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Operational hub cells: a morpho-physiologically diverse class of
GABAergic neurons united by a common function

Rosa Cossart

GABAergic microcircuits structure the activation of neuronal
ensembles that support most cortical computations. Because
of the heterogeneous nature of the GABAergic cell community,
a full understanding of structure—function relationships in these
microcircuits may be hampered by a reductionist approach
that consists of classifying them according to an exhaustive
collection of parameters. It therefore could be beneficial to our
understanding of these complex cells to also consider other
approaches. Thus, graph theory has recently taught us that
biological networks often include hub nodes that are essential
for information flow, and ensuing experimental evidence has
demonstrated the existence of ‘operational’ hub neurons. So
far, only GABAergic neurons have been identified as
‘operational hubs’, further emphasizing their critical function in
controlling cortical network dynamics.
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Introduction

The coordinated activation of neuronal ensembles struc-
tured within networks is proposed to support the ongoing
computations of the cerebral cortex in health and disease.
Within these networks of neurons, GABAergic cells are
key nodes that shape neuronal dynamics in space and
time. This major network function is mirrored in the
bewildering diversity of cortical GABAergic cells, which
can be subdivided into many anatomically, physiologi-
cally, biochemically, and ontogenically distinct classes.
One way to understand how GABAergic networks are
organized to support cortical function and dynamics has
been to attempt to classify them into distinct families
based on various parameters [1]. The increasing accessi-
bility and detail of morphological, molecular, physiologi-
cal, and developmental data are both providing a
substrate for this classification and encouraging GABA-
ergic neuron taxonomy. It is undeniable that detailed

characterization and classification have provided valuable
information regarding GABA neuron function. However,
it may well be that as our knowledge about the morpho-
physiological and genetic determinants of individual
GABAergic cells increases, the more complex it becomes
to reconcile the overall functional features of the system
as a whole. Indeed, the problem of classifying and naming
GABAergic neurons in the cerebral cortex has yet to reach
a satisfactory consensus and single-cell diversity can blur
our understanding of GABAergic networks. In addition,
neurons belonging to different classes could potentially
serve overlapping functions, thus providing cortical net-
works with a valuable redundancy that protects them, for
example, from pathological insults.

The understanding of the functional organization of
cortical GABAergic networks may thus be partially con-
strained by this reductionist approach and could benefit
from the progress network science is currently experien-
cing [2]. Hence, after an initial description of cortical
GABAergic microcircuits merely based on anatomical
features and later taking into account multiple parameters
to group them into distinct families using, for example,
multiparametric clustering methods, it would be advan-
tageous to know whether their functional organization, as
a network, could be related to any previously described
canonical structure (Figure 1). Indeed, many real net-
works, as different as the brain and the Internet, share
similar architectures independently of their function.
This universality is encouraging researchers from differ-
ent disciplines to feed their research with concepts from
network theory, and the recent finding of a morpho-
physiologically heterogeneous class of GABAergic cells
unified by a common hub function supports this initiative
[3°°].

What is an ‘operational’ hub neuron? From
theory to experimental evidence

The term hub originates from the theoretical field of
complex networks and clearly deserves some definition to
avoid confusion, particularly in the context of exper-
iments [2]. One of the most commonly described proper-
ties of a network is its degree distribution. It is used to
distinguish between different types of network organiz-
ation. The degree of a node is defined as its total number
of links or connections to other nodes in the network. A
connection does not refer to an absolute measure but to a
parameter that is chosen during the analysis depending
upon the type of network being studied and the questions
being asked. Neuronal networks are mainly described by
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Understanding the functional organization of GABAergic microcircuits: from single-cell classifications (top) to network level analysis derived from graph
theory (bottom). Anatomical description has provided valuable information regarding GABAergic neuron diversity as illustrated by the drawing taken
with permission from [18]. More recent work combined a description of developmental, electrophysiological, and molecular properties of GABAergic
neurons and applied cluster analyses to separate them into distinct subfamilies as illustrated by the dendrogram taken with permission from [25°°]. The
functional organization of GABAergic cells, as a network, may be related to a previously described canonical structure as schematized below.

three different types of connectivity reflecting three
parallel levels of investigation: anatomical (i.e. physical
connection between two neurons), functional (statistical
relationship between the activity of two neurons) and
effective (causal relationship between the activity of two
neurons).

Functional, effective, or anatomical hubs are neurons that
have a high number of functional, effective, or anatomical
connections to other neurons in networks where most
neurons have very few. Experimentally speaking, we
would like to introduce the term ‘operational’ hub
neuron: a cell not only displaying a high functional
connectivity degree (i.e. a functional hub), but also
actively involved in generating network synchronization,
the stimulation of which single-handedly impacts net-
work dynamics. Experimental evidence for the existence
of ‘operational hub’ neurons relied on the mapping of
‘functional connectivity’ in living brain slices based on
the analysis of multineuron calcium activity [3°°].

