent advances from our laboratory with re-
spect to using recombinant adeno-associated viral
(rAAV) vectors to transduce and model select neurode-
generative pathologies in these cultures and ii) discuss
how these BSCs might be used in the future to acceler-
ate both our understanding of CNS diseases and as tech-
nology accelerators to identify and validate novel
therapeutic strategies.
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Organotypic brain slice cultures
The use of BSCs of postnatal rodent brain to model
physiological and developmental properties was first
widely established with the introduction of the roller-tube
method in the 1980s [5]. However, tissue cultured in this
manner does not preserve the cytoarchitecture of the re-
gion of interest and was superseded by the development
of the interface-slice culture method in the 1990s [6]. The
interface method involves culturing the tissue region of
interest on a porous membrane interface between a hu-
midified atmosphere and the culture medium. The ex-
plants of tissue attach to the membrane and receive
nutrition from the slice culture medium through the
membrane via capillary action. Since the introduction of
the membrane-interface slice culture method, the use of
BSCs in neuroscience research has increased dramatically
[7] and the majority of studies discussed in this review
prepare BSCs in this manner.
As for acute BSCs frequently used for electrophysio-

logical studies; the most commonly cultured brain region
for long-term cultures in neurodegeneration research is
the hippocampus, as this region is typically affected by
neuronal loss and related pathologies in multiple neurode-
generative conditions. Various other regions of the brain
including cortex, cerebellum, and thalamus have been suc-
cessfully cultured [8–10]. In addition co-cultures of vari-
ous brain regions including the nigrostriatal circuit [11],
the cortex and hippocampus [12, 13], as well as, entire sa-
gittal and coronal BSCs [14, 15] have been reported.
Cell death and viability in BSCs is assessed by several

methods including staining of living or dead cells using
propidium iodide or other similar stains, by measuring
the release of lactate dehydrogenase into the culture
medium or by measuring metabolic activity [12, 16, 17].
The majority of BSCs are typically produced from mice
or rats up to postnatal day 12; at this age the cytoarchi-
tecture is established, the brain is larger and easier to
manipulate and neuronal cells are likely to survive ex-
plantation [9]. These BSCs also display high levels of
plasticity and therefore show resistance to the mechan-
ical trauma incurred when neuronal processes are cut
[18]. There are far fewer reports of BSCs kept for more
than a few hours from adult animals as most neuronal
cells within these slices do not survive for any appre-
ciable length of time. Nevertheless, following significant
alterations to the traditional protocol including culturing
at lower temperatures, different culture mediums, carbo-
gen atmospheres and reducing the thickness of slices
some adult BSCs have been reported, however extensive
cell loss is still apparent [19–21]. In addition, cultures
prepared from human brain biopsies, post-mortem
brains or embryonic brains have been reported [22–25].
These have their own limitations including, but not lim-
ited to, ethical considerations, availability of tissue and

post-mortem delay affecting the success of culture [24].
Recent work combining rAAVs with human BSCs over
long-term culture will also likely prove promising for fu-
ture neurodegeneration studies [26].

Advantages of BSCs as a model system
A main advantage of BSCs is that they retain a three-
dimensional organization in culture and are, at least par-
tially, anatomically intact and representative of the area of
which they are derived [9]. Despite spherical ‘organoids’
emerging as promising models for neurodegeneration re-
search [3], they do not have the anatomical planes of con-
nectivity lending BSCs to be a more appropriate approach
when a maintained anatomy is required. Indeed, network
connectivity studies have been conducted in hippocampal
BSCs [27] and differences between hippocampal and cor-
tical networks have been identified in these BSCs [28].
Neuronal and non-neuronal cells from the brain grown
ex vivo in BSCs are representative of the populations found
in vivo [8, 14, 29]. This is highly important in the study of
most neurodegenerative diseases where changes in cell
types other than neurons are implicated; BSCs contain glia
in similar proportions as observed in vivo [21, 30, 31]. Add-
itionally, these BSCs maintain vascular cells [1, 32]. This
system therefore allows all cell types in the brain to be stud-
ied in an anatomically preserved environment. This is not
the case when using dissociated cultures, primary cell lines
or iPSC cultures.
A further advantage of this ex vivo system is that the

development of cells and synapses in ex vivo BSCs
mimics the development of the brain in vivo [18]. Neu-
rons morphologically develop ex vivo as they do in vivo
in acute preparations and retain similar synaptic con-
nectivity, intact neuronal function and circuitry as ob-
served in intact brain. Indeed, organotypic hippocampal
BSCs maintain electrical properties comparable to those
observed in acute slices [33] and synapses mature in cul-
ture towards a phenotype recapitulative of adult brain
[9, 18]. Developmental changes in spine density and
shape and increased connectivity recapitulate the in vivo
phenotype observed in acute slices from age-matched
time points [18, 34]. Similarly, select genes and proteins
expressed in BSCs have been shown to be comparable to
in vivo expression levels [9, 35]. With the development
of proteomic and transcriptomic analysis methods, it
would also be interesting to obtain a comprehensive
analysis of global gene and protein levels in BSCs com-
pared to in vivo tissues.
BSCs can be used as an alternative to some in vivo ex-

periments thereby reducing the number of animals re-
quired for certain studies and precluding the need to age
multiple animals as is required for many neurodegenera-
tion studies [36]. As multiple BSCs are prepared from
one animal, this allows the investigation of several
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variables in one system, potentially reducing variability.
At least 36 individual sections of 350 μm thickness can be
generated from a single P8/9 mouse, allowing multiple
compounds or observations of several disease-related
changes over time to be investigated at the same time in
tissue from the same animal [29, 37] . In addition, a fur-
ther benefit to the use of postnatal BSCs prior to weaning
is that smaller colonies of mice can be kept thus saving
time, money and the requirement of aged mice with se-
vere phenotypes [36]. Indeed, as will be discussed later,
pathology in BSCs can be highly accelerated.
In addition, BSCs can be readily manipulated by the

addition of compounds, viral tools, anti-sense oligonucleo-
tides and other approaches into the culture medium or
small volumes directly on to the slices [29, 37]. This is fur-
ther permitted by the absence of a blood-brain-barrier
providing direct access to confirm target engagement in
the brain. Lastly, techniques that may be typically difficult
to execute in vivo such as long-term live imaging or elec-
trophysiology can be applied to BSCs.

Limitations of BSCs to study neurodegenerative
proteinopathies
Despite the aforementioned advantages of BSC models,
there are some limitations to their study in neurodegener-
ative proteinopathies. At the present time there are only a
few examples of observations made in BSC models, which
i) were subsequently validated in vivo or ii) validated an
observation previously made in vivo [1, 12, 13, 37, 38].
Thus, until there are more examples of the predictive
value of BSC models with respect to subsequent in vivo
studies, BSC models are best viewed as bridging experi-
ments. Indeed, BSCs can potentially provide cost-effective
models to help screen a modest list of therapeutic candi-
dates or genetic manipulations [29], but unless they be-
come more automated it is unlikely that one can envision
using them to screen more than 50–100 experimental ma-
nipulations at a time. The BSC models discussed in the
following sections are prepared from rodent brain, which
of course have the same general limitations as do in vivo
rodent models [39]. Most BSC models rely on the overex-
pression of wild-type or mutant human genes, and thus
have similar limitations as the transgenic overexpression
models [39]. Genetic overexpression generally provides a
rapid development of pathology which facilitates the study
of many of these neurodegenerative proteinopathies. At
least for studies of amyloid-β (Aβ) and α-synuclein path-
ology, overexpression of wild type alleles can result in dis-
ease in humans, thus, these studies do have some face
validity. Pathology is not typically induced in the absence
of overexpression, except when exogenous proteinopathic
seeds are applied and used to drive pathology. Both over-
expression and seeding are somewhat non-physiologic
confounds induced by these conditions, and should be

considered in interpretation of results. Most studies using
BSCs culture them in 25% horse serum. The high concen-
trations of serum could reduce effectiveness of small mol-
ecules that bind tightly to albumin and lot to lot variation
in the serum could introduce unknown confounds into
various assays. Of course, future studies may allow the de-
velopment of a more defined medium in order to refine
the culture process. Finally, of importance when develop-
ing agents to act on the brain, BSCs do maintain vascular
cells in culture [32] but cannot model an intact blood-
brain-barrier so the absence of this must be considered
when taking drug candidates through to further pre-
clinical testing.

