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This is an important study that identifies the developmental time window during which
re-expression of TCF4 mutated in Pitt-Hopkins syndrome, can rescue phenotypic features
of brain function in a TCF4 knockout mouse. The study presents compelling data using a
viral transgenic intersection approach to show that TCF4 expression is required early in
perinatal life. These findings have implications for the timing of possible gene therapy in
people with Pitt-Hopkins-associated TCF4 mutations.
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Abstract
Pitt-Hopkins syndrome (PTHS) is a neurodevelopmental disorder caused by haploinsufficiency of
TCF4 which encodes transcription factor 4. As PTHS therapeutics advance toward clinical trials,
identifying the optimal timing for treatment is crucial. Our previous research demonstrated that
restoring TCF4 during embryonic or neonatal stages, corresponding to prenatal or neonatal
periods in humans, improved phenotypes in a PTHS mouse model (Kim et al., 2022). However,
PTHS diagnosis generally occurs much later, when infants fail to reach developmental milestones
and undergo genetic testing. This raises an essential question: can genetic therapeutics initiated at
more clinically relevant time points retain effectiveness? Here, we examined whether reinstating
TCF4 in juvenile PTHS model mice could reverse behavioral phenotypes, simulating a gene
therapy. Our findings indicate that this delayed intervention largely fails to correct most
phenotypes, except for a measure of cognitive function. These results reveal phenotype-specific
plasticity and underscore a narrow, early critical window for effective treatment in PTHS. Our
study also identifies the hippocampus as a potential target for PTHS therapeutics and suggests that
while some cognitive functions may still retain therapeutic plasticity, reversing most core PTHS
symptoms may require intervention during the very early postnatal, or potentially prenatal
periods, in humans.

Introduction
Pitt-Hopkins syndrome (PTHS) is a neurodevelopmental disorder caused by haploinsufficiency of
the TCF4 gene which encodes the transcription factor 4 protein (TCF4) (Amiel et al., 2007     ;
Brockschmidt et al., 2007     ; Christiane Zweier et al., 2007     ). Individuals with PTHS typically
exhibit intellectual disability, lack of speech, motor delay, sleep disturbances, microcephaly,
breathing disruption, hypotonia, gastrointestinal problems, and, in some cases, seizures
(Goodspeed et al., 2018     ; Marangi et al., 2011     ; Zweier et al., 2008     ). Despite its high symptom
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burden, there is currently no disease-modifying therapeutic for PTHS, and clinical care is limited
to symptom management (Goodspeed et al., 2018     ; Zollino et al., 2019     ). PTHS symptoms
emerge early in life, with hypotonia and missed developmental milestones being key early
indicators; however, a definitive diagnosis requires genetic testing (Marangi & Zollino, 2015     ;
Whalen et al., 2012     ). Advances in access to clinical genetic testing have significantly reduced the
average age of diagnosis of many neurodevelopmental disorders, however, PTHS is not yet
included in newborn screening panels (Kernohan & Boycott, 2024     ; Zhang et al., 2024     ). This
may change with the clinical success of a disease-modifying therapy.

While TCF4 biology remains poorly understood, it has been implicated in key neuronal processes
during both early brain development and adulthood. TCF4 is most highly expressed during early
development, with levels peaking perinatally in mice and humans (Rannals et al., 2016     ; Sirp et
al., 2022     ). Additionally, TCF4 plays a role in neural progenitor proliferation, neuronal migration,
and laminar organization in the developing forebrain (Li et al., 2019     ; Mesman et al., 2020     ;
Page et al., 2018     ). Despite lower expression in the adult brain, TCF4 remains crucial for
maintaining neuronal excitability, synaptic function, and plasticity throughout adulthood
(Badowska et al., 2020     ; Brzózka et al., 2010     ; D’Rozario et al., 2016     ; Kennedy et al., 2016     ;
Rannals et al., 2016     ). Beyond its essential roles in neurons, additional studies have linked TCF4
to the differentiation of oligodendrocyte progenitor cells and the development of oligodendrocytes
and myelination (Bohlen et al., 2023     ; Furlanetto et al., 2025     ; Phan et al., 2020     ).

Although it has not been previously tested in PTHS models, early reinstatement of TCF4 during
neurodevelopment is expected to provide the greatest therapeutic benefit similar to other
neurodevelopment-related genes and their respective disorders. Therefore, preclinical studies
have focused on modeling early intervention using both PTHS patient-derived brain organoids
and mouse models (Kim et al., 2022     ; Papes et al., 2022     ). While these studies demonstrate the
potential of reinstating TCF4 early in development, they most closely mirror an embryonic
reinstatement of TCF4 in humans rather than a postnatal intervention, and as a result, may
present an overly optimistic model of viable treatment strategies for PTHS that does not align with
the typical timeline of diagnosis. Thus, there is a need to better define the optimal window for
TCF4 reinstatement and identify appropriate outcome measures for such treatments.

