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Inhibitory interneurons in Alzheimer’s disease
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ABSTRACT

Alzheimer’s disease is currently the most common neurodegenerative disorder, characterized by distinct cog-
nitive and sensory deficits. The underlying pathogenetic mechanisms, however, still remain elusive. How the
molecular and morphological changes associated with Alzheimer’s disease affect information processing in neu-
ronal circuits and translate into cognitive dysfunction is unclear. Inhibitory interneurons have recently emerged
as one of the earliest and important culprits in mediating dysfunction of neuronal circuits in neurodegeneration.
Amyloid-beta and tau protein have been both linked to interneuron dysfunction, and likely play an important,
albeit unknown, role in mediating changes in the overall activity of neuronal circuits. Resolving the role of in-
hibitory interneurons in neurodegeneration-specific changes in neuronal activity is crucial for understanding the
impact of Alzheimer’s disease on brain function and even for possible identification of effective treatments and

diagnostic techniques (Ref. 63). Text in PDF www.elis.sk.

KEY WORDS: Alzheimer's disease, interneurons, in-vivo, cortical circuits, mouse models.

Alzheimer’s disease

Alzheimer’s disease (AD) is currently the most prevalent neu-
rodegenerative disorder and represents the most common cause
of dementia, accounting for estimated 50-70 % of all cases, and
affecting approximately 30 million people worldwide. AD is a
systemic disease characterized by distinct progressive cognitive
deficits including disturbances in memory, language, executive
function, and sensory processing (1, 2). Alzheimer’s disease de-
velops over many years, even decades. The symptomatic stage
of the disease follows a long presymptomatic stage during which
pathogenic mechanisms are already at work (3, 4). The variable-
duration presymptomatic stage eventually evolves into prodro-
mal stage characterized by mild cognitive impairment. The final
symptomatic stage of the disease then represents a culmination
of many years of subtle, perhaps irreversible alterations in brain
structure and function. Preclinical stages represent a major chal-
lenge for diagnostic procedures aimed at detecting and preventing
Alzheimer’s disease.

Neurofibrillary tangles (NFTs) and neuritic plaques are the two
major histopathological features of Alzheimer’s disease. Neuro-
fibrillary tangles are intracellular fibres composed of hyperphos-
phorylated aggregates of the microtubule-associated protein tau,
whereas neuritic plaques are extracellular depositions composed
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of amyloid-beta (Abeta) peptide. Both tangles and plaques even-
tually lead to progressive synaptic and neuronal loss in cortical
and subcortical structures of the brain (5).

The pathological features associated with Alzheimer’s disease
influence not only the synaptic activity (6), but also play arole in
controlling neuronal activity in larger neuronal networks (7, 8).
Analysis of spontaneous activity of neurons surrounding amyloid
plaques in cerebral cortex suggests an existence of pathological foci
of localized hyperactivity (9, 10). On the other hand, neurons con-
taining NFTs in the visual cortex appear to be well-integrated into
their circuits (11). Network level mechanisms of changes in corti-
cal activity in progressing neurodegeneration remain unresolved,
yet these are crucial for understanding the impact of neurodegen-
eration on brain function and even for possible identification of
effective treatments and diagnostic techniques in presymptomatic
stages of the disease (12). Determining the relationship between
pathological changes at the level of molecules, synapses, neurons,
circuits, networks, and cognition represents an urgent challenge
in understanding neurodegeneration.

The progression of neurodegeneration is associated with com-
plex changes in overall neuronal activity, such as imbalance be-
tween excitatory and inhibitory transmission leading to, for ex-
ample, epileptic seizures (13). AD patients also exhibit increased
silent seizures which likely contribute to cognitive deficits (14).
Moreover, network hyperexcitability in Alzheimer’s disease im-
pairs cognition (15), and altered neuronal networks may, therefore,
also contribute to the neurodegenerative process.

