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Tonic Activation of GIluN2C/GluN2D-Containing NMDA Receptors by Ambient Glutamate Facilitates
Cortical Interneuron Maturation
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CG. J Neurosci. 2019;39(19):3611-3626. doi:10.1523/J]NEUROSCI.1392-18.2019. PMID: 30846615. Epub Mar 7, 2019.

Developing cortical GABAergic interneurons rely on genetic programs, neuronal activity, and environmental cues to construct
inhibitory circuits during early postnatal development. Disruption of these events can cause long-term changes in cortical
inhibition and may be involved in neurological disorders associated with inhibitory circuit dysfunction. We hypothesized that
tonic glutamate signaling in the neonatal cortex contributes to, and is necessary for, the maturation of cortical interneurons.
To test this hypothesis, we used mice of both sexes to quantify extracellular glutamate concentrations in the cortex during
development, measure ambient glutamate-mediated activation of developing cortical interneurons, and manipulate tonic
glutamate signaling using subtype-specific N-methyl-D-aspartic acid (NMDA) receptor antagonists in vitro and in vivo. We
report that ambient glutamate levels are high (=100 nm) in the neonatal cortex and decrease (to =50 nm) during the first
weeks of life, coincident with increases in astrocytic glutamate uptake. Consistent with elevated ambient glutamate, putative
parvalbumin-positive interneurons in the cortex (identified using G42: GAD | -eGFP reporter mice) exhibit a transient, tonic
NMDA current at the end of the first postnatal week. GIuN2C/GluN2D-containing NMDA receptors mediate the majority of
this current and contribute to the resting membrane potential and intrinsic properties of developing putative parvalbumin
interneurons. Pharmacological blockade of GluN2C/GIuN2D-containing NMDA receptors in vivo during the period of tonic
interneuron activation, but not later, leads to lasting decreases in interneuron morphological complexity and causes deficits in
cortical inhibition later in life. These results demonstrate that dynamic ambient glutamate signaling contributes to cortical
interneuron maturation via tonic activation of GIuUN2C/GIluN2D-containing NMDA receptors. Significance statement: Inhi-
bitory GABAergic interneurons make up 20% of cortical neurons and are critical to controlling cortical network activity.
Dysfunction of cortical inhibition is associated with multiple neurological disorders, including epilepsy. Establishing inhibitory
cortical networks requires in utero proliferation, differentiation, and migration of immature GABAergic interneurons and
subsequent postnatal morphological maturation and circuit integration. Here, we demonstrate that ambient glutamate pro-
vides tonic activation of immature, putative parvalbumin-positive GABAergic interneurons in the neonatal cortex via high-
affinity NMDA receptors. When this activation is blocked, GABAergic interneuron maturation is disrupted, and cortical
networks exhibit lasting abnormal hyperexcitability. We conclude that temporally precise activation of developing cortical
interneurons by ambient glutamate is critically important for establishing normal cortical inhibition.

Commentary

What exactly does a baby interneuron need to grow up and
become a healthy, productive adult? Instructive advice from
the environment? Interactions with other youngsters? Several
pairs of good genes? The answer is very likely all of the
above—and then some. Indeed, the processes that ensure the
proper development of all neuron subtypes in the nervous sys-
tem, as well as their connections with one another, are incred-
ibly dynamic and complex.'*

In 2015, Markram et al provided a blueprint outlining the
end point of proper cortical development in the rodent.’

While the staggering complexity of cortical circuitry was
well appreciated from many previous studies, the 2015
report encapsulated and reinforced this perspective with a
set of experiments that drew from astonishing sample sizes
(eg, intracellular recordings from >14 000 neurons in all 6
cortical layers). Within that study, we see again that while
the cortex is predominantly composed of excitatory
neurons, much of the neuronal diversity comes from a hod-
gepodge of many distinct inhibitory interneuron subtypes
with exotic names such as Chandelier, Double Bouquet,
and Martinotti.

Creative Commons Non Commercial No Derivs CC BY-NC-ND: This article is distributed under the terms of the Creative Commons Attribution-
@ @ @ @ NonCommercial-NoDerivs 4.0 License (https://creativecommons.org/licenses/by-nc-nd/4.0/) which permits non-commercial use, reproduction and
AN B distribution of the work as published without adaptation or alteration, without further permission provided the original work is attributed as specified on the
SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://doi.org/10.1523/JNEUROSCI.1392-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30846615
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1535759719871315
http://journals.sagepub.com/home/epi
http://www.creativecommons.org/licenses/by-nc-nd/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

322

Epilepsy Currents 19(5)

B Day 3

EAAT

AP ®
® ®
® @

o9
] ®
[ ]
Day 11
®
[ ] ® ®
% [
- ® ®
e ° ® . °
astrocyte interneuron glutamate EAAT NMDA Receptor

Day 8

Day 11 Day 21

glutamate

NMDA Receptor

Membrane Potential

PV Interneuron J\

e
=~

Figure |. Staggered expression of N-methyl-p-aspartic acid (NMDA) receptors and excitatory amino acid transporters (EAATs) establishes a
brief window during development characterized by elevated ambient glutamate concentrations and depolarization of parvalbumin (PV) inter-
neurons. (A) Shortly after birth, PV interneuron expression of GIUN2C/D subunit-containing NMDA receptors and astrocytic expression of
EAATS is low. The low EAAT expression results in elevated ambient glutamate concentrations (eg, day 3). Soon thereafter, NMDA receptor
expression by PV interneurons is upregulated, and ambient glutamate promotes their activation (eg, day 8). Later, as EAAT expression is
upregulated, ambient glutamate concentrations decrease, resulting in weaker NMDA receptor activation (eg, day | 1). The transient depolar-
ization provided by high ambient glutamate concentration occurs during days 7 to 9 and appears critical for the development of a healthy adult
PV interneuron (eg, day 21). (B) Graphical representation of the developmental profiles of EAAT expression (top), ambient glutamate (middle,
top), NMDA receptor expression (middle, bottom), and PV interneuron membrane potential (bottom).

