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This study by Lee et al. (2021), which has already been published (in Nature Communications), is related
to the mechanisms underlying the pathophysiology of autism. Understanding these mechanisms is
necessary for the development of effective treatments for this disorder. This paper is not easy to read even
for neuroscientists. Here, | will review this paper, not as an expert in the particular field but as a
neuroscientist who is very interested in the topic, and | will attempt to use language that can be
understood by a broader readership. | will start with a necessary introduction that will place the study into

context, and then describe and discuss the main findings.

One of the clinical features of autism is abnormalities in brain oscillatory activity!-2:34. Brain oscillations
reflect synchronized, rhythmic electrical activity of neurons within local neuronal networks and across
dispersed networks. The patterns of brain oscillatory activity in relation to behavior and the consequences
of their disruption have suggested that brain oscillations facilitate information processing and complex
cognitive functions by integrating sensory and perceptual information across neuronal networks>©:7. To
begin to understand the causes of alterations in brain oscillations in autism and other neuropsychiatric
disorders, we first have to understand the mechanisms that give rise to synchronized, rhythmic neuronal
activity. These mechanisms are not well-understood, but it is clear that GABAergic interneurons (neurons
which, when active, inhibit the neurons to which they connect, by releasing the neurotransmitter GABA)
play an instrumental role89:10.11 Thjs is significantly due to the ability of interneurons to synchronize their
firing2:13.14 (strong electrical activity), which allows them to control, reset, and impose a rhythm on the
activity of a large cohort of principal (excitatory) neurons!2:15. A key feature of interneurons that allows
them to synchronize their activity is the presence of “gap junctions”, through which groups of them are
connected; gap junctions allow electrical activity to directly spread from one interneuron to others in the

group, resulting in synchronous firing.
Electrical activity of interneurons is initiated by synaptic input from excitatory neurons onto interneurons,

which (excitatory input) is mediated for the most part by receptors to the neurotransmitter glutamate. The

NMDA receptors (NMDARSs) is one type of glutamate receptors; importantly, NMDAR hypofunction is
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another characteristic feature of autism16:17, NMDARs play key roles in fundamental processes such as
brain development!8 and synaptic plasticity!?:29-21 (which appears to be the cellular mechanism
underlying learning and memoryzz). In recent years, there has been growing interest in the involvement of
NMDARs in the generation of oscillatory activity23:24:25.26 The mechanisms of NMDAR involvement in the
generation of oscillations are unclear, however their presence on GABAergic interneurons seems to play a
key role; knocking out (removing by genetic manipulation) NMDARs from a specific class of interneurons
(those containing the protein parvalbumin), in mice, disrupts normal oscillatory activity2’-28, and simulated
antagonism of NMDARs in a computer model of the hippocampus disrupts oscillations only when
antagonism is applied to NMDARSs on interneurons22. A recent study conducted in our laboratory suggested
that in the amygdala—a brain region that has a central role in emotional behavior39 and dysfunction of
which is involved in a host of neuropsychiatric disorders including autism31:32:33_NMDARs on interneurons

play a pivotal role in driving synchronous rhythmic inhibition of principal neurons34.

The study by Lee et al. (2021) was conducted in a mouse model of autism spectrum disorders, the Shank2-
mutant (Shank2~/~) mice3>. Shank?2 is a synaptic protein that interacts directly or indirectly with receptors
of the postsynaptic membrane, including NMDARs, and with other elements that shape the structure of a
synapse36. Mutations in the human SHANK2 gene have been associated with autism and related
disabilities37. Shank2~/~ mice exhibit autistic-like behaviors, show a marked decrease in NMDAR function,

and experimentally normalizing NMDAR function improves behavior3°.