BSC models to study amyloid-β pathology and
amyloid-β-targeting therapies in AD
Both acute and organotypic BSC models have been
established which have served to provide understanding
of mechanisms underlying AD in a system which bridges
single cell in vitro to whole animal in vivo studies. Acute
slices have been used across AD research particularly for
electrophysiology but will not be a focus of this review
(see Fitzjohn et al., 2008 for a summary [4]). Herein, we
seek to highlight previous BSC studies relevant to AD
and indicate the further potential for BSCs to be used to
explore some of the mechanisms underlying AD and to
develop novel therapeutics.
Aβ deposition in extracellular plaques is a prominent

molecular phenotype of AD [40]. Many current and past
AD therapeutics aim to target Aβ pathology [41]. Earlier
models to study Aβ relied on the addition of exogenous
Aβ to induce AD-relevant changes to cultures of the
hippocampus or cortex [42] with more recent BSC
models prepared from transgenic mice expressing famil-
ial mutations in amyloid precursor protein or the prese-
nilins [13, 38]. The first reported application of Aβ to
organotypic hippocampal BSCs was in 1992, however
this did not induce extracellular plaque deposition nor
Aβ immunoreactivity [42]. More recent attempts to de-
velop ex vivo models of Aβ deposition in BSCs from
transgenic mice have resulted in a variety of outcomes,
with most studies failing to demonstrate robust deposits.
Cultures prepared from TgCRND8 mice did not result
in amyloid pathology [38] while slice cultures prepared
from 3xTg-AD mice show increased production of
Aβ1–42 after 4 weeks in culture compared to 6 months
in vivo demonstrating an accelerated progression of Aβ
molecular pathology in this system in the absence of
overt Aβ deposition [13]. Manipulation of 5xFAD BSCs,
by microglial depletion drives some accumulation of Aβ;
and replenishment of young but not aged 5xFAD micro-
glia prevents this deposition [43]. In addition, BSCs bio-
listically transfected with human wild-type and mutated
APP have been used to explore Aβ production, as well
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as, effects of γ-secretase inhibition [44]. Overall, these
BSC models have shown subtle Aβ immunoreactivity
(small diffuse deposits, limited/no Thioflavin S positivity,
absence of dystrophic neurites, limited/no gliosis) but
not plaque pathology recapitulative of what is observed
in human disease. However, convincing plaque path-
ology and dystrophic neurites were reported in a seeded
BSC model in 2016. BSCs seeded with aged APP23 or
APPPS1 brain and supplemented with supraphysiologi-
cal levels of Aβ1–40 develop Aβ plaques after 10 weeks
in culture. Both of these variables were required in order
to induce Aβ deposition that was Thioflavin S positive
and colocalized with dystrophic neurites [45]. It is likely
that this model, if reproduced, will enable a mechanistic
insight into plaque development, Aβ seeding and the
role of dystrophic neurites in AD. Alternatively, BSCs
from adult APPSwDI mice show Thioflavin S-positive
plaques alongside gliosis highlighting the preservation of
in vivo pathology in ex vivo cultures from adult mice
and have shown some utility to study anti-Aβ therapies
albeit with limited neuronal survival [20]. In summary,
several attempts from different groups at modeling Aβ
molecular pathologies in BSCs show some useful appli-
cations but also future work will be required to repro-
duce these intriguing results and apply them to
understanding their relevance in AD.
Synapse loss is a known correlate of dementia in AD

[46, 47], yet this feature has been difficult to model and
is not consistent amongst transgenic AD models. There is a
limited understanding of why some models show this synap-
tic loss and others do not [48]. BSCs prepared from
TgCRND8 mice show loss of synapses lending their potential
to study synaptotoxicity or synaptoprotective compounds
[38] but do not show any extracellular Aβ deposition even
after culturing for 4 months which is longer than when pla-
ques develop in vivo. Taken together, there are several useful
BSC models which can be used to increase our understand-
ing of the role of Aβ in disease and to develop appropriate
therapies. These are summarized in Table 1.

Modelling tau molecular pathology in BSCs
Tau pathology is associated with dementia and neuronal
loss in AD [49]. The development of in vitro models that
recapitulate the molecular changes such as tau hyperpho-
sphorylation and inclusion formation are also relevant to
other neurodegenerative tauopathies [50–52].
There have been several reports of BSC models, which

could be used to understand molecular pathways under-
pinning tau pathology or to assess tau-directed therapies.
BSCs produced from postnatal tau transgenic mice ex-
pressing familial mutations in MAPT develop accelerated
changes in tau similar to those found in AD and other
tauopathies. BSCs prepared from JNPL3 mice and Htau
mice develop conformationally altered and phosphory-
lated tau after 2 weeks in vitro [12]. These models high-
light the utility for investigating AD-like changes in tau
in BSC models particularly due to the acceleration of
this phenotype compared to in vivo. JNPL3 mice typic-
ally only develop small amounts of phosphorylated and
conformationally altered tau at 4 to 5months of age [53]
and at around 6months of age in Htau mice [54]. This
acceleration of disease-related changes in culture high-
lights the potential for faster translation, particularly for
studying tau, as in vivo models are both time consuming
and costly. Indeed, BSCs prepared from 3xTg-AD mice
[55, 56] rapidly develop phosphorylated tau over 4 weeks
in culture, whereas in vivo, phosphorylated tau is gener-
ally only reported at 12 to 15months of age in this
model [13]. This BSC model was used to identify a redis-
tribution of tau to the membrane which was associated
with an increased release of tau under pathological con-
ditions. This may contribute to the propagation of tau
pathology now recognized as a contributing factor to
AD [57]. Stimulated neuronal tau release also occurred
in non-transgenic BSCs highlighting the utility of BSC
models to study mechanisms of physiological tau release
[13]. Furthermore, BSCs prepared from mice expressing
pro-aggregant TauRDΔK [58] related to frontotemporal
dementia also accumulate phosphorylated and Thioflavin-

Table 1 BSC models of Aβ physiology and pathophysiology

Human Pathology Slice Culture Pathology Reference(s)

Increased levels of Aβ production BSCs from 3xTg-AD mice produce increased amounts
of Aβ42 after 4 weeks in culture. BSCs from CRND8 mice
also show elevated levels of Aβ42 from 2 weeks in culture.
APP overexpression in non-transgenic rat cultures shows
increased Aβ production by 3 days in culture.

[13, 38, 44]

Thioflavin S positive plaques BSCs treated with APP23 or APPPS1 brain and supplemented
with Aβ1–40 show Thioflavin S positive plaques. BSCs from
adult APPSwDI show preserved Thioflavin S plaques in culture.

[20, 45]

Dystrophic neurites BSCs treated with APP23 or APPPS1 brain and supplemented
with Aβ1–40 develop dystrophic neurites.