Accordingly, we investigated whether restoring TCF4 expression during the juvenile period
provides therapeutic benefits in a mouse model of PTHS. Using a conditional TCF4 reinstatement
mouse previously developed and characterized by our lab, we modeled an idealized gene therapy
reinstatement approach, in which all TCF4 isoforms were reinstated at appropriate levels in
transduced neurons, allowing us to focus on assessing the potential of this later intervention.
Together with our previous results, our findings suggest that perinatal reinstatement of TCF4 holds
the greatest potential to treat behavioral symptoms of PTHS, with likely vastly diminishing
therapeutic benefits upon juvenile reinstatement. However, our study also encouragingly suggests
that some cognitive behaviors may still be responsive to TCF4 reinstatement later in life.

Results
Retro-orbital injection of AAV-PHP.eB-hSyn1-Cre yields widespread
biodistribution and rapid recombination
We previously demonstrated that delivering genetically-encoded Cre recombinase via adeno-
associated virus (AAV) can reliably reinstate TCF4 expression in transduced neurons of the
conditional reinstatement Tcf4-lox-stop-lox (Tcf4-LSL) mouse model, as Cre-mediated
recombination removes a floxed transcriptional stop cassette downstream of exon 17 (Kim et al.,
2020     , 2022     ). Using this mouse model, we modeled an idealized “juvenile” onset TCF4
reinstatement gene therapy by injecting AAV-PHP.eB-hSyn1-Cre into the retro-orbital (RO) sinus of
postnatal day 14 (P14) mice (Yardeni et al., 2011     ). This systemic delivery strategy confers
widespread Cre biodistribution and recombination throughout the brain and in neurons,
leveraging the ability of the AAV-PHP.eB capsid to traverse the blood-brain-barrier in C57BL/6J
mice (Chan et al., 2017     ; Hordeaux et al., 2018     ).
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We first established the biodistribution and time course over which injection of AAV-PHP.eB-
hSyn1-Cre leads to recombination using Ai9 reporter mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J) (Fig. 1A     ) (Madisen et al., 2010     ). Ai9 mice contain a loxP-STOP-loxP cassette
similar to Tcf4-LSL mice, but Cre-mediated excision of the stop cassette in these mice induces
expression of a tdTomato red fluorescent protein and thereby reports recombination efficiency
with high fidelity and sensitivity (Madisen et al., 2010     ). We performed RO injections in P14 Ai9
mice, delivering 2.4e13 vg/kg of AAV-PHP.eB-hSyn1-Cre virus, and subsequently assessed tdTomato
native immunofluorescence and Cre-recombinase antibody-mediated immunofluorescence in the
brains of mice 4, 7, 10, and 17 days after injection (Fig. 1A     ). Delivery by RO injection yielded a
widespread biodistribution of tdTomato and Cre proteins in neurons throughout the brain.
Further, we detected tdTomato positive neurons as early as 4 days post-injection, with the greatest
labeling occurring early in the cortex, hippocampus, thalamus, and midbrain (Fig. 1B     ).
However, labeling increased in specific regions and peaked between 10 and 17 days following RO
injection (Fig. 1B-E     ). The spatial distribution of tdTomato closely mirrored Cre biodistribution,
demonstrating that the AAV-delivered Cre successfully induced recombination in transduced
neurons (Fig. 1A-E     ).

Importantly, we observed Cre expression in neurons throughout the cerebral cortex and the
hippocampus, regions in which TCF4 expression is particularly high in mice, NHPs, and humans
(Burette et al., 2024     ; Jung et al., 2018     ; Kim et al., 2020     ; Sirp et al., 2022     ) (Fig 1A-E     ).
Neurons in the CA2 subregion of the hippocampus exhibited especially strong labeling, a region of
previously documented preferential tropism by the AAV-PHP.eB capsid (Okamoto et al., 2023     ).
Further, we observed strong Cre expression in subcortical structures, including the thalamus,
hypothalamus, and striatum, areas where TCF4 is expressed in neurons, albeit at lower levels
(Burette et al., 2024     ; Jung et al., 2018     ; Kim et al., 2020     ; Sirp et al., 2022     ). We also observed
strong Cre labeling in the mitral cell layer of the olfactory bulb, the midbrain, and the hindbrain,
although labeling in the cerebellum was primarily limited to the molecular and Purkinje cell
layers rather than the granule cell layer.

Taken together, our Cre biodistribution demonstrates that RO injection of AAV-PHP.eB-hSyn1-Cre
can readily achieve widespread delivery of Cre, and suggests that TCF4 reinstatement will follow a
similar distribution in Tcf4-LSL mice. Additionally, the timing and pattern of tdTomato expression
suggests that RO injection of AAV-PHP.eB-hSyn1-Cre at P14 in Tcf4-LSL mice will induce rapid
recombination in transduced cells, with recombination reaching a plateau approximately two
weeks following viral vector delivery.