Inhibitory interneurons

The cerebral cortex contains two main types of neurons, excit-
atory neurons and interneurons. Most neurons (80 %) embedded in
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cortical neuronal circuits are excitatory pyramidal neurons. These
workhorses of the brain have rather uniform anatomical and physi-
ological properties, and form both long-range and local projections.

Inhibitory interneurons, despite forming only about 20 % of
all cortical neurons, offer a dizzying cornucopia of various mor-
phological, molecular, and electrophysiogical properties (16), and
form mostly local connections. These interneurons use GABA
(gamma-aminobutyric acid) as their neurotransmitter and provide
a range of important functions, mainly in maintaining the overall
balance of excitatory and inhibitory activity (17) in neuronal net-
works. Modulation of excitability of various neuronal assemblies
and networks mediates cognitive processes, and, perhaps unsur-
prisingly, inhibitory interneurons have been already implicated in
a wide range of neurological and psychiatric disorders, including
autism, epilepsy, schizophrenia, and others (18, 19).

Particularly important are two prominent classes of inhibitory
interneurons (20). Parvalbumin-expressing interneurons are the
dominant type of cortical interneurons providing powerful somatic
inhibition to postsynaptic partners and displaying fast-spiking ac-
tivity (21, 22). Somatostatin-expressing interneurons, on the other
hand, provide distal inhibition and display more gradual, delayed
responses to stimulation (23).

Dysfunction of GABAergic transmission has recently also
emerged as one of the key players in the pathogenesis of network
dysfunction in Alzheimer’s disease (24, 12), with parvalbumin-
positive interneurons likely playing a prominent role (25, 26).
Alterations in network excitability mediated by a reduction in
excitatory synaptic connections on parvalbumin-positive inter-
neurons have been recently implicated in human AD brains (27).

It is, however, still unclear which types of interneurons are
the most affected by the relentless process of neurodegeneration.
Pathological activity and function of distinct neuronal classes will
reverberate across neuronal networks and cause an imbalance in
the overall activity of cortical networks. Given their central role
in maintaining balance in cortical circuits and function of neu-
ronal networks, and likely mediating cognitive processes, it is
crucial to understand how inhibitory interneurons are affected in
Alzheimer’s disease.

Inhibitory interneurons and amyloid beta

Interest in the role of network excitability in Alzheimer’s dis-
ease was first fueled by direct observations that amyloid-beta oligo-
mers and plaques were associated with neuronal hyperexcitability
in both the hippocampus and the cortex (9, 10, 28). Amyloid-beta
deposition caused progressive deterioration of neuronal tuning in
the visual cortex, which was associated with deficits in visual-pat-
tern discrimination. Interestingly, the loss of function only occurred
in the hyperactive neurons within the affected network (29). How-
ever, not all network functions seem to be degraded to the same
extent, some representations may be selectively preserved even in
the presence of amyloid beta depositions, possibly reflecting ho-
meostatic network mechanisms at work (30). These observations
highlight the importance of a much more detailed understanding of
how pathological protein aggregates affect the behavior of neurons
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in neural networks instead of simply interpreting the presence of
protein pathology as a proxy of network dysfunction.

Network effects of amyloid plaques in the hippocampus are
well established and plaques were shown to lead to progressive
loss of hippocampal place cell function (31). Furthermore, amyloid
beta deposition caused impaired synaptic rewiring and synapse
loss in hippocampal oriens-lacunosum-moleculare interneurons.
The synaptic deficits were detected both at the axon and the den-
drites, indicating network disintegration at the input as well as at
the output level, and limiting the fear-learning abilities of APP/
PS1 mice (32).

Amyloid beta aggregates also disrupt the long-range cortical
connectivity. These disruptions and associated cognitive deficits
could be rescued with GABA(A) receptor agonists (24), suggesting
an involvement of cortical inhibitory interneurons. Similarly, re-
storing the function of PV interneurons restored inhibitory synaptic
transmission, network activity, and cognitive deficits in amyloid-
beta depositing mice (26). Thus, even though interneurons mostly
project locally, their dysfunction and downstream effects on excit-
atory pyramidal cells can have wide-ranging consequences across
distant cortical areas. Furthermore, these studies demonstrate that
the modulation of network excitability by inhibitory interneurons
could rescue some of the networks disruptions without targeting
the underlying protein pathology.