[45]

Gliosis BSCs from adult APPSwDI show preserved gliosis in culture. [20]

Synapse loss CRND8 BSCs develop synapse loss by 6 weeks in culture. [38]
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S positive tau lending their use to screen for anti-
aggregation therapeutics [59]. Additionally, synergistic and
differential effects of Aβ and tau on dendritic simplifica-
tion and synapse loss have been identified in BSCs provid-
ing mechanistic insight into this component of AD [60,
61]. We have also recently shown that by using rAAVs to
express mutant MAPT in BSCs we can robustly and re-
producibly develop an abundance of tau inclusions which
in long-term culture leads to cell loss. Using this strategy
we can easily compare different MAPT constructs in par-
allel and use this platform to screen for small molecule
tau-modifying therapies [29]. Alternatively, the potential
of tau transgenic BSC models to screen for tau antibodies
has also been demonstrated [62, 63]. This is of particular
interest as several anti-tau antibodies have already entered
clinical trials, but much work is needed to determine the
appropriate species of tau to target [64]. Overall, BSC
models developed to date recapitulate key aspects of tau
pathology and are summarized in Table 2. The majority of
these models rely on overexpression of human tau pro-
teins, similar to in vivo tau transgenic rodent models [39],
and facilitate the study of pre-pathologies and pathologies
relevant to tauopathies. Until a greater knowledge of the
development of tau pathology and whether wild-type and
mutant human tau with and without overexpression over-
lap, these models are likely valuable tools to expedite this
understanding.

Exploring other mechanisms underlying AD in
BSCs
As discussed above, BSC models can provide a system in
which to study the molecular pathologies of Aβ and tau,
as well as, synaptotoxicity. Furthermore, these BSCs can
be used to explore other aspects of the disease and the
role they play in the development or progression of path-
ology and to identify potential therapeutic targets.
Indeed, application of Aβ peptides to BSCs enables the in-

vestigation of the role of protein kinases implicated in AD

[65]. Chiefly, the induction of GSK-3β [66, 67], the activation
of ERK1/2 signaling [68] and the inactivation of AKT have
[67] been observed in BSCs in response to incubation with
the amyloid peptide Aβ25–35 or Aβ42 oligomers. The role
of caspase activation in the AD brain is unclear; previous
studies have suggested that caspases may promote the path-
ology of Aβ and the formation of NFTs [69]. Consistent with
in vivo models, BSC models have demonstrated that amyloid
peptide Aβ25–35 induces caspase-3 activation and apoptotic
cell death [61, 68]. Understanding cell death and mecha-
nisms of oxidative stress in response to Aβ and its preven-
tion can also be explored in BSCs [70].
Inflammation is also an important and controversial

feature of AD [71, 72] as its precise role in disease
progression is complex and still unknown [73]. Since
BSCs contain all the cell types of the CNS they are
suitable models to investigate inflammatory mecha-
nisms in AD. BSCs have been used to investigate the
role of Apolipoprotein E on Aβ deposition [74, 75].
The role of microglia in plaque clearance has also
been highlighted in BSC models. C1q protein and
mRNA levels increased within BSCs in response to
treatment with Aβ42 [76] indicating initiation of
phagocytic activity of microglia. Pharmacological de-
pletion of microglia in BSCs enables ‘plaque-like’ de-
position after application of Aβ42, and subsequent
replenishment of microglia decreases this ‘plaque-like’
reactivity [43]. Effects of the AD risk gene TREM2
have also been investigated in BSC models [77]. The
benefits of several anti-inflammatory compounds
against the degeneration of serotonergic, cholinergic,
and dopaminergic neurons in Aβ42 treated BSCs have
also been identified [78]. In addition, the changes as-
trocytes undergo in response to Aβ has also been
highlighted in BSC models [79].
A novel model to study the degeneration of choliner-

gic neurons in the basal nucleus of Meynert has also
been established [1, 80]. Cholinergic neurons are

Table 2 BSC studies of tau physiology and pathophysiology

Human Pathology Slice Culture Pathology Reference(s)

Phosphorylated / conformationally altered tau BSCs from 3xTg-AD, JNPL3, TauRDΔK and Htau mice all
develop increased levels of phosphorylated tau from 1
to 4 weeks in culture. rAAV WT, S320F, P301L/S320F and
A152T/P301L/S320F human tau transduced BSCs all
accumulate phosphorylated tau by 28 days in vitro (DIV).

[12, 13, 29, 59]

Thioflavin S positive tau inclusions rAAV P301L/S320F and A152T/P301L/S320F human tau
transduced BSCs progressively develop Thioflavin S positive
tau inclusions beyond 7 DIV. TauRDΔK BSCs accumulate
Thioflavin S puncta from 25 DIV.

[29, 59]

Tau-induced cell loss rAAV A152T/P301L/S320F human tau transduced BSCs
develop cell loss by 2 months in culture.

[29]

Tau redistribution BSCs from 3xTg-AD mice show an accumulation of tau at
the membrane by 28 DIV. rAAV P301L/S320F and A152T/P301L/S320F
human tau transduced BSCs show somatodendritic accumulation of
tau by 28 DIV. TauRDΔK BSCs accumulate tau in the somatodendritic compartment.

[13, 29, 59]
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vulnerable in AD [1], and the authors established the
possible benefits of trophic factors in this model to en-
able survival of cholinergic neurons.

Using BSCs to determine the pathogenesis of
other neurodegenerative proteinopathies
BSCs have been successfully applied to study several other
neurodegenerative conditions and for therapeutic develop-
ment. Neurodegenerative proteinopathies are commonly
linked by the accumulation of misfolded proteins and asso-
ciated downstream processes likely triggering neurodegen-
eration and potentially further propagation of aggregates.
Aggregated α-synuclein found in Lewy bodies is a promin-
ent feature of α-synucleinopathies including Parkinson’s
disease (PD), Lewy body dementia and multiple system at-
rophy [81]. Delivery of mutant human synuclein using
rAAV has been demonstrated to induce inclusions similar
to those found in human disease in BSCs of the nigro-
striatal circuit [82]. We have also shown induction of bona
fide α-synuclein inclusion pathology with rAAV delivery of
wild-type and mutant A53T human α-synuclein to BSCs of
the hippocampus and cortex [29]. Mechanisms underlying
the spread of α-synuclein pathology have also been ex-
plored in co-cultures of astrocytes and BSCs seeded with
exogenous α-synuclein fibrils [83] highlighting the potential
of this system to understand this aspect of α-
synucleinopathies. Dopaminergic neuron loss, which is also
a primary feature of PD can be induced chemically or pro-
gressively over time in rodent BSCs [11, 84].
Several genetic mutations have been identified which can

lead to the development of amyotrophic lateral sclerosis
(ALS). Mutations in these genes lead to accumulation of
proteoplasmic inclusions such as superoxide dismutase-1
(SOD-1) inclusion pathology in the brain and spinal cord
[85]. Spinal cord slice cultures prepared from transgenic
G93A SOD-1 mice develop SOD-1 inclusions [86] and can
also be induced with human SOD-1 seeds from spinal tis-
sues [85]. TAR DNA binding protein 43 (TDP-43)

inclusions and mutations are associated with the develop-
ment of ALS and some frontotemporal dementias and
ALS. BSCs prepared from human mutant TDP-43 express-
ing rats develop astrogliosis and microgliosis and have en-
abled the study of secreted factors which induce selective
neuronal death [87]. TDP-43 inclusions have also been re-
ported to be chemically induced in BSCs [88].
Huntington’s disease (HD) is characterized by the ac-

cumulation of huntingtin (HTT) aggregates and genetic
mutations in HTT can drive disease [89]. Biolistic trans-
fection of human wild-type and mutant huntingtin
(HTT) causes accumulation of HTT aggregates in stri-
atal and cortical BSCs and subsequent neurodegenera-
tion. This recapitulates pathology reminiscent of human
HD and can be used to screen for neuroprotective com-
pounds [89]. Taken together, these examples summa-
rized in Table 3 provide compelling evidence where BSC
models have been successfully established to investigate
proteinopathies and highlights the future potential of re-
search using BSCs to understand mechanisms and de-
velop therapeutics in these diseases.