Of the inhibitory neurons, the fairly common parvalbumin
(PV)-containing basket cell has long been of keen interest
for its capacity to strongly regulate the activity of its targets.
Indeed, the neuron’s name was inspired by its characteristic,
basket-like innervation of the cell body of targeted neurons,
a location that can powerfully regulate the nearby site of
action potential initiation.*”” With this power, it is therefore

not surprising to learn that PV interneurons are critical play-
ers in many brain functions, including in the generation of
gamma oscillations associated with processing information
in the brain.®'°

But what exactly does a growing PV interneuron need in
order to successfully fulfill its important duties later in adult-
hood? Several studies show that activation of N-methyl-p-
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aspartate (NMDA) receptors by the excitatory neurotransmitter
glutamate is important for interneuron development. Early
postnatal NMDA receptor blockade results in malformed cor-
tical layers,'" and young mice in which interneurons lack the
NR1 subunit of the NMDA receptor exhibit abnormal cortical
activity and schizophrenia-like behaviors later in adulthood.'
Thus, NMDA receptor activity early in life appears important
for proper interneuron development. If true, then what are the
conditions that give rise to NMDA receptor activation? A
recent study by Hanson et al provides an answer to this impor-
tant question.

In a series of neat experiments, Hanson et al demonstrate
that inefficient removal of extracellular glutamate early in life,
coupled with the timely expression of high-affinity NMDA
receptors by PV interneurons, establishes a brief window of
time during which glutamate provides PV interneurons with
a tonic excitatory current that appears critical for proper
development. Glutamate removal from the extracellular space
is carried out by astrocytes that express excitatory amino acid
transporters (EAATS), specialized proteins that efficiently
take up the neurotransmitter. > A previous report by the same
group showed that astrocytic expression of EAATs in the
cortex is generally low during the first postnatal week and
ramps up during the second postnatal week.'* In their recent
follow-up report, the authors show that such diminished
EAAT expression results in higher concentrations of extra-
cellular glutamate (also referred to as ambient glutamate) in
the cortices of young mice.

The authors used two independent biosensing assays to
conclude that young PV interneurons live in a soup containing
concentrated glutamate. The first approach employed fluorescent,
fluorescence resonance energy transfer (FRET)-based imaging
techniques to ascertain glutamate levels, while the second
approach included a series of electrophysiological recordings to
approximate absolute concentrations of extracellular glutamate.
Both approaches show that ambient glutamate is twice
as concentrated in the cortex of a 3-day-old mouse relative to
14-day-old mouse. The authors specifically estimate that the
ambient glutamate concentration is 100 nM in P3 mice but only
50 nM in P14 mice; intermediate glutamate concentrations were
observed in intervening ages.

Showing that the cortex of a young mouse has high concen-
trations of ambient glutamate is important but possibly irrele-
vant if receptors are not available to bind the neurotransmitter.
Thus, Hanson et al further show that expression of GluN2D, the
subunit that confers NMDA receptors with a high affinity for
glutamate, is elevated in PV interneurons of a 7-day-old mouse
cortex relative to a 3-day-old mouse cortex. Critically, this
upregulation of GluN2D in the interneurons occurs when
EAAT expression is still relatively low and, therefore, ambient
glutamate concentrations are relatively high. This developmen-
tal window of upregulated NMDA expression and elevated
glutamate concentration is brief, occurring between 7 and 9
days of age and provides PV interneurons with a positive con-
ductance that significantly depolarizes their resting membrane
potential (Figure 1). However, this conductance is transient,

subsiding during the second postnatal week when EAAT
expression is upregulated and glutamate is efficiently removed
from the extracellular space.

Finally, what is the significance of a small, depolarizing
tonic current observed in PV interneurons for just a few days
during development? Hanson et al address this question by
pharmacologically blocking GluN2D-containing NMDA
receptors in vivo from postnatal days 7 to 9. The long-term
consequences of this acute manipulation are impressive. The
density of anatomically defined inhibitory synapses is reduced
in adult mice following early postnatal exposure to the NMDA
receptor blocker as is the frequency of observed inhibitory
postsynaptic currents measured with electrophysiological tech-
niques. Consistent with these observations, the authors also
show that adult PV interneurons treated with the NMDA recep-
tor blocker at an early age exhibit reduced morphological
complexity. None of these abnormalities were observed in
vehicle-treated mice or in mice treated with NMDA receptor
blockers between postnatal days 11 and 13. Collectively, these
results strongly support the conclusion that early, albeit brief
activation of NMDA receptors expressed by PV interneurons
during development is necessary for proper morphology and
function in adulthood. The consequences of denying PV inter-
neurons activation are deleterious, as the cortices of adult mice
treated with the NMDA receptor blocker early in life are hyper-
excitable and prone to produce seizure-like events.

In sum, how the brain assembles itself during development
is clearly a question of great importance. Such assembly seems
to involve improbable complexity, and faulty assembly can
have devastating consequences. By showing that healthy brain
function in an adult depends on early expression of high-
affinity glutamate receptors by PV inhibitory neurons, coupled
with slightly delayed astrocyte-mediated glutamate clearance,
Hanson et al now provide an important contribution to our
understanding of this assembly process.
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