Functional hub neurons were found to be a mixture of
glutamatergic (presumably early-born [4], see below) and
GABAergic cells [3°°]. However, electrophysiological
recordings showed that only GABAergic neurons com-
bined a high degree of functional, effective, and anatom-
ical connectivity and acted as ‘operational’ hubs: their
stimulation causally triggered the activation of many
other neurons while disrupting spontancous network
oscillations.

It is easy to confuse hubs with GABAergic short-cuts
between physically remote brain areas (such as the hippo-
campus and the medial septum [5,6] or the entorhinal
cortex [7,8°]) for several reasons. First, both GABAergic
hub cells and short-cuts are atypical network components
with an extended axonal arborization unlike most other
cortical GABAergic neurons. Secondly, in network space,
short-cuts are nodes displaying long-range contacts (with
‘length’ referring to the number of functional links that
separate nodes and not to their actual physical distance
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Scheme illustrating how scale-free networks grow following a preferential attachment rule derived from a ‘homophilic’ growth process. The dark red
node, which turns into a hub, was present at the early stages of network growth and maximizes similarity with other nodes (similarity is schematized by

the color of the nodes).

[2]), thus allowing information flow quickly. Hence, hub
cells and GABAergic short-cuts likely function in coordi-
nating network oscillations [9,10]. Further contributing to
the confusion was the recent demonstration that a sub-
population of developmentally active GABAergic hub
cells matures into short-cuts connecting the hippocampus
to remote areas in the adult mouse [11°]. Still, short-cuts
that connect two distant regions through sparse synaptic
targets do not necessarily display the high connectivity
degree that characterizes hub cells.

Is being a hub neuron a privilege of elite
members of the GABAergic aristocracy [12]?
As mentioned above, neurons that display a high func-
tional connectivity degree in the developing hippo-
campus form a heterogeneous population that gathers
both glutamatergic pyramidal neurons and GABAergic
cells. Interestingly, two genetic fate mapping studies
indicate that this distinct group of cells may share an
early birthdate [4,11°]. Thus some kind of ‘droit
d’ainesse’, the old rule of inheritance whereby monarchy
descends to the firstborn in preference to siblings, may
also apply to neurons. This phenomenon may be the
direct consequence of the ‘preferential attachment rule’
(Figure 2) that theoretically governs the growth of scale-
free networks [13°°]. In addition, since there is also a
‘temporal matching rule’ by which cells tend to connect
according to their temporal embryonic origin [14°], high
connectivity glutamatergic and GABAergic neurons may
well form a ‘rich club’ [15] sharing a high functional
network impact, further reinforcing the privileges of that
aristocracy.

However, in the developing hippocampus, only GABA-
ergic neurons were experimentally shown to act as ‘oper-
ational hubs’. In contrast, high connectivity glutamatergic
neurons operate as assemblies, capable of triggering net-
work synchronization when activated collectively when
fast GABAergic transmission is impaired [4]. This raises
the question of whether only GABAergic neurons can act
as ‘operational’ hub cells. So far, experiments providing
the existence of ‘operational hub’ cells have only been

performed in the developing hippocampus [3°°]. Since we
now know about certain intrinsic and functional proper-
ties of developmental hub cells, it is tempting to specu-
late whether other previously described subtypes of
GABAergic cells may also be part of the hub cell family.
An example within the hippocampus is Cajal Retzius cells
which are early generated and target extrahippocampal
regions, in particular the entorhinal cortex [16]. Similarly,
basket cells of the adult hippocampus may serve as
‘operational hubs’ since they are the site of high input
convergence and output divergence [17-20] and are able
to time the incidence of sharp waves recorded in adult
hippocampal slices [21°]. Similarly, enkephalin-positive
CA1 GABAergic neurons are a small neuronal population
that targets exclusively other interneurons in the subicu-
lum and may thus coordinate network oscillations be-
tween that region and the hippocampus [22].

Are hub neurons a specific subtype of
GABAergic cell?

The above conjectures naturally raise the question of
whether hippocampal ‘operational hubs’ comprise a finite
and well defined morpho-physiological variety of GABA-
ergic cells. Let us focus on GABAergic cells with a hub
function in the developing CA3 hippocampus. In this
restricted particular case two families of ‘operational
hubs’ could be distinguished based on their anatomical
connectivity (Figure 3):

(1) ‘connector hubs’ [23] that display a long axon
spanning across regions with sparse collaterals often
invading the fimbria and comprising long-range
projecting GABAergic neurons [3°°,11°]. Morpho-
logical heterogeneity prevails in this population,
consistent with previous descriptions of GABAergic
projection hippocampal neurons [5,22]. Some, if not
all of these ‘connector hubs’ have an early temporal
embryonic origin [11°] and express a variety of
neurochemical markers. Function wise, the acti-
vation of connector hubs in the immature CA3
generally disrupts network synchronization, even
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Diversity of operational GABAergic hub neurons in the hippocampus. Two families of ‘operational hubs’ in the developing CA3 could be distinguished
based on their axonal connectivity patterns: ‘connector hubs’ that display a long axon comprising long-range projecting GABAergic neurons and

‘provincial hubs’, displaying a dense local axonal arborization with a ‘basket-like’ morphology. These two populations gather anatomically diverse cells
as seen from the Neurolucida reconstructions of various hub cells filled during the experiments (illustrations taken with permission from [3°*] and [11°]).