What lies ahead for organotypic slice models of
neurodegenerative proteinopathies
With the recent publication of several BSC models rele-
vant to understanding the spectrum of molecular
changes in AD and other neurodegenerative proteinopa-
thies, it appears that these models can accelerate re-
search in this area. How BSC models can potentially
advance the field are discussed here.

Future studies in AD
The propagation of tau has emerged as a potential con-
tributor to the pathology observed in AD. On the basis
of these findings, tau immunotherapies have rapidly en-
tered clinical trials as it is posited that preventing this
propagation could alleviate disease pathogenesis. It is
still unclear as to which is the main species of tau which

Table 3 BSC studies models of proteopathic inclusion pathologies beyond Aβ and tau

Human Pathology Slice Culture Pathology Reference(s)

α-synuclein inclusions rAAV expression of WT or A53T human α-synuclein in BSCs
induces pser129 α-synuclein inclusions. rAAV expression of
A53T human α-synuclein in nigrostriatal circuit BSCs also
develop α-synuclein inclusions.

[29, 82]

SOD-1 inclusions SOD-1 accumulation in spinal cord slice cultures from transgenic
G93A SOD-1 mice from 3 weeks in culture. SOD-1 inclusions also
inducible in G85R SOD-1 transgenic spinal cord cultures with
human SOD-1 seeds from spinal tissues progressively over a
20 day incubation.

[85, 86]

TDP-43 inclusions BSCs from rats expressing human mutant TDP-43 develop TDP-43
inclusions and associated micro- and astrogliosis from 10 DIV.

[87]

Huntingtin inclusions Biolistic transfection of human wild-type and mutant huntingtin
(HTT) in striatal and cortical rat BSCs results in the development
of HTT inclusions by 7 DIV.

[89]
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propagates in AD and the mechanisms behind this
propagation [57, 64] and these are questions which
could be explored in BSC models. The relationship be-
tween tau and neurodegeneration is likely to be critical
in our understanding and treatment of tauopathies like
AD. Overexpression of human tau bearing three MAPT
mutations leads to rapid inclusion formation and subse-
quent cell death in slices [29]. It is plausible that BSCs
can be used to gain insights into these enigmatic aspects
of the disease and facilitate understanding of the rela-
tionship between tau and cellular dysfunction in tauopa-
thies. As described earlier, BSCs can be used to identify
differences between the release of pathological and
physiological tau [13]. In addition, the function of physio-
logical extracellular tau and its spread also remains unclear.
BSC models lend themselves to study both of these ques-
tions in a more intact system than cell models of propagation
but in an easier, more rapid manner than exploring these
questions in vivo. Similarly, it has recently emerged that lim-
ited MAPT mutations are permissive to seeding in a cell-
based assay [90], it would be interesting to identify whether
this is also the case in a more intact system and whether a
seeded BSC model of tauopathy can be developed. The con-
cept of using compounds or antibodies to remove or clear
this pathological extracellular tau could be explored in BSCs
[62, 63]. As it is unknown how similar the pathways to ag-
gregation are between wild-type tau and that containing fa-
milial mutations, BSCs may provide an optimal platform for
attempting aggregation of wild-type tau using seeding or
through manipulation of kinases and pathways involved in
aggregate clearance. Until it is fully understood whether mu-
tant and wild-type tau follow a common aggregation path-
way, it will be unclear whether attempting to target mutant
tau will translate to blocking wild-type tau aggregation, as in
sporadic AD. What is more clear is that mutant tau overex-
pression leads to the formation of tau inclusions that are in-
discernible from those found in sporadic AD brain in terms
of phosphorylation status and structure as seen by electron
microscopy [29]. Therefore, it is likely that the downstream
pathways and cellular dysfunction will be well modeled using
this system. Additionally, the role of Aβ aggregation in the
spread and development of tau pathology is less clear and
could also be investigated in BSC models.
The precise role of innate immune activation and neur-

oglia in AD [71, 72] still needs to be determined. Some
established BSC models to study the role of inflammation
were highlighted earlier. It is unclear as to how inflamma-
tion and neuroglia should be tuned in AD, and as BSCs
contain all of these cell populations they could be exploited
to explore this aspect of the disease. Similarly, the majority
of proteinopathies likely occur due to complex interactions
between the multiple cell types in the brain. BSCs contain-
ing all these relevant cell types should enable the modeling
of interplay between them and their role in disease.

Combining rAAV tools and other technologies
with BSCs
Transgenic animals have been invaluable to study mo-
lecular mechanisms underpinning proteinopathies. BSCs
produced from neonatal transgenic mice overexpressing
AD-related genes preclude the aging of these mice whilst
developing disease-relevant pathologies [12, 13, 45].
However, the production of these transgenic mice is ex-
pensive, requiring significant time and resources to age
these mice to observe pathologies relevant to AD and
other proteinopathies. rAAVs provide an efficient gene
delivery platform and important tool for neuroscience
research. We have shown that rAAV-mediated gene de-
livery enables the transduction of genes of interest to
non-transgenic BSCs to induce abundant AD or PD in-
clusion pathology [29]. Mutations in human APP, the
presenilins or MAPT known to cause familial AD and
tauopathies, respectively, or a combination of these can
easily be delivered to BSCs from transgenic or non-
transgenic mice in order for us to understand mecha-
nisms related to AD and develop novel BSC models. In
addition, several genes which increase susceptibility to
sporadic AD have been identified in recent years [91],
and their role in the progression of AD remains unclear.
These risk genes could easily be expressed using rAAVs
in BSCs to assess any contribution to the development
of the disease. This approach can also be employed to
study other proteopathic inclusions associated with
other neurodegenerative diseases and in novel thera-
peutic development for these conditions. Similarly, ad-
vances in the development of CRISPR-Cas9 and zinc
finger nuclease gene editing [92] and RNAi gene silen-
cing [93] rAAV vectors could be applied to BSCs and
will likely be useful tools in determining genetic contri-
butions to proteinopathies.
Furthermore, the majority of proteinopathies likely

occur due to complex interactions and relationships be-
tween all the CNS cell types. We have shown that using
rAAVs in BSCs containing all these cell types we can se-
lectively manipulate neurons, astrocytes, microglia, oli-
godendrocytes or combinations of these allowing us to
explore cell autonomous and non-cell autonomous roles
in proteinopathies [29].
Similarly, further rAAV technology has been developed to

enable expression of functional reporter genes such as volt-
age sensors, calcium sensors, retrograde tracers, expression
of channelrhodopsins to facilitate optogenetic experiments,
or designer receptors exclusively activated by designer drugs
(DREADDs) as chemogenetic tools [94–99]. In combination
with BSCs and improved imaging techniques it is likely these
rAAV tools could rapidly inform our understanding of func-
tional neuronal circuitry and any changes associated with
proteinopathies. A summary table of some examples of
rAAV tools already used in BSCs and for potential use in
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BSCs is provided in Table 4. Promoters and capsids are typ-
ically interchangeable in order to obtain target expression so
the promoters and capsids provided are likely not the only
examples or options [29].
BSCs represent an accessible system for methodologies

which may typically be more difficult or invasive to exe-
cute such as long-term live imaging. Imaging, in com-
bination with rAAV tools, should be exploited in future
studies to increase our understanding of proteinopathies
and changes over time. It is likely this approach would
rapidly yield significant information about the roles of
cellular dysfunction in proteinopathies, as well as, in-
creasing our understanding of the role of protein aggre-
gates in this. It will also be important to carefully
compare these findings to the more difficult imaging
studies in in vivo animal models to confirm their utility.

