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Abstract

Recently, Xue, Atallah, and Scanziani reported that excitation/inhibition ratios across cortical

pyramidal neurons are equalized by activity-dependent modulations of parvalbumin-neuron

mediated feedforward inhibition. Their results raise questions about the developmental formation

of this excitation-inhibition balance and the potential activity-dependent synaptic plasticity rules

that mediate this process.

Across various neural networks, excitatory and inhibitory synaptic inputs are found to be

tightly coupled. For example, in sensory cortical neurons, simple stimuli such as an oriented

bar elicit an increase in excitatory synaptic conductance along with a concomitant increase

in inhibitory conductance [1,2]. Concurrence of synaptic excitation and inhibition is also

observed during spontaneous activity, network oscillations, and “up-state” persistent activity

[1,3,4]. A prominent feature of this relationship is that inhibition appears in balance with

excitation. That is, afferent activity induces inhibition, usually following excitation after a

brief temporal delay, and this inhibition is somewhat proportional to the excitation generated

by either afferent or local activity. Ultimately, this results in a relatively constant excitation/

inhibition (E/I) ratio across different sensory stimuli and approximate co-tuning of excitation

and inhibition for sensory attributes [1,2,5,6]. Such proportionality tightly controls neural

excitability, prevents output saturation, and increases operational ranges [7].

On a network level, balanced inhibition allows a progressive recruitment of firing neurons as

the number of active afferents increases, so that a broad range of afferent activity can be

differentially represented by neuronal populations. Additionally, delayed and balanced

inhibition restricts the spatial and temporal spread of activity, preventing epileptiform

discharges and excitotoxicity. Finally, balanced inhibition contributes to sharpening the

tuning of neurons to specific sensory features [1,2]. Thus, it is conceivable that disrupting
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this excitation-inhibition (E-I) balance could impair brain function, possibly contributing to

neurological disorders such as autism and schizophrenia.

While E-I balance has been reported for various types of principal neuron, how neural

circuits are adjusted to achieve this balance is not well understood. Inhibition, which is

delayed relative to excitation, is provided by inhibitory neurons through feedforward or

feedback circuits. In the cortex, inhibitory neurons contact nearby excitatory neurons rather

indiscriminately [8]. Do these excitatory neurons, which receive excitatory inputs of variable

strengths, receive inhibitory inputs of similar amplitudes, or does the inhibitory input vary in

amplitude in accordance with the strength of excitation onto each individual cell? In a recent

study [9], Scanziani’s group set out to address this question in visual cortical slices by

simultaneously recording from multiple nearby layer (L) 2/3 pyramidal neurons while

optogenetically stimulating L4 excitatory cells, utilizing a L4-specific Cre driver mouse line.

In each recorded cell, stimulation generated both an excitatory and an inhibitory response,

with the amplitudes of these conductances varying greatly among cells. Surprisingly, the E/I

ratio varied much less compared to the synaptic amplitudes, providing initial evidence that

E/I ratios are somewhat equalized across pyramidal cells. To exclude the possibility that this

is a slice artifact, they utilized a mouse line where the promoter of the activity-dependent

gene Fos drives the expression of Fos fused to enhanced green fluorescence protein (EGFP).

The EGFP-positive (EGFP+) pyramidal neurons received significantly stronger excitation

and also stronger inhibition than their EGFP-negative (EGFP−) neighbors. Nonetheless, E/I

ratios were similar between the two groups of pyramidal cells, further confirming that E/I

ratio is kept relatively constant across the pyramidal cell population. Next, by

optogenetically stimulating parvalbumin-positive (PV) and somatostatin-positive (SOM)

inhibitory neuron populations, they demonstrated that inhibitory inputs from PV neurons

were stronger in EGFP+ than EGFP− cells, while those from SOM neurons were similar

between the two pyramidal-cell groups. Therefore, it is PV neurons that contribute to the

observed equalization of E/I ratios across pyramidal cells.

A prominent physiological difference between the EGFP+ and EGFP− neurons is that

EGFP+ neurons fire more strongly than their EGFP− neighbors both spontaneously and in

response to visual stimulation. This raised the question of whether the level of a cell’s

spiking activity is used as a signal to instruct equalization of E/I ratios. For example, if a

pyramidal cell receives strong inhibition but weak excitation, its spiking activity is low. This

may be a signal for the cell to increase excitation or decrease inhibition until a specific E/I

ratio is reached. To test this hypothesis, Xue and colleagues manipulated pyramidal cell

activity by overexpressing an inward rectifying K+ channel (Kir2.1) to reduce activity, or a

bacterial voltage-gated Na+ channel (NaChBac, which has a more negative activation

threshold than endogenous Na+ channels) to increase activity. In Kir2.1-overexpressing

pyramidal cells, inhibition was weakened compared with control cells, while excitation was

not affected, resulting in a larger E/I ratio than control cells. The reduced inhibition was due

to a selective decrease of PV-neuron mediated inhibition, achieved at least partially by

changing the strength of the synaptic connection made by a single PV neuron onto its target

cell. Conversely, enhancing cell activity resulted in a selective increase of PV-inhibition. In

contrast to these changes in PV-mediated inhibition, SOM-neuron mediated inhibition was
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left unaffected. These results suggest that the equalization of E/I ratios is primarily achieved

by adjusting PV-inhibition according to the level of a cell’s activity (Fig. 1A).