(2)

though these cells are recruited at the onset of
GDPs [3°°,11°]. Interestingly, these cells have been
recently shown to also critically determine the
onset of epileptiform discharges induced by low
Mg** conditions in the intact immature septohip-
pocampal formation by directly synchronizing other
interneurons [24°°].

‘provincial hubs’ that are comprised of basket-like
neurons that get connected within their own field
through a dense but more local arborization pattern;
their phasic activation may trigger network synchro-
nization in the developing CA3 [3°°]. The embryonic
origin and adult fate of these basket-like hub neurons
still remain to be determined. Although these cells
may form a functionally distinct subclass of periso-
matic neurons, diversity is also very likely to be
present in this interneuron category [18], as suggested
by the analysis of their ontogeny [25°°].

The level of heterogeneity observed in the ‘operational
hub’ cell population so far may be the direct consequence
of a developmental process by which hub neurons are not
only the oldest neurons, but also those neurons that share
a maximum number of features with other cells
(Figure 2). This supposition is supported by a recent
theoretical prediction. In order to explain the emergence
of ‘preferential attachment’, the rule mentioned above by
which scale-free networks grow and hub neurons emerge
[13°°], it has been proposed that networks may grow
following an homophilic process by which new nodes
will preferentially connect to nodes that are similar to
them [26°°]. In other words, similar types of neurons will
preferentially connect to each other and therefore hub
neurons should be cells that maximize some similarity
index (Figure 2) and that way would incorporate the
characteristics of many other neurons. This prediction
i1s in agreement with various biological observations,



including the fact that adult GABAergic neurons of the
same subfamily tend to preferentially connect to each
other via gap junctions [27], that cortical glutamatergic
cells with the same target area are also more likely to
connect to each other [28] or that clonally related neurons
of the neocortex are more likely to be electrically [29],
then synaptically connected [30].

Of course, the circuit components that account for the
possible similarity index used by developing cortical
networks remain an open question. In light of the GABA-
ergic interneuron diversity, it will be of most interest to
investigate whether this similarity index is derived from
cellular intrinsic factors, extrinsic network determinants
or both. Anyway, the similarity index must exert one of its
most direct and extreme influence in the case of GABA-
ergic hub cells. Hence, the fact that GABAergic projec-
tion neurons function as ‘operational hub’ cells may well
be the direct consequence of that similarity rule since a
GABAergic hippocampal neuron that targets extrahippo-
campal areas is on a connectivity level closer to a gluta-
matergic pyramidal neuron (i.e. projection neurons) than
to any other subtype of GABAergic neuron.

GABAergic hub neurons in pathology

The issue of hub neuron function becomes particularly
relevant in the context of pathologies for several reasons.
First, as GABAergic hub neurons have been shown to
synchronize early network oscillations, they should be
essential for the proper development of circuits and an
abnormal maturation of these cells may lead to develop-
mental brain disorders. Second, a number of brain pathol-
ogies are associated with aberrant network oscillations as in
the case of epilepsy. In fact, modeling work suggests that
epileptic activity may depend on the existence of highly
anatomically connected excitatory hub cells [31°°]. How-
ever, recent experimental data obtained from slices using a
chronic mouse model of temporal lobe epilepsy [32], from
cultured rat slices [33] as well as from humans with focal
epilepsy [34,35], indicate variable paths of epileptiform
synchronization dynamics. This raises the intriguing
possibility that pathological and physiological network
dynamics could be discriminated based on the stability
of their spatial components and makes it less probable that
the same ‘operational hub’ neuron repeatedly recruits or
transmits information to similar assemblies in the epileptic
synchronization process. Still, it was shown in acute models
of epileptiform synchronization that specific GABAergic
neurons acting as synchronization ‘drivers’ were critically
involved in the generation of aberrant network bursts
[24°°,36]. Therefore the involvement of ‘operational
hub’ cells in pathology still remains an open question.

Conclusion

GABAergic ‘operational hub’ cells are a major functional
subtype of hippocampal necurons. They represent a
small but heterogeneous fraction of the total neuronal

population, sharing a high functional and anatomical
connectivity and most likely an early birthdate. In fact,
hub cells may be designed to share as many characteristics
as possible to a maximum number of other cell types
including their glutamatergic counterparts, turning them
into projection neurons and contributing to their striking
diversity. We reason that being a hub is a privilege of
neurons involved in GABAergic transmission in order to
preserve network stability, but a different situation may
prevail in pathological conditions. So far, ‘operational
hub’ cells were found in the developing hippocampus,
but given the presence of long-range projecting
GABAergic cells in other structures, it may well be that
this cell population is universally present and forms a ‘rich
club’ supporting brain function, during development as
well as later in health and disease.
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