BSC models from adult mice
As proteinopathies typically develop only in adults with ma-
ture, long-existing neurons [101] it would be ideal to exam-
ine disease pathogenesis in BSCs containing aged neurons.
There have been several efforts from different groups to pre-
pare BSCs from adult mice but these have all shown limited
success in preserving large numbers of neurons. Vast cell
death (less than 20% cell survival) [21, 102] has been

reported as well as a low yield, with only 5–10% of cultures
surviving to a month in culture [14, 102, 103]. Some groups
have reported survival of some cells in long-term cultures of
adult brain [19] but still with limited viability of neurons
[20]. This is even with significant methodological alterations
such as maintaining in lower temperatures, different culture
mediums, carbogen atmospheres and decreased thickness
[19–21]. It has been difficult to ascertain why adult BSCs do
not survive culture as well as BSCs from neonates, there has
been some speculation that neonatal cultures are plastic
enough to remodel after axons are severed during prepar-
ation but adult BSCs cannot recover from this axonal
degeneration [18]. To test this, we prepared BSCs from
Sarm1−/− mice which were reported to show resistance to
axon degeneration [104], however adult BSCs from these
mice showed no increased survival compared to controls
suggesting differential Sarm1 and non-Sarm1 mediated path-
ways of degeneration. Poor adult BSC survival may also be
related to their post-mitotic phenotype or greater vulnerabil-
ity to the culture environment [102].
Taken together, there are still many challenges to

overcome in order to maintain adult BSCs with a large
proportion of viable neurons. However, should these
barriers be overcome and a consistently viable BSC
preparation from adult proteinopathy mice were

Table 4 rAAV tools which can be applied to studies of neurodegenerative proteinopathies in BSCs

rAAV Tool Promoter(s) Capsid(s) Experimental model Reference(s)

Non-Specific global gene
expression

hybrid cytomegalovirus enhancer/
chicken β-actin (hCBA)

2/1, 2/2, 2/6, 2/8, 2/9 BSCs [29]

Microglial expression CD68 2/6 with three mutations Y731F/
Y705F/T492 V (TM6)

BSCs [29]

Neuronal expression CamKII or MAP-2 2/6, 2/8 BSCs [29]

Oligodendrocyte
expression

MBP 2/8 BSCs [29]

Astrocyte expression GFAP 2/8 BSCs [29]

Calcium-Sensing
e.g. GCaMP6 or REX-
GECO1

Synapsin, chicken β-actin (CAG) or
cytomegalovirus (CMV)

2/1 In vivo rodent, BSCs [95, 96]

Voltage-Sensing e.g.
Archon1 or Voltron

CamKII or CAG – Acute BSCs, Primary
Hippocampal Neurons

[94]

Retrograde Tracing CMV or Synapsin 2-retro (Mutant r5H6 (insert
LADQDYTKTA + V708I + N382D))

In vivo rodent [98]

Optogenetics e.g.
Channelrhodopsin-2

CAG 2/1 In vivo rodent, Acute BSCs [99]

Chemogenetics e.g.
DREADDs

Synapsin 2/8 In vivo rodent, Acute BSCs [97]

Recombination
e.g. Cre

CMV 2/2 In vivo rodent [100]

Gene Editing
e.g. CRISPR/Cas9

CMV DJ, 2/9 In vivo rodent [92]

Gene Silencing
e.g. shRNA

Modified CMV, H1 2/1 In vivo rodent [93]
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possible, it would enable us to screen compounds for
proteinopathies and target molecular pathways under-
lying these diseases in these aged neurons with aged pro-
teopathic inclusions.

Therapeutic screens in BSCs
BSCs provide an intact, physiologically relevant system to
study compounds to target the CNS. In the setup we use,
12 to 36 compounds can be screened in cortical BSCs pre-
pared from one animal and subsequently analyzed bio-
chemically or histologically. This lends to a relatively low
throughput system but is a system more representative of
in vivo conditions compared to the cell lines usually used
in high-throughput screening for drug candidates. Fur-
thermore, compounds with an unknown mode of action
can be studied in this integrated model rather than screen-
ing compounds for a particular mode of action typical of
high-throughput screens [105]. Indeed, this method of
screening has already been used to identify candidate leads
for neuroprotection [105]. Future work should also be fo-
cused on developing a more defined culture medium as
the majority of cultures reported use 25% horse serum
which may not be amenable to the study of some com-
pounds. The concept of using compounds or antibodies
to remove or clear pathological aggregates can also be ex-
plored in BSCs [62, 63].

Conclusions
BSC models provide a powerful bridge combining the ac-
cessibility and control of in vitro approaches whilst pre-
serving the physiology, cytoarchitecture and synaptic
integrity of an intact brain. It is clear that research involv-
ing BSCs can offer a beneficial insight into the molecular
mechanisms underlying the development and progression
of neurodegenerative proteinopathies. In addition, BSCs
can be exploited to develop and pre-screen novel therapies
to prevent or treat these diseases, likely enabling a faster
translation to the clinic. With advances in other technolo-
gies such as viral vector delivery and imaging methods
that can complement BSCs; this is an exciting platform to
be used in proteinopathy research.

Abbreviations
AD: Alzheimer’s disease; ALS: Amyotrophic lateral sclerosis; Aβ: Amyloid-β;
BSC: Organotypic brain slice culture; CAG: Chicken β-actin promoter;
CMV: Cytomegalovirus promoter; DIV: Days in vitro; DREADDs: Designer
receptors exclusively activated by designer drugs; hCBA: Hybrid
cytomegalovirus enhancer/chicken β-actin promoter; HD: Huntington’s
disease; Htt: Huntingtin; LB: Lewy body; MAPT: Microtubule-associated
protein tau; PD: Parkinson’s disease; rAAV: Recombinant adeno-associated
virus; SOD-1: Superoxide dismutase-1; TDP-43: TAR DNA binding protein 43;
TM6: rAAV2/6 with three mutations Y731F/Y705F/T492 V

Acknowledgements
Authors thank the NIH and Brightfocus Foundation for supporting this work.

Authors’ contributions
CLC, HSF, BDM and TEG developed the concept and structure of the review.
CLC, HSF, BDM contributed to writing the review. TEG revised and finalized
the review. All authors read and approved the final manuscript.

Funding
This work was supported by funding from the National Institutes of Health
(U01AG046139, R01AG018454, P50AG047266 to TEG) and the Brightfocus
Foundation (A2018149F to CLC).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
TEG is a founder of Lacerta Therapeutics.

Author details
1Department of Neuroscience, College of Medicine, University of Florida,
Gainesville, FL 32610, USA. 2Center for Translational Research in
Neurodegenerative Disease, College of Medicine, University of Florida,
Gainesville, FL 32610, USA. 3McKnight Brain Institute, College of Medicine,
University of Florida, Gainesville, FL 32610, USA.

Received: 7 August 2019 Accepted: 13 November 2019

References
1. Humpel C. Organotypic brain slice cultures: a review. Neuroscience. 2015;

305:86–98.
2. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,

et al. Identification of a unique TGF-β-dependent molecular and functional
signature in microglia. Nat Naurosci. 2014;17(1):131–43.

3. Arber C, Lovejoy C, Wray S. Stem cell models of Alzheimer's disease:
progress and challenges. Alz Res Ther. 2017;9(1):42.

4. Fitzjohn SM, Doherty AJ, Collingridge GL. The use of the hippocampal slice
preparation in the study of Alzheimer's disease. Eur J Pharm. 2008;585(1):50–9.

5. Gähwiler BH. Organotypic monolayer cultures of nervous tissue. J Neurosci
Methods. 1981;4(4):329–42.

6. Stoppini L, Buchs PA, Muller D. A simple method for organotypic cultures of
nervous tissue. J Neurosci Methods. 1991;37(2):173–82.

7. Noraberg J, Poulsen FR, Blaabjerg M, Kristensen BW, Bonde C, Montero M,
et al. Organotypic hippocampal slice cultures for studies of brain damage,
neuroprotection and neurorepair. Curr Drug Targets CNS Neurol Disord.
2005;4(4):435–52.

