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Fifty shades of inhibition
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Summary

Inhibitory circuits are essential for brain function. Our understanding of their synaptic
organization has advanced extensively with the identification and classification of an impressive
variety of neuron groups, receptor types, and patterns of connectivity. However, the conceptual
discussion regarding the role of in neural circuits still revolves around the idea that its primary role
is to regulate circuit excitability.

Here, | will focus on recent findings from cortical circuits and argue that inhibitory circuits are
central to the integration of incoming inputs and can promote sophisticated fine-scale control of
local circuits. | propose that inhibitory circuits should not be viewed so much as brakes on
principal neurons activity, but as primary contributors to a variety of neural network functions.
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Inhibitory neurons: a central node of integration of long range input to

neocortex

Inhibitory neurons are central to cortical processing as they are involved in shaping many
aspects of cortical function such as gating incoming signals [1], gain modulation [2], spike
timing and fidelity [3], network synchronization [4], feature discrimination [5], learning
[6*], multisensory integration [7] just to mention a few. Not all types of inhibitory neurons
equally contribute to these processes, as patterns of connectivity specify which inhibitory
circuit becomes engaged. Thus, to understand how inhibitory neurons influence circuit
computations it is crucial to learn about the inputs driving them. Many reviews focused on
the identification of distinct groups of inhibitory neurons and their role in cortical function.
The scope of this Opinion is not to provide an additional discussion on diversity, or of
functional response properties of inhibitory neurons. Instead, I will report current knowledge
about two prominent long range extracortical inputs, thalamic and limbic, driving
neocortical inhibitory neurons. | will then discuss how engagement of inhibitory neurons by
long range inputs and specificity of local connectivity endows inhibitory circuits with ability
to promote fine-scale circuit refinement.

One of the best studied long range projection onto neocortical inhibitory neurons is the
thalamocortical (TC) input. Many studies focused on TC projections from primary sensory
thalamic nuclei that carry information from the sensory organs to the cortex; although a few
recent ones investigated inputs from high order thalamic nuclei, that receive information
from neocortex and project to other cortical regions. Thalamocortical afferents directly target
fast spiking (FS) inhibitory neurons, often expressing the calcium binding protein
parvabumin (PV), in the principal input layers of primary sensory [8,9], prefrontal (PFC)
[10] and anterior cingulate cortices [11]. Another well studied population of inhibitory
neurons, the one expressing somatostatin (SST), is not always directly engaged by
thalamocortical afferents suggesting regional specificity for the engagement of inhibitory
circuits. In the primary visual cortex (V1) there is only marginal evidence of TC inputs onto
non-FS inhibitory neurons [12], and their monosynaptic nature is not clear [8]. In the
somatosensory cortex (S1) [13] and in the auditory cortex (Al) [12] TC inputs drive SST
neurons. In addition, TC afferents in S1 directly activate a group of calbindin expressing
inhibitory neurons [14] and a subset of 5-HT3 expressing inhibitory neurons [15]. While the
most prominent TC projections from sensory thalamic nuclei are found in the mid and deep
layers of neocortex [16], projections from high order thalamic nuclei preferentially contact
neurons in superficial and infragranular layers [17]. Inhibitory neurons in primary sensory
and high order cortical regions receive information both from primary sensory and high
order thalamic nuclei. These results strongly suggest that inhibitory circuits contribute to
sensory processing and may also encode the affective dimensions of a sensory stimulus
[18**].

Thalamocortical synaptic responses onto non-FS neurons show marked differences from
those onto FS neurons in laminar specificity, amplitude, short term dynamics and latency
from stimulus onset [12,13]. Furthermore, the short term dynamics of TC responses depend
on the postsynaptic target [13]. Another marked difference regarding TC inputs relies on the
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composition of postsynaptic receptors. Depending on the target region, inputs onto FS
neurons activate both AMPA and NMDA receptors [10], or drive primarily AMPA receptors
[8]. The composition of postsynaptic receptors directly affects kinetics and short term
dynamics of synaptic responses [8]. Thalamocortical inputs onto inhibitory neurons are
plastic, and inputs onto distinct groups of inhibitory neurons can be differentially affected by
changes in sensory experience [19]. All of these factors influence how inhibitory circuits are
engaged by incoming activity and may provide specificity on how the distinct groups of
neurons exert their function. Recent studies showed that in addition to TC inputs, inhibitory
neurons are directly activated by amygdalocortical (Am) projections [20*,21].
Amygdalocortical inputs have been implicated in fear learning [22], coding of anticipatory
activity [23] and enriching sensory stimuli with information regarding their hedonic value
[24]. Direct Am projection onto inhibitory neurons suggests that they may be implicated in
one or more of these processes. Recordings from awake behaving rats showed that neurons
with fast spike-like waveforms show anticipatory responses when a rewarding stimulus
(sucrose) is paired with a predictive cue [23], suggesting a role for inhibition in encoding
anticipatory information.

