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may not be the case, as some genetic disorders result from disruptions of neuromaintenance. In this issue of the JCI,
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Developmental windows

Critical periods have been recognized
in biological processes that range from
embryonic development to cognitive psy-
chology. To neurobiologists, they repre-
sent reproducible time windows during
development when functional properties
of the brain are particularly susceptible to
the organism’s experience. This concept
became prominent due to the seminal
findings of Conrad Lorenz, who described
imprinting in birds (1), and Hubel and Wie-
sel, whose research revealed the effects of
early deprivation in the visual system (2).
Initially, critical periods were invoked
to explain instinctive behavior, but have
subsequently been associated with more
complex animal behaviors, including cog-
nition and language acquisition. While
not specifically applied to neurological
disorders, it follows from this program-
matic view of brain development that the
absence of essential genetic components
at key developmental stages would make
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for successful treatment, but previous studies in a mouse model of Rett
syndrome indicated that this may not be the case, as some genetic disorders
result from disruptions of neuromaintenance. In this issue of the JCI, Terzic
et al. provide evidence that defective neuromaintenance also underlies
CDKLS5 deficiency disorder (CDD). The authors used genetic mouse models
to examine the role of CDKLS5 protein. Notably, when CDKLS5 protein was
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were reversed. These results suggest that genetically or pharmacologically
restoring CDKL5 may treat CDD after symptom onset.

any attempts to correct the resulting neu-
rological defects futile. Despite challenges
to the theoretical basis of this conclusion
(see Bateson et al., 1979; ref. 3), it became
widely accepted that therapeutic strategies
for neurodevelopmental disorders (NDDs)
could only be successful if initiated very
early in an individual’s life.

Conventional wisdom regarding NDDs
was directly challenged by the work of Guy
et al. (4) using a mouse model of Rett syn-
drome. The researchers demonstrated that
the vast majority of phenotypes present in
mice lacking MECP2 (the protein missing
in Rett syndrome) are reversed in adults by
restoring the gene that encoded the miss-
ing protein. These studies undermined the
notion that MECP2 plays a distinct role
during brain development or that brain
function is permanently compromised by
absence of MeCP2 in early postnatal life.
Furthermore, McGraw and colleagues (5)
showed that deletion of the Mecp2 gene in
adult mice is lethal, despite development

» Related Article: https://doi.org/10.1172/)Cl143655

Conflict of interest: The authors have declared that no conflict of interest exists.

Copyright: © 2021, American Society for Clinical Investigation.
Reference information: J Clin Invest. 2021;131(21):e153606. https://doi.org/10.1172/)CI153606.

having proceeded normally in the presence
of the protein. Not only is MeCP2 appar-
ently dispensable for brain development,
but its presence is absolutely required in the
mature brain. These findings questioned
the broader view that disorders whose clin-
ical features present early in life are always
neurodevelopmental in the sense that they
result from irrevocable changes to the brain
that become fixed during abnormal devel-
opment. In the case of Rett syndrome, the
origin of the disorder is better described as
a failure of neuromaintenance, as MeCP2
function does not appear to require a privi-
leged period in brain development.

Defective neuromaintenance

The findings of Terzic et al. (6) in this issue
of the JCI provide evidence that CDKL5
deficiency disorder (CDD) should also be
attributed to defective neuromaintenance.
CDD, which is caused by mutations in the
CDKL5 gene, is a severe condition that
presents in the first year or two of life and is
characterized by severe seizures, intellectu-
al disability, and features of autism. While
CDD was initially referred to as atypical
Rett syndrome, it is now recognized as a
separate disorder with distinct clinical fea-
tures (7). Terzic and colleagues employed
genetic techniques (6) very similar to those
adopted previously to examine the role
of MeCP2 (4, 5). They first demonstrated
that adolescent animals (approximate-
ly two months of age) with late deletion
of the Cdkl5 gene developed behavioral,
physiological, and anatomical phenotypes
similar to those found in age-matched ani-
mals with constitutive Cdkl5 deletion. The
researchers went on to express the CDKL5
protein in late-adolescent Cdk/5-KO ani-
mals and demonstrated that the knockin
mice were more similar to WT mice than
to CdkI5-KO animals (6). It follows that
CDKL5 is a neuromaintenance protein
that is required continuously throughout
adult life. Importantly, the defects caused
by the absence of CDKL5 were reversed by
restoring the protein during late adult life,
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opening up the possibility that genetic and
protein replacement studies may amelio-
rate the disease in older individuals.

The findings of Terzic et al. (6) are
undoubtedly encouraging for families
of CDD individuals. However, further
research is needed to address questions
that follow from the current study. Most
pertinent, perhaps, is whether similar
findings will be seen in female mice, which
are the true genetic model of the majority
of cases of CDD. Additionally, a key fea-
ture of CDD is severe childhood epilepsy,
which is not recapitulated in rodent mod-
els. To assess reversibility of this symp-
tom, alternative animal models or seizure
induction protocols will be required. A
potential caveat to the mouse reexpres-
sion model used in the study (6) is that
a fraction of neurons expressed CDKL5
prior to gene activation. Thus, although
the pretreated animals did develop pheno-
types similar to those found in constitutive
CDKL5-deficient animals, the possibility
remains that the few CDKL5-expressing
cells could have primed the brain for better
recovery in the adult. Use of AAV viral vec-
tors with high transduction rates in mice to
deliver a CDKL5 expression construct, as
previously shown for MeCP2, could test
this possibility (8). Future experiments
will also need to recapitulate the reversal
experiment in mice older than 8 weeks to
determine whether later reexpression or
removal of CDKL5 is similarly effective
in ameliorating or inducing phenotypes.
Finally, for both Rett syndrome and CDD,
the reversibility of more complex cognitive
functions has yet to be explored, but will
help to establish the efficacy of genetic or
pharmacological interventions.

Neurodevelopment or
neuromaintenance?

The stage is set for stratification of the
numerous monogenic conditions that
affect the brain as either neurodevelop-
mental or neuromaintenance disorders, by

assessing phenotypic reversibility in adult
animal models. This essential preclini-
cal work has already begun. For example,
UBE3A, which is mutated in Angelman’s
syndrome, must be expressed during a
critical period during development in
rodent models (9). Intriguingly, adult res-
toration of UBE3A in neurons of the pre-
frontal cortex restored cellular plasticity.
Additionally, some phenotypes caused by
mutations in the Shank3 or Syngap genes
were alleviated by activation of the rele-
vant gene, even in older animals (10, 11),
although other defects persisted (3).

The concept of critical periods, which
originated more than 100 years ago, has
evolved with our understanding of brain
development. Inthe 1960s, it became clear
that developmental processes are often
not confined to a constant and immutable
time window, but can expand or contract
depending on the environment and experi-
ence (reviewed in refs. 12, 13). This flexibil-
ity suggested the term “sensitive period”
rather than “critical period” (reviewed in
refs. 12, 13). Furthermore, it is recognized
that while development (and its associat-
ed sensitive periods) comprises a series of
events that occur in a specific sequence,
this typical trajectory is not necessarily the
only route to a specific developmental end
point (12). Potential treatments for genetic
disorders that change the neurodevelop-
mental trajectory will require us to know
more than simply when the trait emerges;
we will also need to understand how and
why. To achieve this, we need to specify
the underlying molecular, cellular, and
circuit mechanisms as well as identify any
mechanistic redundancy. With this knowl-
edge in hand, there is hope that even dis-
orders that qualify as neurodevelopmental
will in due course be treatable.
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