Reinstatement of TCF4 in juvenile PTHS model mice selectively
improves spatial learning and memory
We next assessed the extent to which TCF4 reinstatement by AAV-PHP.eB-hSyn1-Cre delivery in
juvenile mice mitigates behavioral deficits of Tcf4-LSL mice (Fig. 2A     ). To generate experimental
litters, heterozygous male Tcf4-LSL mice were bred with wild-type (WT) females, producing WT
and Tcf4-LSL littermates that received AAV-PHP.eB-hSyn1-Cre or AAV-PHP.eB-hSyn1-mCherry, as a
negative control, via RO injection at P14. Before beginning behavioral assays, we verified the
expression and biodistribution of the AAV-PHP.eB-hSyn1-Cre and AAV-PHP.eB-hSyn1-mCherry
control vector at 2.4e13 vg/kg in Tcf4-LSL mice (Fig. 2B, C     ). We found that these vectors exhibited
a similar distribution of Cre or mCherry, respectively, indicating that the viral vectors were
appropriate for experimental comparisons.

Behavioral testing began when mice reached 9 weeks of age, using a behavioral battery previously
used to phenotype PTHS model mice (Fig. 3A     ) (Kim et al., 2022     ).

These experiments included both male and female mice and used littermate controls. Beginning
with the open field assay, we found that mCherry-injected Tcf4-LSL mice exhibited increased
distance traveled compared to their WT littermates, replicating previous findings; however, Cre-
mediated reinstatement of Tcf4 in juvenile Tcf4-LSL mice failed to mitigate this hyperactivity
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Figure 1. Injection of AAV-PHP.eB-hSyn1-Cre into the retro-orbital sinus yields widespread biodistribution
and rapid recombination in the brain.

(A) Schematic depicting injections of AAV-PHP.eB-hSyn1-Cre into the retro-orbital sinus (RO) of P14 Ai9 reporter mice and
experimental time course of biodistribution assessment. (B-E) Representative Cre recombinase immunofluorescence and
resulting tdTomato immunofluorescence in grayscale at the indicated ages. Scale bars, 2 mm (low-magnification) or 0.5 mm
(high-magnification).
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Figure 2. Representative biodistribution of AAV-hSyn1-mCherry and AAV-hSyn1-Cre in adult Tcf4-LSL mice.

(A) Schematic depicting study paradigm including retro-orbital injection of AAV-PHP.eB-hSyn1-mCherry and AAV-PHP.eB-
hSyn1-Cre in Tcf4-LSL mice, assessment of mCherry (native) or Cre (antibody-enhanced) immunofluorescence (IF) at
postnatal day 60 and behavioral assessments and postmortem measures in mice separate from immunofluorescence. (B,C)
Representative immunofluorescence for mCherry and Cre at postnatal day 60. Scale bars, 2 mm (low-magnification) or 0.5
mm (high-magnification).
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Figure 3. Behavioral recovery following juvenile reinstatement of TCF4 in Tcf4-LSL mice is limited to spatial
memory.
(A) Schematic of behavioral study timeline and behavioral assays in WT and Tcf4-LSL mice, following injection with AAV-
hSyn1-mCherry or AAV-hSyn1-Cre. (B-G) Behavioral assessments, n = 25-30 mice per group. (B) Total distance traveled in the
open field assay. Main effect of group by one-way ANOVA (p < 0.0001). (C) Distance traveled over time in the open field assay.
Main effect of genotype (p < 0.0001) and time (p = 0.0085) by two-way ANOVA. (D) Time spent in and (E) entries to the open
arms of the elevated plus maze. Main effect of group by one-way ANOVA (p < 0.0001, p < 0.0001, respectively). (F) Time spent
in the center of the elevated plus maze. No effect by one-way ANOVA. (G) Relative novel object exploration time in the object
location memory assay. Main effect of group by one-way ANOVA (p = 0.0024). (H) Percentage of nesting material used over
time in the nest building assay, n = 23-26 mice per group. Main effect of genotype (p < 0.0001), trial (p < 0.0001), and
interaction (p < 0.0001) by two-way ANOVA. Comparisons between WT Cherry - LSL Cherry (gray) and LSL Cre-LSL Cherry (red)
are plotted. Data are represented as means ± SEM. Tukey’s multiple comparisons post hoc testing. * p < 0.05, ** p < 0.01, ***
p < 0.001, **** p < 0.0001.
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phenotype (Fig. 3B     ). Further, reinstatement of TCF4 in juvenile Tcf4-LSL mice did not improve
habituation-dependent activity when distance traveled was evaluated across the duration of the
30-minute trial (Fig. 3C     ).