8. Beach RL, Bathgate SL, Cotman CW. Identification of cell types in rat hippocampal
slices maintained in organotypic cultures. Dev Brain Res. 1982;3(1):3–20.

9. Bahr BA. Long-term hippocampal slices: a model system for investigating synaptic
mechanisms and pathologic processes. J Neurosci Res. 1995;42(3):294–305.

10. Sieg F, Obst K, Gorba T, Riederer B, Pape H-C, Wahle P. Postnatal expression
pattern of calcium-binding proteins in organotypic thalamic cultures and in
the dorsal thalamus in vivo. Dev Brain Res. 1998;110(1):83–95.

11. Daviaud N, Garbayo E, Lautram N, Franconi F, Lemaire L, Perez-Pinzon M,
et al. Modeling nigrostriatal degeneration in organotypic cultures, a new
ex vivo model of Parkinson’s disease. Neuroscience. 2014;256:10–22.

12. Duff K, Noble W, Gaynor K, Matsuoka Y. Organotypic slice cultures from
transgenic mice as disease model systems. J Mol Neurosci. 2002;19(3):317–20.

13. Croft CL, Wade MA, Kurbatskaya K, Mastrandreas P, Hughes MM, Phillips EC,
et al. Membrane association and release of wild-type and pathological tau
from organotypic brain slice cultures. Cell Death Dis. 2017;8:e2671.

14. Staal JA, Alexander SR, Liu Y, Dickson TD, Vickers JC. Characterization of
cortical neuronal and glial alterations during culture of Organotypic whole
brain slices from neonatal and mature mice. PLoS One. 2011;6(7):e22040.

15. Ullrich C, Daschil N, Humpel C. Organotypic vibrosections: novel whole
sagittal brain cultures. J Neurosci Methods. 2011;201(1):131–41.

Croft et al. Molecular Neurodegeneration           (2019) 14:45 Page 9 of 11



16. Koh JY, Choi DW. Quantitative determination of glutamate mediated
cortical neuronal injury in cell culture by lactate dehydrogenase efflux assay.
J Neurosci Methods. 1987;20(1):83–90.

17. Noraberg J, Kristensen BW, Zimmer J. Markers for neuronal degeneration in
organotypic slice cultures. Brain Res Brain Res Protoc. 1999;3(3):278–90.

18. De Simoni A, Griesinger CB, Edwards FA. Development of rat CA1 neurones
in acute versus organotypic slices: role of experience in synaptic
morphology and activity. J Physiol. 2003;550(1):135–47.

19. Xiang Z, Hrabetova S, Moskowitz SI, Casaccia-Bonnefil P, Young SR,
Nimmrich VC, et al. Long-term maintenance of mature hippocampal slices
in vitro. J Neurosci Methods. 2000;98(2):145–54.

20. Humpel C. Organotypic vibrosections from whole brain adult Alzheimer
mice (overexpressing amyloid-precursor-protein with the Swedish-Dutch-
Iowa mutations) as a model to study clearance of beta-amyloid plaques.
Front Aging Neurosci. 2015;7:47.

21. Daria A, Colombo A, Llovera G, Hampel H, Willem M, Liesz A, et al. Young
microglia restore amyloid plaque clearance of aged microglia. EMBO J. 2017;
36:583-603.

22. Andersson M, Avaliani N, Svensson A, Wickham J, Pinborg LH, Jespersen B,
et al. Optogenetic control of human neurons in organotypic brain cultures.
Sci Rep. 2016;6:24818.

23. Eugène E, Cluzeaud F, Cifuentes-Diaz C, Fricker D, Le Duigou C, Clemenceau
S, et al. An organotypic brain slice preparation from adult patients with
temporal lobe epilepsy. J Neurosci Methods. 2014;235:234–44.

24. Verwer RWH, Baker RE, Boiten EFM, Dubelaar EJG, van Ginkel CJM, Sluiter AA,
et al. Post-mortem brain tissue cultures from elderly control subjects and
patients with a neurodegenerative disease. Exp Gerontol. 2003;38(1–2):167–72.

25. Lyman WD, Tricoche M, Hatch WC, Kress Y, Chiu FC, Rashbaum WK. Human
fetal central nervous system organotypic cultures. Brain Res Dev Brain Res.
1991;60(2):155–60.

26. Schwarz N, Uysal B, Welzer M, Bahr JC, Layer N, Löffler H, et al. Long-term
adult human brain slice cultures as a model system to study human CNS
circuitry and disease. eLife. 2019;8:e48417.

27. Soares C, Lee KFH, Nassrallah W, Béïque J-C. Differential subcellular targeting
of glutamate receptor subtypes during homeostatic synaptic plasticity. J
Neurosci. 2013;33(33):13547–59.

28. Ito S, Yeh F-C, Hiolski E, Rydygier P, Gunning DE, Hottowy P, et al. Large-
scale, high-resolution multielectrode-Array recording depicts functional
network differences of cortical and hippocampal cultures. PLoS One. 2014;
9(8):e105324.

29. Croft CL, Cruz PE, Ryu DH, Ceballos-Diaz C, Strang KH, Woody BM, et al.
rAAV-based brain slice culture models of Alzheimer’s and Parkinson’s
disease inclusion pathologies. J Exp Med. 2019;216(3):539–55.

30. del Rio JA, Heimrich B, Soriano E, Schwegler H, Frotscher M. Proliferation and
differentiation of glial fibrillary acidic protein-immunoreactive glial cells in
organotypic slice cultures of rat hippocampus. Neuroscience. 1991;43(2–3):335–47.

31. Hailer NP, Järhult JD, Nitsch R. Resting microglial cells in vitro: analysis of
morphology and adhesion molecule expression in organotypic
hippocampal slice cultures. Glia. 1996;18(4):319–31.

32. Hutter-Schmid B, Kniewallner K, Humpel C. Organotypic brain slice cultures as
a model to study angiogenesis of brain vessels. Front Cell Dev Biol. 2015;3:52.

33. Finley M, Fairman D, Liu D, Li P, Wood A, Cho S. Functional validation of
adult hippocampal organotypic cultures as an in vitro model of brain injury.
Brain Res. 2004;1001(1–2):125–32.

34. Cho S, Wood A, Bowlby MR. Brain slices as models for neurodegenerative
disease and screening platforms to identify novel therapeutics. Curr
Neuropharmacol. 2007;5(1):19–33.

35. Mielke JG, Comas T, Woulfe J, Monette R, Chakravarthy B, Mealing GAR.
Cytoskeletal, synaptic, and nuclear protein changes associated with rat
interface organotypic hippocampal slice culture development. Dev Brain
Res. 2005;160(2):275–86.

36. Croft CL, Noble W. Preparation of organotypic brain slice cultures for the
study of Alzheimer's disease. F1000Res. 2018;7:592.

37. Croft CL, Kurbatskaya K, Hanger DP, Noble W. Inhibition of glycogen synthase
kinase-3 by BTA-EG (4) reduces tau abnormalities in an organotypic brain slice
culture model of Alzheimer’s disease. Sci Rep. 2017;7:7434.

38. Harwell CS, Coleman MP. Synaptophysin depletion and intraneuronal Aβ in
organotypic hippocampal slice cultures from huAPP transgenic mice. Mol
Neurodegener. 2016;11(1):1–16.

39. Dawson TM, Golde TE, Lagier-Tourenne C. Animal models of
neurodegenerative diseases. Nat Neurosci. 2018;21(10):1370–9.

40. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer's disease at 25
years. EMBO Mol Med. 2016;8(6):595–608.

41. Golde TE, Borchelt DR, Giasson BI, Lewis J. Thinking laterally about
neurodegenerative proteinopathies. J Clin Invest. 2013;123(5):1847–55.