Our understanding of the postsynaptic targets of Am circuits is rather limited. In the primary
gustatory cortex (GC), a cortical region receiving a substantial direct projection from the
amygdala, activation of amygdalar afferents /in vivo evokes time-varying responses that
contain an early inhibitory component, an excitatory component and a late inhibitory
component [25], suggesting that amygdala-dependent recruitment of cortical inhibition can
gate and sculpt the activity of GC excitatory neurons. A study in the PFC [21] and one in
GC [20*] demonstrated that, in addition to pyramidal neurons, Am axons make direct
synaptic connections with PV expressing, FS neurons. Furthermore, in GC there is a direct
Am projection onto SST expressing inhibitory neurons [20*]. These projections have
laminar-specific connectivity, indicating that, like TC inputs, Am projections can activate
cortical circuits in a layer-specific fashion [20*]. While TC inputs onto FS neurons typically
show larger amplitudes and different short term dynamics than onto excitatory neurons [8];
Am inputs have comparable properties onto all types of postsynaptic neurons [20*]. Much
work needs to be done to establish whether Am axons project to other regions of neocortex
and whether they recruit PV and SST expressing neurons in other areas. However, some
studies suggest that Am connectivity may not be unique to PFC and GC. Tracing studies
showed the presence of Am axons in primates and cats V1 [26,27]. There is also evidence
that stimulation of the amygdala can evoke neural responses in V1 [28]. Neurons in V1 are
involved in reward learning [29], a process that can involve the amygdala. Whether Am
projections onto inhibitory neurons are involved in reward learning in V1 has not been
investigated.

Cortical inhibition and local circuit activation

Afferent inputs can activate inhibitory neurons above threshold for action potentials leading
to the release of GABA, the primary inhibitory neurotransmitter in the central nervous
system. Many factors can determine how activation of GABAergic inhibition will affect
local cortical circuits. Type, laminar location and pattern of connectivity of specific
populations of inhibitory neuron determine the subcellular location targeted by the
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GABAergic axon [30]. Firing patterns of inhibitory neurons in response to incoming stimuli
and the organization of presynaptic release sites of inhibitory synapses determine how much
GABA will be released. Many other factors, including uptake and degradation mechanisms,
and expression of membrane transporters will control the duration of the signal.

Once released, the effect of GABA on postsynaptic neurons depends on the properties of the
receptor that binds it. GABA can modulate neuronal excitability through a variety of
mechanisms depending on the nature whether receptors are ionotropic (GABA,), mediating
the opening of an anion channel, or metabotropic (GABAR), activating a G-protein-
dependent signaling cascade [31]. This distinction determines timing and duration of GABA
signaling. Lastly, the location of GABA receptors - presynaptic, postsynaptic or
extrasynaptic [32] - will influence the role of inhibition. A mechanistic review of all of these
factors is beyond the scope of this Opinion. In this section, | will focus on recent evidence
showing how inhibition may shape local circuit activation and plasticity.

The effect of inhibition on cortical circuits is often viewed as a shift neurons or circuit
excitability, by modulation of action potentials generation. Indeed, GABAergic inhibition
affects the capacity of a postsynaptic neuron to fire by hyperpolarizing the membrane
potential [33], or by shunting its depolarization [34]. These factors likely contribute to
shaping the tuning of neuronal response curves, to modulating input/output functions and
can limit the propagation of signals in the circuit [35]. The targeting of GABAergic inputs to
specific subcellular locations is thought to refine the modulation of such functions, adding
complexity to the computational capacity of the circuit [35].

Inhibitory neurons are interconnected through synaptic contacts and gap junctions [36], and
can exert control over large portions of cortical circuits thanks to their widespread
connectivity onto excitatory neurons [37,38]. These features certainly make inhibitory
circuits effective regulators of neurons and circuit excitability and network synchronization.
Consistent with this, theoretical models of neural networks that include inhibitory circuits
have primarily focused on the role of overall levels of inhibition on the activation of cortical
circuits and on tuning of excitatory neurons’ response properties [39]. Whether these
processes are mediated by overall modulations of inhibition or require activation of specific
inhibitory circuits remains unclear.

The same properties that provide an advantage for the control of excitability and rhythms,
make it difficult to think of GABAergic inhibition as a fine-tuner of local connectivity.
However, there is strong evidence that GABAergic inhibition is involved in experience-
dependent refinement of cortical activity [40,41], a process that is thought to require
selectivity. Inhibitory synapses from distinct populations of inhibitory neurons are affected
differently by experience [42], indicating that they may engage mechanisms that are specific
for activity-dependent demands of the refinement process. While macroscopically, the
changes in neuronal responsiveness induced by manipulations of experience may be evident
as changes in firing rates [43], subtler modifications may be occurring subthreshold that do
not necessarily influence spiking activity. Such modifications may depend on the state of
maturation of specific elements of the circuit [44], activation signaling pathways that
influence the ability of a neuron to respond to incoming activity [45*,46], or altered the
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capacity for plasticity of synapses in the circuit [47**]. The diversity of target location, type
and signaling cascade activated by a specific pattern of activity becomes therefore central for
the fine-scale regulation of a circuit.