We next assessed performance in the elevated plus maze assay, a task which assesses approach-
avoidance behavior of mice in the face of aversive height, light, and, thereby, perceived danger.
PTHS model mice have been shown to exhibit increased entries into the open arms as well as
increased time in the open arms of the elevated plus maze, suggesting reduced anxiety (Dennys et
al., 2024     ; Kennedy et al., 2016     ; Kim et al., 2022     ; Thaxton et al., 2018     ). Similarly, we found
that Tcf4-LSL mice receiving AAV-PHP.eB-hSyn1-mCherry spent more time in the open arms of the
elevated plus maze and had an increased relative frequency of entries to the open arms compared
to their similarly treated WT littermate controls (Fig. 3D, E     ) (Kim et al., 2022     ). However, unlike
the recovery that we previously observed when neonatal (P1) Tcf4-LSL mice were treated with
AAV-PHP.eB-hSyn1-Cre, Cre-mediated reinstatement of TCF4 in juvenile Tcf4-LSL mice failed to
reduce time spent in the open arms of the elevated plus maze or entries to the open arms (Fig. 3D,
E     ) (Kim et al., 2022     ). We found no differences in the time spent in the center of the elevated
plus maze across groups (Fig. 3F     ).

Mouse models of PTHS also exhibit cognitive impairments as determined by performance in
spatial learning and memory tasks (Kennedy et al., 2016     ; Kim et al., 2022     ; Thaxton et al.,
2018     ). We assessed potential improvements in learning and memory phenotypes following
juvenile TCF4 reinstatement using the object location memory assay. In this test, mice were
habituated to an open field chamber over several days and then introduced to two identical
objects in different locations. After 24 hours, mice were reintroduced to the same objects, but one
object was moved to a new position, and we quantified the percentage of time spent exploring the
relocated object relative to total object exploration time. PTHS mice typically spend a lower
proportion of time exploring the object in a novel location than WT mice in this task, indicating
impaired long-term spatial memory (Kennedy et al., 2016     ; Kim et al., 2022     ; Thaxton et al.,
2018     ). We found that juvenile reinstatement of TCF4 improved performance in the object
location memory task. Cre-treated Tcf4-LSL mice displayed significantly increased time exploring
the object in the novel location compared to Tcf4-LSL mice injected with the negative control
vector (Fig. 3G     ). Further, Tcf4-LSL mice injected with AAV-PHP.eB-hSyn1-Cre performed
similarly to WT controls, suggesting that TCF4 reinstatement significantly improved long-term
spatial memory to near WT levels (Fig. 3G     ).

Next, we assessed potential improvement in the nest building assay, in which PTHS model mice
display a reduced ability to build a nest (Kim et al., 2022     ). Thought to inform an animal’s general
well-being and neurologic state, the nest building assay measures an animal’s innate drive or
ability to build a nest, a complex task of mouse daily living important for heat conservation and
protection from predators (Deacon, 2006     ). We recapitulated the deficient nest building
phenotype in AAV-PHP.eB-hSyn1-mCherry-treated Tcf4-LSL mice compared to WT controls;
however, Tcf4-LSL mice exhibited no improvement in nest building activity following juvenile
reinstatement of TCF4 compared to mCherry control vector-injected Tcf4-LSL mice (Fig. 3H     ).

PTHS model mice also exhibit both reduced body weight and brain weight (Kim et al., 2022     ;
Thaxton et al., 2018     ). Therefore, we measured body weight weekly from the time of injection
until the start of behavioral assays at approximately 9 weeks of age and assessed potential effects
on body weight during development. As expected given the lack of improvement previously
observed with neonatal TCF4 reinstatement (Kim et al., 2022     ), we found that juvenile
reinstatement of TCF4 did not normalize body weight phenotypes in male or female mice
compared to control Tcf4-LSL mice injected with the negative control vector (Fig. 4A, B     ). We also
assessed potential effects on brain weight post-transcardial perfusion in a subset of mice from the
study and found that juvenile TCF4 reinstatement also failed to improve brain weight phenotypes
in Tcf4-LSL mice similar to our previous study (Fig. 4C     ).
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Figure 4. Juvenile reinstatement of TCF4 in Tcf4-LSL mice does not improve body weight or brain weight
phenotypes.

(A-B) Body weights of (A) male and (B) female WT and Tcf4-LSL mice following injection with AAV-hSyn1-mCherry or AAV-
hSyn1-Cre, n = 12-16 mice per group. (C) Brain weights of WT and Tcf4-LSL mice following injection with AAV-hSyn1-mCherry
or AAV-hSyn1-Cre, n = 10-12 mice per group. Comparisons between WT Cherry, LSL Cherry, and LSL Cre groups are plotted.
Main effect of group by one-way ANOVA (p < 0.0001). Data are represented as means ± SEM. Tukey’s multiple comparisons
post hoc testing. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Assessment of TCF4 reinstatement and related impacts on
transcriptional dysregulation in the hippocampus
Following the completion of behavioral experiments, we quantified the extent to which Tcf4 levels
were reinstated by AAV-PHP.eB-hSyn1-Cre. We found that RO injection of AAV-PHP.eB-hSyn1-Cre
increased Tcf4 levels by approximately 20% in the hippocampus compared to injection of AAV-
PHP.eB-hSyn1-mCherry in a subset of mice from our behavioral study, confirming Cre-mediated
reinstatement of Tcf4 (Fig. 5A     ).