The main findings described in the first part of the Lee et al. (2021) paper could be summarized as follows:
1) In comparison with the wild-type (WT) mice (normal/non-genetically altered mice), Shank2~/~ mice had a
higher proportion of neurons in the medial prefrontal cortex (mPFC, a brain region that is central to
cognitive functions) that fired when the mice were exposed to non-social targets (as opposed to a social
target, i.e., another mouse). 2) Interneurons in the mPFC of the WT mice displayed a higher proportion of
firing at high frequencies (“burst firing”) when exposed to a target than in the resting state; in contrast,
interneurons in the Shank2~/~ mice displayed more high-frequency burst firing in the resting state. 3) The
change in burst firing of interneurons in the WT mice relative to the resting state was significantly greater
upon encountering a social target than upon encountering non-social targets; such differences were absent
in the Shank2~~ mice. 4) The change in burst firing upon exposure to a social target in relation to rest was
significantly greater in the WT than in the Shank2~/~ mice, which failed to increase their burst firing upon
social target exposure. Such differences between the two groups were not seen in the firing characteristics
of principal neurons, which elevated their firing rates upon exposure to a target. [Considering that
inhibitory interneurons can be expected to influence the activity of principal neurons, it is somewhat
surprising that the abnormalities in high-frequency burst firing of interneurons in the Shank2~~ mice did

not affect the firing of excitatory neurons.]
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Next, the investigators studied local network oscillations in the mPFC. Compared with the WT mice, the
Shank2~ mice displayed higher total power of local network oscillations in the resting state, at all
frequencies, which decreased markedly upon encountering a target. In the WT mice, there were no target-
induced decreases in oscillatory powers, except for a moderate decrease in the theta range. [Thus, so far
we see that Shank2/~ mice display more interneuronal burst firing and higher total oscillatory power in the
resting state; upon encountering a target, burst firing of interneurons does not change significantly, while
oscillatory power decreases. Does this suggest that there is not necessarily a correspondence between the

two?]

Experiments in in vitro slices of the mPFC revealed that spontaneous (basal/unstimulated) inhibitory and
excitatory activity recorded from parvalbumin (Pv)-containing interneurons or principal neurons, as well as
the overall neuronal excitability did not differ between Shank2~- mice and WT mice. However, when the
Pv-interneurons were experimentally stimulated, principal neurons were inhibited effectively in the WT
mice, but not in the Shank2~/~ mice. This result was not possible to explain by a weaker firing of Pv-
interneurons in the Shank2~~ mice in response to stimulation; in fact, both in vitro and in vivo stimulation
of Pv-interneurons revealed stronger burst firing in the Shank2/~ mice, although the mean firing rate did
not differ from that in the WT mice. [Thus, Pv-interneurons in the Shank2~/~ mice are more capable of
generating burst firing when stimulated, yet they are less effective in inhibiting principal neurons, raising

the question of what the underlying mechanisms of this apparent contradiction might be.]

When single Pv-interneurons were stimulated, neighboring interneurons were also activated and generated
bursts, significantly more so in the Shank2~~ mice. The authors demonstrated that this was due to greater
electrical coupling—via gap junctions—between interneurons in the Shank2~- mice. Therefore, stronger

connections through gap junctions between Shank2/- Pv-interneurons can explain their stronger bust firing

upon stimulation.

Next, the investigators examined whether in Shank2~- mice, NMDAR activity was impaired in Pv-
interneurons in the mPFC. The ratio of NMDAR- over AMPA receptor-mediated EPSCs evoked in Pv-
interneurons was found to be significantly smaller in Shank2~- mice compared with that in the WT mice,
suggesting NMDAR deficiency in Shank2~/~ Pv-interneurons. In both WT and Shank2~/~ mice,
pharmacological activation of NMDARSs increased burst firing of Pv-interneurons neighboring the stimulated
interneuron, and this increase did not occur when the activity of gap junctions was pharmacologically
blocked. Thus, in both WT and Shank2~~ mice, facilitation of NMDAR activity increases burst firing of Pv-

interneurons with the aid of gap junctions by which groups of interneurons are connected.

The next question the study sought to answer was whether increasing burst firing of Pv-interneurons

affects social interaction. Stimulation of Pv-interneurons in Shank2~/~ mice so as to boost burst firing
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improved social interaction. However, in another set of experiments involving again stimulation-induced
burst firing of Pv-interneurons, the spike-wave synchrony (the synchrony between interneuronal firings and
particular phases in the waveform of the local field potentials; such synchrony facilitates cognitive
functions38:39) was decreased in the Shank2”~ mice, while it was moderately increased in the WT mice).
Furthermore, when gap-junction activity was inhibited in Pv-interneurons of the mPFC in WT mice, there
was a moderate but statistically significant increase in social interaction, suggesting that gap junctional
activity of Pv-interneurons can have a negative effect on social interaction. Thus, increased burst firing of
Pv-interneurons improves social interaction but decreases spike-wave synchrony in the Shank2~/~ mice,

while in WT mice, when gap junction activity is blocked, social interaction increases.