42. Malouf AT. Effect of beta amyloid peptides on neurons in hippocampal slice
cultures. Neurobiol Aging. 1992;13(5):543–51.

43. Hellwig S, Masuch A, Nestel S, Katzmarski N, Meyer-Luehmann M, Biber K. Forebrain
microglia from wild-type but not adult 5xFAD mice prevent amyloid-β plaque
formation in organotypic hippocampal slice cultures. Sci Rep. 2015;5:14624.

44. Braithwaite SP, Schmid RS, He DN, Sung M-LA, Cho S, Resnick L, et al.
Inhibition of c-Jun kinase provides neuroprotection in a model of
Alzheimer's disease. Neurobiol Dis. 2010;39(3):311–7.

45. Novotny R, Langer F, Mahler J, Skodras A, Vlachos A, Wegenast-Braun BM, et al.
Conversion of synthetic Aβ to in vivo active seeds and amyloid plaque formation
in a hippocampal slice culture model. J Neurosci. 2016;36(18):5084–93.

46. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al. Physical
basis of cognitive alterations in alzheimer's disease: synapse loss is the
major correlate of cognitive impairment. Ann Neurol. 1991;30(4):572–80.

47. Masliah E, Mallory M, Alford M, DeTeresa R, Hansen LA, McKeel DW, et al.
Altered expression of synaptic proteins occurs early during progression of
Alzheimer’s disease. Neurology. 2001;56(1):127–9.

48. Wirths O, Bayer TA. Neuron loss in transgenic mouse models of Alzheimer's
disease. Int J Alz Dis. 2010;2010:6.

49. Gomez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC, et al.
Neuronal loss correlates with but exceeds neurofibrillary tangles in
Alzheimer's disease. Ann Neurol. 1997;41(1):17–24.

50. Iqbal K, Liu F, Gong C-X, Grundke-Iqbal I. Tau in alzheimer disease and
related Tauopathies. Curr Alz Res. 2010;7(8):656–64.

51. Kovacs GG. Invited review: neuropathology of tauopathies: principles and
practice. Neuropathol App Neurobiol. 2015;41(1):3–23.

52. Hanger DP, Anderton BH, Noble W. Tau phosphorylation: the therapeutic
challenge for neurodegenerative disease. Trends Mol Med. 2009;15(3):112–9.

53. Lewis J, McGowan E, Rockwood J, Melrose H, Nacharaju P, Van Slegtenhorst M,
et al. Neurofibrillary tangles, amyotrophy and progressive motor disturbance in
mice expressing mutant (P301L) tau protein. Nat Genet. 2000;25(4):402–5.

54. Andorfer C, Kress Y, Espinoza M, De Silva R, Tucker KL, Barde Y-A, et al.
Hyperphosphorylation and aggregation of tau in mice expressing normal
human tau isoforms. J Neurochem. 2003;86(3):582–90.

55. Oddo S, Caccamo A, Kitazawa M, Tseng BP, LaFerla FM. Amyloid deposition
precedes tangle formation in a triple transgenic model of Alzheimer’s
disease. Neurobiol Aging. 2003;24(8):1063–70.

56. Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, et al.
Triple-transgenic model of Alzheimer's disease with plaques and tangles:
intracellular Aβ and synaptic dysfunction. Neuron. 2003;39(3):409–21.

57. Pooler AM, Polydoro M, Wegmann S, Nicholls SB, Spires-Jones TL, Hyman
BT. Propagation of tau pathology in Alzheimer’s disease: identification of
novel therapeutic targets. Alz Res Ther. 2013;5(5):49.

58. Mocanu M-M, Nissen A, Eckermann K, Khlistunova I, Biernat J, Drexler D,
et al. The potential for β-structure in the repeat domain of tau protein
determines aggregation, synaptic decay, neuronal loss, and coassembly
with endogenous tau in inducible mouse models of Tauopathy. J Neurosci.
2008;28(3):737–48.

59. Messing L, Decker JM, Joseph M, Mandelkow E, Mandelkow E-M. Cascade of
tau toxicity in inducible hippocampal brain slices and prevention by
aggregation inhibitors. Neurobiol Aging. 2013;34(5):1343–54.

60. Golovyashkina N, Penazzi L, Ballatore C, Smith AB, Bakota L, Brandt R.
Region-specific dendritic simplification induced by Aβ, mediated by tau via
dysregulation of microtubule dynamics: a mechanistic distinct event from
other neurodegenerative processes. Mol Neurodegener. 2015;10:60.

61. Tackenberg C, Grinschgl S, Trutzel A, Santuccione AC, Frey MC, Konietzko U,
et al. NMDA receptor subunit composition determines beta-amyloid-induced
neurodegeneration and synaptic loss. Cell Death Dis. 2013;4(4):e608.

62. Gu J, Congdon EE, Sigurdsson EM. Two novel tau antibodies targeting the
396/404 region are primarily taken up by neurons and reduce tau protein
pathology. J Biol Chem. 2013;288(46):33081–95.

63. Congdon EE, Gu J, Sait HBR, Sigurdsson EM. Antibody uptake into neurons
occurs primarily via clathrin-dependent Fcγ receptor endocytosis and is a
prerequisite for acute tau protein clearance. J Biol Chem. 2013;288(49):35452–65.

64. Croft CL, Moore BD, Ran Y, Chakrabarty P, Levites Y, Golde TE, et al. Novel
monoclonal antibodies targeting the microtubule-binding domain of
human tau. PloS ONE. 2018;13(4):e0195211–e.

Croft et al. Molecular Neurodegeneration           (2019) 14:45 Page 10 of 11



65. Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin M-L, Yardin C, et al.
Tau protein kinases: involvement in Alzheimer's disease. Ageing Res Rev.
2013;12(1):289–309.

66. Johansson S, Jämsä A, Vasänge M, Winblad B, Luthman J, Cowburn RF.
Increased tau phosphorylation at the Ser396 epitope after amyloid beta-
exposure in organotypic cultures. Neuroreport. 2006;17(9):907–11.

67. Nassif M, Hoppe J, Santin K, Frozza R, Zamin LL, Simão F, et al. β-Amyloid
peptide toxicity in organotypic hippocampal slice culture involves Akt/PKB,
GSK-3β, and PTEN. Neurochem Int. 2007;50(1):229–35.

68. Chong YH, Shin YJ, Lee EO, Kayed R, Glabe CG, Tenner AJ. ERK1/2 activation
mediates Aβ oligomer-induced neurotoxicity via caspase-3 activation and
tau cleavage in rat organotypic hippocampal slice cultures. J Biol Chem.
2006;281(29):20315–25.

69. Rohn TT. The role of caspases in Alzheimer’s disease; potential novel
therapeutic opportunities. Apoptosis. 2010;15(11):1403–9.

70. Bruce AJ, Malfroy B, Baudry M. Beta-amyloid toxicity in organotypic
hippocampal cultures: protection by EUK-8, a synthetic catalytic free radical
scavenger. Proc Natl Acad Sci U S A. 1996;93(6):2312–6.

71. Phillips EC, Croft CL, Kurbatskaya K, O’Neill MJ, Hutton ML, Hanger DP, et al.
Astrocytes and neuroinflammation in Alzheimer's disease. Biochem Soc
Trans. 2014;42(5):1321–5.

72. Tejera D, Heneka MT. Microglia in Alzheimer's disease: the good, the bad
and the ugly. Curr Alzheimers Res. 2016;13(4):370–80.

73. Golde TE. Harnessing immunoproteostasis to treat neurodegenerative
disorders. Neuron. 2019;101(6):1003–15.

74. Harris-White ME, Balverde Z, Lim GP, Kim P, Miller SA, Hammer H, et al. Role
of LRP in TGFβ2-mediated neuronal uptake of Aβ and effects on memory. J
Neurosci Res. 2004;77(2):217–28.