Notably, this virus-mediated increase in Tcf4 levels following P14 RO AAV-PHP.eB-hSyn1-Cre
delivery is comparable to what we previously achieved following P1 ICV delivery, suggesting that
the more modest phenotypic recovery with juvenile treatment resulted from reinstatement later
in development, rather a difference in transduction efficiency (Kim et al., 2022     ).

Finally, we assessed potential impacts on transcriptional dysregulation observed in models of TCF4
haploinsufficiency. As TCF4 is a transcription factor, several studies have identified genes that are
dysregulated by heterozygous loss of Tcf4, though it remains unclear whether these genes are
directly regulated by TCF4 or indirectly dysregulated as a downstream consequence of
haploinsufficiency (Forrest et al., 2018     ; Kennedy et al., 2016     ; Li et al., 2019     ; Phan et al.,
2020     ). Nonetheless, these dysregulated genes can serve as a readout for transcriptional
normalization following TCF4 reinstatement. Accordingly, we used RT-qPCR to assess transcript
levels of some of these candidate genes in the hippocampus following TCF4 reinstatement. We
found that MaI levels were significantly improved by juvenile reinstatement of TCF4, while levels
of Glra3 and Tcerg1l were not significantly improved (Fig. 5B-D     ). This suggests that while some
transcriptional dysregulation can be improved by TCF4 reinstatement in juvenile mice, the
potential for improvements may be limited.

Discussion
The convergence of widespread clinical genetic testing with advances in molecular therapeutics
signals a pressing need to identify optimal treatment windows for genetic disorders, especially for
neurodevelopmental disorders like PTHS. We previously found that embryonic or neonatal
reinstatement of TCF4 in PTHS model mice could improve behavioral and transcriptional
dysregulation phenotypes, painting an optimistic picture for PTHS gene therapy approaches (Kim
et al., 2022     ). This was bolstered by findings that increasing TCF4 expression in PTHS patient-
derived brain organoids could overcome deficits in electrophysiological, cytoarchitectural, and
transcriptional dysregulation phenotypes (Papes et al., 2022     ). However, these studies modeled
very early, likely embryonic, timepoints of intervention in humans that do not reflect clinical
reality. Here, we simulated a TCF4 upregulation-based gene therapy, administered on a timeline
aligned with postnatal diagnosis and intervention, to establish the extent to which reinstatement
of TCF4 later in development might be therapeutic. In stark contrast with embryonic and neonatal
intervention in mice, we found that most behavioral phenotypes were not reversed following
intervention at this later timepoint, except a measure of specific cognitive abilities (summarized in
Table 1     ). These findings temper expectations for postnatal TCF4 reinstatement therapies,
including gene-addition strategies now approaching clinical trials, yet suggest that certain
cognitive domains may remain amenable to intervention in young children.

Our goal was to model a realistic gene therapy approach, simulating intervention at a time after
diagnosis. Following P14 delivery of AAV-PHP.eB-hSyn1-Cre, transgene expression increased over
approximately two weeks – a developmental period in mice marked by the rapid transition from
just after eye opening and early sensory maturation to near-complete achievement of major
neurodevelopmental milestones (Kronman et al., 2024     ; Zalewska, 2019     ). However, differences
in neurodevelopmental timing across species prevent direct and precise extrapolation to humans
(Cottam et al., 2024     ; Wallace & Pollen, 2024     ; Workman et al., 2013     ). By analogy, this
intervention roughly corresponds to reinstatement at the toddler / early childhood developmental
stage in humans, representing a feasible yet conservative intervention window for individuals
with PTHS.
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Figure 5. Juvenile reinstatement of TCF4 in Tcf4-LSL mice partially improves transcriptional dysregulation.