Activation of FS inhibitory neurons may influence the activity of cortical excitatory neurons
through a number of different pathways. As FS neurons contact the perisomatic region of
pyramidal neurons [48], they can impair the ability of the postsynaptic neurons to fire action
potentials. If inhibitory neuron activity is high enough to release a large amount of GABA,
spillover onto extrasynaptic receptors may occur, leading to a further shunting effect on the
postsynaptic neuron’s ability to generate an action potential. These effects can occur
independently of the level of activity of the postsynaptic neuron, and rely on the amount of
GABA and its diffusion within and outside of the synapse. The perisomatic location of FS
inputs would make them highly effective in controlling firing rate. Differently, a similar
process at dendritic targeting inhibitory inputs may modulate local computations [49], but
may not necessarily result in changes in pyramidal neuron firing [50]. Thus, experience-
induced changes in inhibitory drive onto different pyramidal neurons compartments can
facilitate site-specific modulations.

Additional selectivity could be achieved if pairing of pre- and postsynaptic patterns of
activity can differentiate inputs coming from the same presynaptic neuron. A recent study
demonstrated that activity-dependent changes in inhibitory synaptic transmission can be
connection specific and are determined by the level of postsynaptic activity paired with the
activity of a FS neuron [47**]. This degree of connection specificity may be suitable for
fine-scale refinement of specific inputs within a cortical circuit if it influences synaptic
transmission or plasticity at converging inputs.

Recent data demonstrated that changes in the efficacy of GABAergic inhibitory synaptic
transmission can affect the induction other forms of plasticity at inputs targeting the same
postsynaptic neuron [47**]. The signaling mechanisms engaged by a connection-specific
form of inhibitory plasticity alters the state of the postsynaptic neuron either by affecting its
membrane potential [51] or by engaging signaling mechanisms that interfere with those
involved in other forms of plasticity [47**,52]. The spatial and temporal resolution of such
interactions depend on how inhibitory neurons and pyramidal neurons are activated by their
afferent inputs, on the location of the converging excitatory and inhibitory inputs, on the
type of receptor and on recruited signaling pathways.

Conclusions

The evidence presented here indicate as recipient of TC and limbic inputs, inhibitory
neurons play a central role in sensory processing and in establishing the hedonic value of a
stimulus. The diversity in neuron types and mechanisms of action, confers inhibitory
neurons with a high degree of specificity in their effects on local circuits. These properties
make them suitable not only for regulating circuit excitability, but also to contribute to
events that require a high degree of selectivity such as experience-dependent refinement and
learning.
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Visual summary

In this Opinion | discuss how cortical inhibitory neurons are central to the integration of
sensory and limbic stimuli. | report recent findings regarding activation of inhibitory
neurons by thalamocortical (TC) and amygdalocortical (Am) inputs and discuss the role
of inhibition on excitability and plasticity of local circuits. The image shows that in
cortex pyramidal neuron (Pyr) and GABAergic neurons (GABA) can be directly activated
both by thalamic and amygdalar inputs.
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Highlights
. Inhibitory neurons are nodes of integration for sensory and limbic inputs
. The diversity of inhibitory neuron suggests they do not only act as brakes on
activity
. Fine-scale control of local circuit refinement may rely on distinct inhibitory
circuits
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Figure 1. Summary of current results regarding thalamocortical projections onto inhibitory
neurons in four different cortical regions

primary auditory cortex (Al), primary visual cortex (VV1), primary somatosensory cortex
(S1) and prefrontal cortex (PFC). The dashed lines indicate connections for which the
evidence is controversial at the moment. The thickness of the lines indicates differences in
reported synaptic strength. CB/CR*: calbindin/calretinin expressing inhibitory neurons;
PV*: parvalbumin expressing inhibitory neurons; SST*: somatostating expressing inhibitory
neurons; 5SHT3*: type 3 serotonin receptor expressing inhibitory neurons. In the PFC panel
L4 and L6 are in brackets as in this region these layers are not thought to be clearly
identifiable.
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Figure 2. Crosstalk of excitatory and inhibitory forms of plasticity
The leftmost diagram shows convergent excitatory and inhibitory inputs from a fast spiking
neuron (FS) onto a pyramidal neuron (Pyr). The area in the black square is diagrammed in
expanded form to show a summary of recent results regarding the interaction between
;(:> GABAergic and glutamatergic long term potentiation (LTP) co-induced at converging
= inputs. The induction of GABAergic LTP prevents glutamatergic LTP and favors long term
S depression (LTD) by decreasing calcium (Ca2*) influx through L-type voltage gated calcium
Q§J channels (L-type VGCC). GABA,: ionotropic GABA receptor; GABAR: metabotropic
2 GABA receptor; Gi: inhibitory G protein; NMDA: NMDA receptor; AMPA: AMPA
8 receptor. The red X indicates decreased Ca2* inflow.
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