75. Marksteiner J, Humpel C. Beta-amyloid expression, release and extracellular
deposition in aged rat brain slices. Mol Psychiatry. 2008;13(10):939–52.

76. Fan R, Tenner AJ. Complement C1q expression induced by Aβ in rat
hippocampal organotypic slice cultures. Exp Neurol. 2004;185(2):241–53.

77. Mazaheri F, Snaidero N, Kleinberger G, Madore C, Daria A, Werner G, et al.
TREM2 deficiency impairs chemotaxis and microglial responses to neuronal
injury. EMBO Rep. 2017;18(7):1186–98.

78. Hochstrasser T, Hohsfield LA, Sperner-Unterweger B, Humpel C. β-Amyloid induced
effects on cholinergic, serotonergic, and dopaminergic neurons is differentially
counteracted by anti-inflammatory drugs. J Neurosci Res. 2013;91(1):83–94.

79. Xu K, Malouf AT, Messing A, Silver J. Glial fibrillary acidic protein is necessary
for mature astrocytes to react to β-amyloid. Glia. 1999;25(4):390–403.

80. Kniewallner KM, Grimm N, Humpel C. Platelet-derived nerve growth factor
supports the survival of cholinergic neurons in organotypic rat brain slices.
Neurosci Lett. 2014;574:64–9.

81. Wong YC, Krainc D. [alpha]-synuclein toxicity in neurodegeneration:
mechanism and therapeutic strategies. Nat Med. 2017;23(2):1–13.

82. Zach S, Bueler H, Hengerer B, Gillardon F. Predominant Neuritic pathology
induced by viral overexpression of α-Synuclein in cell culture. Cell Mol
Neurobiol. 2007;27(4):505–15.

83. Loria F, Vargas JY, Bousset L, Syan S, Salles A, Melki R, et al. α-Synuclein transfer
between neurons and astrocytes indicates that astrocytes play a role in
degradation rather than in spreading. Acta Neuropathol. 2017;134(5):789–808.

84. McCaughey-Chapman A, Connor B. Rat brain sagittal organotypic slice cultures
as an ex vivo dopamine cell loss system. J Neurosci Methods. 2017;277:83–7.

85. Ayers JI, Diamond J, Sari A, Fromholt S, Galaleldeen A, Ostrow LW, et al.
Distinct conformers of transmissible misfolded SOD1 distinguish human
SOD1-FALS from other forms of familial and sporadic ALS. Acta
Neuropathol. 2016;132(6):827–40.

86. Avossa D, Grandolfo M, Mazzarol F, Zatta M, Ballerini L. Early signs of
motoneuron vulnerability in a disease model system: characterization of
transverse slice cultures of spinal cord isolated from embryonic ALS mice.
Neuroscience. 2006;138(4):1179–94.

87. Bi F, Huang C, Tong J, Qiu G, Huang B, Wu Q, et al. Reactive astrocytes secrete
lcn2 to promote neuron death. Proc Natl Acad Sci U S A. 2013;110(10):4069–74.

88. Leggett C, McGehee DS, Mastrianni J, Yang W, Bai T, Brorson JR.
Tunicamycin produces TDP-43 cytoplasmic inclusions in cultured brain
organotypic slices. J Neurol Sci. 2012;317(1–2):66–73.

89. Reinhart PH, Kaltenbach LS, Essrich C, Dunn DE, Eudailey JA, DeMarco CT,
et al. Identification of anti-inflammatory targets for Huntington's disease
using a brain slice-based screening assay. Neurobiol Dis. 2011;43(1):248–56.

90. Strang KH, Croft CL, Sorrentino ZA, Chakrabarty P, Golde TE, Giasson BI. Distinct
differences in prion-like seeding and aggregation between tau protein variants

provide mechanistic insights into tauopathies. J Biol Chem. 2018;293:2408–
2421.

91. Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobsdottir J,
et al. Rare coding variants in PLCG2, ABI3, and TREM2 implicate microglial-
mediated innate immunity in Alzheimer's disease. Nat Genet. 2017;49:1373.

92. Kim E, Koo T, Park SW, Kim D, Kim K, Cho H-Y, et al. In vivo genome editing
with a small Cas9 orthologue derived from Campylobacter jejuni. Nat
Commun. 2017;8:14500.

93. Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT, et al. RNAi
suppresses polyglutamine-induced neurodegeneration in a model of
spinocerebellar ataxia. Nat Med. 2004;10(8):816–20.

94. Piatkevich KD, Jung EE, Straub C, Linghu C, Park D, Suk H-J, et al. A robotic
multidimensional directed evolution approach applied to fluorescent
voltage reporters. Nat Chem Biol. 2018;14(4):352–60.

95. Wu J, Abdelfattah AS, Miraucourt LS, Kutsarova E, Ruangkittisakul A, Zhou H,
et al. A long stokes shift red fluorescent Ca2+ indicator protein for two-
photon and ratiometric imaging. Nat Commun. 2014;5:5262.

96. Chen T-W, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, et al.
Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature.
2013;499:295.

97. Krashes MJ, Koda S, Ye C, Rogan SC, Adams AC, Cusher DS, et al. Rapid,
reversible activation of AgRP neurons drives feeding behavior in mice. J Clin
Invest. 2011;121(4):1424–8.

98. Tervo DGR, Hwang B-Y, Viswanathan S, Gaj T, Lavzin M, Ritola KD, et al. A
designer AAV variant permits efficient retrograde access to projection
neurons. Neuron. 2016;92(2):372–82.

99. Atasoy D, Aponte Y, Su HH, Sternson SM. A FLEX switch targets
Channelrhodopsin-2 to multiple cell types for imaging and Long-range
circuit mapping. J Neurosci. 2008;28(28):7025.

100. Kaspar BK, Vissel B, Bengoechea T, Crone S, Randolph-Moore L, Muller R,
et al. Adeno-associated virus effectively mediates conditional gene
modification in the brain. Proc Natl Acad Sci U S A. 2002;99(4):2320.

101. Varghese K, Das M, Bhargava N, Stancescu M, Molnar P, Kindy MS, et al.
Regeneration and characterization of adult mouse hippocampal neurons in
a defined in vitro system. J Neurosci Methods. 2009;177(1):51–9.

102. Su T, Paradiso B, Long Y-S, Liao W-P, Simonato M. Evaluation of cell damage
in organotypic hippocampal slice culture from adult mouse: a potential
model system to study neuroprotection. Brain Res. 2011;1385:68–76.

103. Wilhelmi E, Schoeder UH, Benabdallah A, Sieg F, Breder J, Reymann KG.
Organotypic brain-slice cultures from adult rats: approaches for a prolonged
culture time. Altern Lab Anim. 2002;30:275–83.

104. Osterloh JM, Yang J, Rooney TM, Fox AN, Adalbert R, Powell EH, et al.
dSarm/Sarm1 is required for activation of an injury-induced axon death
pathway. Science. 2012;337(6093):481–4.

105. Sundstrom L, Pringle A, Morrison B, Bradley M. Organotypic cultures as tools
for functional screening in the CNS. Drug Discov Today. 2005;10(14):993–1000.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Croft et al. Molecular Neurodegeneration           (2019) 14:45 Page 11 of 11


	Abstract
	Background
	Organotypic brain slice cultures
	Advantages of BSCs as a model system
	Limitations of BSCs to study neurodegenerative proteinopathies
	BSC models to study amyloid-β pathology and amyloid-β-targeting therapies in AD
	Modelling tau molecular pathology in BSCs
	Exploring other mechanisms underlying AD in BSCs
	Using BSCs to determine the pathogenesis of other neurodegenerative proteinopathies
	What lies ahead for organotypic slice models of neurodegenerative proteinopathies
	Future studies in AD
	Combining rAAV tools and other technologies with BSCs
	BSC models from adult mice
	Therapeutic screens in BSCs
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