(A-D) Relative expression of (A) Tcf4, (B) Mal, (C) Glra3, and (D) Tcerg1l in the hippocampus of WT and Tcf4-LSL mice following
injection with AAV-hSyn1-mCherry or AAV-hSyn1-Cre, normalized to average of WT groups. Comparisons between WT Cherry,
LSL Cherry, and LSL Cre groups are plotted, n = 13-17 mice per group. Main effect of group by one-way ANOVA (p < 0.0001, p =
0.0002, p = 0.0033, p = 0.0002 for A-D, respectively). Data represent means ± SEM. Tukey’s multiple comparisons post hoc
testing. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Table 1. Summary of mouse behavioral and anatomical phenotypes with demonstrated recovery (R) or no
recovery (NR) following TCF4 reinstatement at various stages of development from Kim et al., 2022      and
the present study.
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The improvement we observed in a cognitive task (object location memory) highlights the
promising possibility that cognitive improvements might be achievable in individuals with PTHS
through effective TCF4 reinstatement. Further, the selective rescue of object location memory is
particularly mechanistically interesting. This task depends on the hippocampus, a region that
remains plastic and in which TCF4 expression is high throughout life (Moser et al., 1993     ; Moser
et al., 1995     ; Nakazawa et al., 2004     ). While TCF4 levels decline sharply during the perinatal
period in many brain regions, the adult hippocampus retains significant TCF4 expression in mice,
non-human primates, and humans, suggesting that TCF4 continues to play an important role in
this part of the brain (Burette et al., 2024     ; Jung et al., 2018     ; Kim et al., 2020     ; Sirp et al.,
2022     ). Additionally, hippocampal neurons retain substantial synaptic plasticity throughout life,
potentially positioning the hippocampus as a key target for therapeutic recovery of cellular and
synaptic function (Bittner et al., 2017     ; Nakazawa et al., 2004     ).

TCF4’s known role in regulating dendritic spine density and shape supports the potential for
synaptic remodeling after reinstatement, since restoring TCF4 function could promote activity-
dependent spine plasticity that underlies learning and memory (Badowska et al., 2020     ; Crux et
al., 2018     ; Li et al., 2019     ; Sarkar et al., 2021     ). Given the strong TCF4 reinstatement achieved
in the hippocampus and the resulting improvement in hippocampus-dependent spatial memory,
our findings suggest targeting TCF4 delivery specifically to this region might be a feasible
therapeutic approach if broad CNS reinstatement of TCF4 is not possible.

Our findings must be interpreted with several important caveats. Despite our observation that a
cognitive task and at least some transcriptional signatures can be ameliorated with our late-onset
TCF4 reinstatement approach, several arguments can be made that we may be overestimating the
benefits of a gene therapy for PTHS. First, we employed the PHP.eB capsid, which exhibits
substantially greater efficacy in mice than readily available capsids in primates (Bey et al., 2020     ;
Chan et al., 2017     ). Our viral biodistribution thus exceeds what could be likely achieved with
AAV9 in humans, potentially overestimating the benefits of postnatal TCF4 reinstatement in
humans (Bailey et al., 2020     ; Foust et al., 2009     ; Hinderer et al., 2014     ). Second, Cre-mediated
excision of the STOP cassette restores native expression of TCF4 in transduced neurons, mitigating
risks inherent to gene therapy where under-expression might fail to correct cellular deficits or
over-expression of TCF4 could produce cellular toxicity and network dysfunction (Badowska et al.,
2020     ; Brzózka et al., 2010     ). Third, our reinstatement strategy also recovers the endogenous
expression ratio of TCF4 isoforms, which would not be feasible with traditional gene delivery
approaches, as AAV packaging limits make delivering multiple isoforms of TCF4 challenging. At
least 18 TCF4 isoforms are expressed in humans, and the evolutionarily-conserved complexity of
TCF4 splicing and developmental regulation suggests these isoforms may serve distinct biological
functions (Sirp et al., 2022     ). Therefore, our findings may be most relevant for TCF4 upregulation
therapeutic approaches and may especially overestimate the performance of gene addition
strategies.

Conversely, several factors suggest we may be underestimating therapeutic potential. Next-
generation capsids demonstrating great promise for broad neuronal transduction are actively
under development (Goertsen et al., 2022     ; Huang et al., 2024     ; Moyer et al., 2025     ), and
dramatically improved biodistribution might yield broader therapeutic benefits than we observed.
Additionally, we selectively reinstated TCF4 in neurons using the Syn1 promoter (Kügler et al.,
2003     ). While TCF4 is predominantly neuronal in both mice and primates, TCF4 is also expressed
in glia (Burette et al., 2024     ; Kim et al., 2020     ), and emerging evidence highlights the importance
of oligodendrocyte TCF4 expression (Bohlen et al., 2023     ; Phan et al., 2020     ). Notably, neuronal
TCF4 reinstatement partially normalized Mal expression, a transcript nearly exclusive to
oligodendrocytes in the brain (Schaeren-Wiemers et al., 1995     ), suggesting non-cell autonomous
therapeutic effects following neuronal TCF4 reinstatement. Finally, the inherent limitations of
assessing cognition in mice raise the possibility that postnatal TCF4 reinstatement in humans
could confer cognitive benefits broader than those which can be appreciated in mice.
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In summary, our study provides the first evidence that TCF4 reinstatement early in development is
necessary to maximize therapeutic benefit in PTHS, adding PTHS to the growing list of
neurodevelopmental disorders in which mouse models have shown such a critical period which
includes Angelman syndrome, Phelan-McDermid syndrome, GRIN1-related disorders, and
SYNGAP1-related cognitive impairment (Aceti et al., 2015     ; Clement et al., 2012     ; Mei et al.,
2016     ; Mielnik et al., 2021     ; Silva-Santos et al., 2015     ). Our findings that TCF4 reinstatement
provides little benefit in juvenile mice beyond a measure of cognitive function could serve as an
important bellwether for upcoming AAV-based TCF4 addition clinical trials and gene therapies in
which (1) the biodistribution of TCF4 reinstatement may be limited, (2) only one or two isoforms
may be expressed given viral packaging limits, and (3) the under-or over-expression of TCF4 in
individual cells present additional challenges. In addition to developing technologies that
overcome some of these limitations, future gene therapy efforts in PTHS should explore
approaches to upregulate the intact TCF4 allele, such as CRISPRa approaches, particularly in
manners that may be tunable.