The molecular mechanism of amyloid beta-induced network
hyperexcitability are not yet resolved and represent a very active
research area. For example, dendritic degeneration of CA1 neurons
in the hippocampus has been linked to neuronal hyperexcitability
in APP/PS1 mice (33), linking structural abnormalities to charac-
teristic neuronal malfunction in Alzheimer’s disease. Furthermore,
amyloid beta-induced hyper-excitability and toxicity is dependent
on the levels of tau protein, suggesting a joint co-pathogenic effect
of both protein AD culprits (34). Under pathological conditions, tau
enhances targeting of the tyrosine kinase Fyn to the post-synapse,
leading to increased formation of NMDA receptor-PSD95 com-
plexes, which underlie the excitotoxic effects of amyloid beta, e.g.
increased calcium influx (35). This amyloid beta-induced activa-
tion of NDMA receptors induces signaling through the CAMKK2-
AMPK kinase pathway, which in turn leads to tau phosphorylation
and synaptotoxicity (36).

Intriguingly, several studies suggested that restoring the activ-
ity of neuronal networks may also ameliorate amyloid-beta neu-
ropathology. For example, optogenetic restoration of slow wave
oscillations restored disruption in calcium signaling and stopped
further amyloid-beta deposition (37). Additionally, optogenetic
induction and restoration of gamma oscillations by stimulating
the parvalbumin-positive interneurons in a mouse model of Al-
zheimer disease induced a microglial transformation, which led
to increased phagocytosis of amyloid-beta by microglia, attenu-
ating amyloid-beta pathology (38). Amyloid-beta pathology and
network activity mediated by inhibitory interneurons may thus
form a mutually destructive bi-directional relationship during the
pathogenesis of Alzheimer’s disease.



Inhibitory interneurons and tau

Tau protein, in its various disguises, is one of the key play-
ers in progressive neurodegeneration. During the pathogenesis of
neurodegeneration, tau protein becomes increasingly phosphory-
lated, forms toxic aggregates, and eventually NFTs (39). Neurons
containing neurofibrillary tangles exhibit deficits in synaptic in-
tegration, slowly leading to neurodegeneration (40). Even prior
to tau depositions, however, elevated levels of soluble tau likely
contribute to neuronal dysfunction (41). Tau pathology correlates
strongly with cognitive deficits, and the presence of tau aggre-
gates has been linked to clinical manifestations mediated by af-
fected areas (42).

A panoply of tau-based mouse models of neurodegeneration
has been used to uncover the complex relationship of tau pathol-
ogy and activity of neuronal networks in vivo. Even early-stage
tau pathology has been shown to be associated with altered net-
work activity (43) and neuronal hypo-excitability (44). Record-
ings in freely moving rTg4510 mice identified synaptic, neuronal,
and network deficits related to aberrant behavior in response to
tau pathology (45, 46, 47). Electrophysiological changes are ob-
served early in rTg4510 and precede tau-mediated morphologi-
cal changes in neurons, suggesting that pathological tau protein
variants can influence neuronal activity even before the appear-
ance of NFTs (50). Furthermore, tau pathology has been linked
to the loss of excitatory neurons in the hippocampus, increase in
interneuron activity, grid cell dysfunction and associated spatial
memory deficits in mice expressing tau-P301L in the entorhinal
cortex (53).