Several interesting questions arise from these findings. For example, by ubiquitously

activating L4 neurons, the Xue et al study does not directly address the issue of equalization

of input-specific E/I ratios (i.e. approximately constant E/I ratios across different sensory

stimuli, or co-tuning of excitation and inhibition) which may be even more relevant to the

function of a single neuron. This is important, considering that in physiological conditions

different sensory stimuli likely activate distinct subsets of L4 neurons. Perhaps by applying

focal optic stimulation at different sites in L4 in future studies, it can be tested whether E/I

ratios representing different input pathways are homogenously or heterogeneously modified

after modification of cell excitability. An even more challenging follow-up experiment

would be to manipulate activity not in a cell-wide but in a pathway-specific manner, and to

test whether the E/I ratio specific to that pathway is modified selectively. Finally, it remains

to be addressed whether E/I ratios across cells are equalized progressively in developing

circuits, given the dramatic changes in activity during development.

Plasticity mechanisms previously shown to be active at GABAergic synapses could account

for the activity-dependent equalization of E/I ratios observed by Xue and colleagues. For

example, in dissociated hippocampal neurons, elevating individual neuron spiking

upregulates GABAergic synaptic inputs, as reflected by the increases in frequency and

amplitude of miniature inhibitory postsynaptic currents (mIPSCs) as well as in pre- and

postsynaptic proteins of GABAergic synapses [10]. Elevating the excitability of individual

adult-born granule cells (GCs) in the dentate gyrus by overexpressing Na+ channels also

increases GABAergic inputs to these cells as compared with control GCs [11]. These

changes are considered as homeostatic responses, since from hours to days of activity

manipulations are required for their induction. Similarly, in the developing Xenopus

retinotectal system, we previously discovered a form of rapidly induced GABAergic

plasticity, the polarity and magnitude of which depends on the strength of co-activated

glutamatergic input [12]. In tectal neurons, visual stimulation activates convergent

glutamatergic and GABAergic inputs, with the E/I ratio varying over a broad range in an

early developing stage. Repetitive visual stimulation results in long-term depression (LTD)

of the GABAergic input if the co-activated glutamatergic input is weak (Fig. 1B) or if the

E/I ratio is low (Fig. 1C). Conversely, long-term potentiation (LTP) of the GABAergic input

is induced if the convergent glutamatergic input is strong and the E/I ratio is above a certain

threshold (Fig. 1B,1C). More importantly, the magnitude of GABAergic LTP linearly

correlates with E/I ratio (Fig. 1C), indicating that the more the E/I ratio deviates from (i.e., is

larger than) an “optimal” value, the faster GABAergic input is modified. With ongoing

bidirectional changes in GABAergic input induced by sensory stimulation, an optimal E-I

balance may be reached in a faster time scale than via homeostatic regulations. In addition,

since inhibition evoked by a sensory stimulus only listens to the excitation evoked by the

same stimulus and is changed accordingly, pathway/stimulus specific E-I balance could be

established, resulting in co-tuning of excitation and inhibition (Fig. 1D). Whether such

excitatory input dependent GABAergic plasticity also contributes to the establishment of E-I

balance in mammalian systems remains to be investigated.
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Finally, what molecular mechanisms might underlie the equalization of E/I ratios reported

by Xue et al? First, it is known that brain-derived neurotrophic factor (BDNF) plays an

important role in promoting the maturation of inhibitory synapses [13]. Interestingly, the

activity-dependent enhancement of inhibitory input also requires release of BDNF from the

postsynaptic neuron and BDNF uptake by GABAergic synaptic terminals [10,12]. Thus, an

immediate question is whether the equalization of E/I ratios would be impaired when BDNF

expression is reduced or when BDNF release is disrupted. Secondly, it was recently found

that an activity-dependent transcription factor, Npas4, is able to initiate a gene expression

program upon excitatory input activity, which results in a selective increase in the number of

somatic inhibitory synapses likely made by PV neurons [14]. Such an increase is mediated,

at least partially, by BDNF, the expression of which is also regulated by Npas4 activity [14].

This result again highlights a potential role of BDNF in regulating the strength of PV-

inhibition in response to changes of excitatory input strength. Further investigation of the

function of activity-dependent regulators of inhibitory synapses will provide more insights

into the mechanisms by which neural activity controls the E-I balance, and how disruption

of this balance leads to neurological disorders.
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Fig. 1.
Plasticity rules underlying the formation of E-I balance. (A) High levels of spiking activity

of the pyramidal cell resulting from strong excitation (green arrow) or overexpression of

Na+ channels induce potentiation of its inhibitory input (red bar), decreasing the E/I ratio.

Conversely, low levels of spiking activity resulting from weak excitation or overexpression

of Kir channels induce depression of the inhibitory input, increasing the E/I ratio. (B)
Repetitive visual stimulation induced changes of GABAergic input strength in relation to the

strength of the GABAergic input and its co-activated gultamatergic input prior to the

stimulation (adapted from [12]). (C) The magnitude of GABAergic plasticity as a function

of E/I ratio (adapted from [12]). The vertical dash line indicates an “optimal” E/I ratio. Solid

red and blue lines are linear regression lines for data points above and below this optimal

value, respectively. (D) Matching of excitatory (green) and inhibitory (red) tuning. S1 and

S2 are two different stimuli in the sensory space. In early circuits, S1 evokes much stronger

excitation than inhibition, while S2 evokes stronger inhibition than excitation. Repetitive S1

and S2 stimulation would induce potentiation (upward arrow) of S1 activated inhibition, but

depression (downward arrow) of S2 activated inhibition, leading to a progressive matching

of excitatory and inhibitory tuning, as previously described [15].
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