Materials and methods
Animal use
All animal procedures performed in this study were approved by the Institutional Animal Care
and Use Committee at the University of North Carolina at Chapel Hill. Mice were raised and
maintained on a 12:12 light-dark cycle with ad libitum access to food and water. Tcf4-LSL mice
were previously generated and are maintained on a C57BL/6J background (Kim et al., 2020     ).
Mice were genotyped using primers described in Supplemental Table 1     .

Virus production
Plasmids for virus production were obtained from Addgene (pAAV-hSyn-mCherry, #114472;
pENN.AAV.hSyn.Cre.hGH, #10555). AAV serotype AAV-PHP.eB was produced using
polyethyleneimine triple transfection and purified by three rounds of CsCl density gradient
centrifugation. Purified vector was exchanged into 0.1 mM phosphate-buffered saline (PBS)
containing 5% D-Sorbitol and 350 mM NaCl.

Retro-orbital injections
Immediately prior to injections, postnatal day 14 (P14) mice were weighed for vector dosage
calculations. Mice were anaesthetized by inhalation of isoflurane (Piramal) at 2-2.5% in O2 for 3-4
minutes in an airtight chamber. Lack of toe pinch reflex was verified and then mice were placed
on their left side in the lateral position. A 50 μl syringe fitted with a 32-gauge, 0.4-inch-long sterile
syringe needle point style 4 (Hamilton, #7655–01) was used for injections into the retro-orbital
sinus. Virus was diluted immediately prior to each injection in vehicle solution (0.1 mM PBS, 5% D-
Sorbitol, and 350 mM NaCl). Mice were injected with 2.4 x 1013 vector genomes/kg in a total
volume of 35 μl and recovered from anesthesia on a heating pad. Body weight was monitored
following injection to monitor for toxicity.

Tissue collection and preparation
For histology, mice received intraperitoneal injections of Euthasol (100 mg/kg) for deep anesthesia
and were perfused (intracardially) with PBS followed by 4% paraformaldehyde in PBS, pH 7.4.
Following perfusion, brains were extracted, postfixed in 4% paraformaldehyde in PBS for 24
hours, and stored in 30% sucrose in PBS at 4°C. For molecular biology, mice were rapidly
euthanized, and brains were extracted in cold PBS, pH 7.4. Brains were split along the midline, and
hippocampus was dissected, snap-frozen, and stored at-80°C until processing.
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Immunohistochemistry
Perfused brains were cut along the midline, and one hemisphere was sectioned in sagittal
orientation at a thickness of 40 μm using a sliding microtome. Sections were stored at-20°C in
cryoprotective solution (45% PBS, 30% ethylene glycol, 25% glycerol) until staining. Free-floating
sections were washed several times in PBS and PBS with 0.1% Triton X-100 (PBST) before a 30-
minute blocking step in 10% Fetal Bovine Serum (FBS) in PBST at room temperature (RT). Sections
were then incubated with Cre-recombinase primary antibody (Synaptic Systems, #257003, 1:500)
in 10% FBS in PBST for 24 hours at RT. Sections were then washed in PBST and incubated for 24
hours in 10% FBS in PBST with secondary antibody (Jackson Immuno, #711605152, 1:400) and
DAPI (ThermoFisher, #D21490, 1 µg/ml). The next day, sections were washed with PBST and PBS
and mounted on gelatin-covered glass slides and Vectashield Plus Antifade Mounting Medium
(Vector Labs, #H-1900-10) was used for coverslipping. Slides were imaged on a Leica STELLARIS 8
FALCON or Olympus VS200.