Although tau pathology has been linked to a variety of network
deficits, its impact on activity of single neurons is surprisingly
modest. Few differences were observed when comparing neurons
with and without neurofibrillary tangles (48, 49, 50). Curiously,
even neurons with NFTs were observed to have normal baseline
calcium signaling, receptive fields, and thus were likely still func-
tionally integrated into their cortical circuits in the visual cortex
(11). Severe NFT pathology also did not influence neuronal im-
mediate early gene expression in response to visual stimuli (52).
Despite severe tau pathology and widespread synapse loss, neu-
rons in rTg4510 mice still displayed no changes in their calcium
signaling (51), suggesting that tau-related neuronal dysfunction
is mediated by pathways distinct from those mediating amyloid-
beta-related neuronal dysfunction. The Tau-induced neuronal net-
work dysfunction thus seems to be a complex phenomenon which
depends on the stage of tau pathology, anatomical area affected,
and corresponding compensatory network mechanisms.

Similarly, there seems to be an uneasy relationship between tau
pathology and activity of inhibitory interneurons. Tau pathology
has been linked to altered synaptic plasticity and increase in inter-
neuron firing in the entorhinal cortex in mice harboring the P301L
tau mutation (53). However, the same mutation induced a loss of
GABAergic interneurons in the hippocampus, altered synaptic
plasticity, and related cognitive deficits (54). Both the synaptic
and cognitive deficits could be rescued with a GABA(A) receptor
agonist further demonstrating the importance of inhibitory inter-
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neurons in tau-related cognitive symptoms. Artificially induced
tau pathology on P301L background did not change the amount
of parvalbumin-positive interneurons, but led to changes in neuro-
nal oscillations and functional uncoupling between the prefrontal
cortex and hippocampus. Tau pathology has been strongly linked
to general synapse loss in Alzheimer’s disease (56) — the stron-
gest correlate of cognitive decline (57) — but it is currently unclear
if excitatory or inhibitory synapses are predominantly affected.

Tau pathology in Alzheimer’s disease progresses through neu-
ronal networks in a stereotypical pattern (58), most likely spreading
throughout the brain along neuronal connections. The activity of
neuronal networks themselves can influence the spreading of tau
pathology. An optogenetically induced increase in neuronal activ-
ity led to faster tau propagation (59). Amyloid-beta also leads to
faster tau spreading, and amyloid-beta-induced network hyper-
axcitability may be one of underlying mechanisms (60). Indeed,
the progression of tau pathology to the medial temporal lobe was
only observed in the presence of amyloid pathology in AD patients
(62). Normalizing network excitability (e.g. by targeting inhibi-
tory interneurons) may decrease the spreading of tau pathology
throughout the brain. On the other hand, increased synaptic activity
may lead to increased clearance of tau pathology by activating the
autophagic-lysosomal degradation in synapses (63). Determining
the specific impact of tau pathology on the activity and function
of inhibitory interneurons remains one of the important questions
in the contemporary research of neurodegenerative disorders.

Conclusion

The focus of research of Alzheimer’s disease is changing.
From studying molecular changes and cognitive deficits alone, the
focus is shifting towards understanding dysfunction of neuronal
circuits and networks. How the distinct molecular changes impact
the function of various neuronal classes and how these functional
changes propagate further into characteristic changes in cogni-
tion and behavior are two of the fundamental questions not only
in neurodegeneration research, but in neuroscience in general.

Dysfunction of neuronal networks plays a dominant role in the
pathophysiology of Alzheimer’s disease and neurodegeneration.
Tau protein and amyloid-beta, the two typical representatives of
AD neuropathology, influence the activity of synapses, neurons,
and networks. The activity of neuronal networks can in turn have
a profound impact on tau or amyloid-beta-related pathology.

Inhibitory interneurons are in the spotlight of neurodegenera-
tive changes. Given their distinct role in information processing
in neuronal circuits, interneurons represent the primary focus in
research in ‘systems neurodegeneration’. A precise understanding
of specific changes in the activity and function of inhibitory inter-
neurons would bring improved understanding of cognitive deficits
in Alzheimer’s disease. A specific electrophysiological signature
of interneuronal activity in neurodegenerative disorders would
then provide a new way of testing the efficacy of preventive and
therapeutic agents in stopping or even reversing the progression
of neurodegeneration and thus would be of great interest to both
clinical and basic neuroscience (61).
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