The way the authors suggested that these data could be interpreted is as follows: Gap junctions between
interneurons are extensive early in postnatal brain development and decrease as the brain matures*?, The
NMDARs play a role in this reductionl. NMDAR hypofunction in Shank2~~ mice3> impairs the role of
NMDARs in decreasing gap junctions and/or triggers a compensatory hyperactivity of gap junctions as they
try to maintain the output functions of Pv-interneurons. Extensive gap junctions and their hyperactivity in
Shank2~~ Pv-interneurons can impair social interaction (supported by the increased social interaction
when gap junctions were inhibited in the WT mice; this experiment of blocking specifically Pv-interneuronal
gap junctions was not technically possible in the Shank2~~ mice). Thus, it's possible that the neuronal
network synchrony in Shank2/- mice is too high due to gap junctional hyperactivity, which impairs social
interaction. [This speculation necessarily suggests that the stimulation-induced boosting of burst firing of
Shank2~/~ Pv-interneurons did not make the gap junctions even more hyperactive, but instead suppressed
their activity and the excessive network synchrony, thereby promoting social interaction. However, is there
any evidence that the stimulation (10 Hz) the investigators used to boost burst firing of Pv-interneurons
disengages rather than recruits even more gap junctions? Weren’t the stronger bursts induced by
stimulation (10 Hz) in Shank2~~ mice, in vitro and in vivo, attributed to the increased activity of gap
junctions? Also, doesn’t NMDAR activation have a similar effect to that of 10 Hz stimulation in boosting
burst firing, doing so by enhancing gap junction activity, and yet, enhancement of NMDAR activity
improves, does not impair, social interaction? Would we expect NMDAR activation to suppress

hypersynchrony and, if yes, by what mechanism?]

This paper describes a vast amount of work, thoughtfully designed to probe into the pathophysiology of
autism, with the use of state-of-the-art experimental techniques. In a mouse model of autism, NMDAR-
mediated activity was found to be impaired in Pv-interneurons, which play a central role in the oscillatory
activity of neuronal networks. In addition, the investigators demonstrated the importance of Pv-
interneuronal burst firing in social cognition, and the role of NMDARs and gap junctions in Pv-interneuronal
burst firing. | find some of the data difficult to reconcile, but reporting them is important, and a good

interpretation may be found in the future. Specifically, since there appears to be hyperactivity of gap

Qeios ID: DQEGPK - https://doi.org/10.32388/DQEGPK 4/10



Q Qeios, CC-BY 4.0 - Review, September 19, 2021

junctions in the Shank2~~ mice, which may play an important role in impaired social interaction, why
stimulation- or NMDAR-induced burst firing of Pv-interneurons, which increase gap junction activity,

improve social interaction?

In regard to the role of NMDARSs in burst firing of inhibitory interneurons, it is important to determine which
subtype of NMDARs is involved; NMDARs containing the GIuN2A subunit (GIuN2A-NMDARs) and those
containing the GIuN2B (GIuN2B-NMDARSs) appear to have both shared and different- and sometimes
opposing functions#2:43:44.45 |n the basolateral amygdala, we found that the rhythmic inhibitory activity
(spontaneous IPSC “bursts”) recorded from principal neurons is driven by burst firing of interneurons via
activation of both GIuN2A- and GIuN2B-NMDARs, but with the GIuN2A-NMDARSs having a dominant
functional presence on interneurons and playing a significantly more prominent role in the burst firing of
interneurons34. GIUN2A-NMDARs have a more pronounced presence than GIluN2B-NMDARs also on
interneurons of the mouse lateral amygdala®® and on cortical Pv-interneurons’, and there is evidence for
a greater role of interneuronal GIuUN2A-NMDARs in oscillatory activity#8. In addition, in an animal model of
autism, the GIUN2A subunit is reduced in the amygdala®?, and enhancement of GIUN2A improves brain
oscillations, synchrony, and cognitive functions in animal models of certain diseases where brain
oscillations are abnormal®9. Thus, the development of specific agonists or positive modulators of GIuN2A-

NMDARs>152:53 may potentially find application in the treatment of autism>®%.
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