Mouse behavioral assays
All experimental animals used in the behavioral study were produced by breeding a WT C57BL/6J
dam with a C57BL/6J heterozygous Tcf4-LSL sire. Behavioral assays were performed in presumed
order of least to most stressful, during the light cycle, and with at least 2-3 days in between assays.
Sample sizes were determined by effect sizes and power calculations from previous studies in
PTHS model mice. Male and female mice were run separately, and sex was not considered a
biological variable, except for body weight, as both male and female mice display behavioral
phenotypes. Sex-matched littermates were used for all experiments, and treatment assignment
was random.

Equipment was cleaned in between animals using 10% ethanol and dried before beginning of the
next trial.

Open Field: Mice were placed in an arena (40×40×30 cm) inside a sound-attenuating box equipped
with ceiling-mounted lights. Animals were allowed to freely explore for 30 minutes. Distance
traveled was measured and analyzed in 5-minute bins and the total duration of the trial using
EthoVision XT 15.0.

Elevated Plus Maze: The elevated plus maze was elevated 50 cm above the floor and contains two
open and two closed arms, with arms 20 cm in length, 8 cm in width, and walls 20 cm in height for
the closed arms. Mice were placed on the center section and movements were recorded with a
video camera. After 5 minutes of free exploration, mice were removed and time in and entries to
the open and closed arms were quantified using EthoVision XT 15.0.

Object Location Memory: Mice were habituated to an open field arena contained inside a sound-
attenuating box equipped with ceiling-mounted lights for 5 minutes each day for 3 days. The arena
contained a visual cue on one side and did not contain any objects.

On the fourth day, mice were placed in the chamber with two identical objects and allowed to
freely explore for 10 minutes. On the fifth day, mice were placed in the same chamber but one of
the objects was moved to a novel location. Mice were allowed to explore the chamber for 5
minutes. Day 5 was video recorded and the interaction time of a mouse with each object was
measured using EthoVision XT 15.0 and the percentage of time spent exploring the object in a
novel position of total object exploration time was calculated.

Nest Building: Mice were single housed for 3 days prior to the start of the nest building assay and
throughout its duration. On day 0, home nestlet was removed and extra thick filter paper (Bio-Rad,
#1703966) was put in its place. Each cage received a total mass of 10.5-11.5 g of filter paper that
was cut into 8 evenly sized rectangles. Starting on day 1, the unincorporated nestlet was weighed
each day for 4 consecutive days and again on Day 7. The percentage of used nestlet was calculated
by mass. Note, 13 animals began and did not finish the assay due to disruption to their home cage
environment during the assay.
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RNA extractions and RT-qPCR
Following microdissection, hippocampal samples were flash frozen and stored at-80°C. Tissue
samples were lysed and homogenized using a Tissue Tearor (Model 985–370) in RLT lysis buffer
(Qiagen, #79216) with 1% β-mercaptoethanol. RNA was extracted according to manufacturer’s
protocols using the RNeasy kit (Qiagen, #74106). cDNA was synthesized from 500 ng of RNA using
qScript cDNA Supermix (Quantabio, #101414-106). PowerUp SYBR Green Master Mix (Applied
Biosystems, #A25742) was used for qPCR using primers indicated in Supplemental Table 1      on a
QuantStudio 5 Real-Time PCR system (Applied Biosystems). Relative expression was normalized to
Eif4a2 expression using the comparative CT method.

Statistics and reproducibility
Statistical tests used are indicated in each figure legend by experiment and were calculated in
GraphPad Prism 10. Experiments with more than two groups and one varying factor were
analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons
tests. Experiments with more than two groups and two varying factors were analyzed by two-way
ANOVA with Tukey’s multiple comparisons post hoc tests. Differences were considered statistically
significant if p < 0.05.

Supplementary information

Supplementary Table 1. Primers used throughout study.
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Summary:

This manuscript follows up previous work from this group using a conditional TCF4 mouse
where Cre-expression turns "on" expression of TCF4 to investigate whether postnatal re-
expression of TCF4 is effective to correct phenotypes related to Pitt-Hopkins Syndrome (PTHS)
in humans. Results may inform gene therapy human PTHS gene therapy efforts on effective
developmental windows for gene therapy. The authors demonstrate that re-expression of
TCF4, induced by retro-orbital (RO) AAV-PHP.eB-Cre, during 2-4th postnatal week, does not
rescue brain or body weight, anxiety-like or nest-building behaviors, but rescues an object
location memory task, a measure of cognition. These results are novel and interesting in that
they reveal distinct developmental roles for TCF4 in distinct behaviors and suggest that TCF4
plays a role in the mature brain in hippocampal and memory-related plasticity. Results may
inform gene therapy design in PTHS.

Strengths:

The results are rigorous and high quality. Multiple methods are used to assess AAV-mediated
re-expression of Cre, reactivation of TCF4, and the developmental time course of expression.
Multiple behavioral phenotypes and molecular rescue are assessed. Most behavioral
phenotypes are reproducible and robust, and it is clear whether a rescue was observed.

Weaknesses:

(1) Although the authors demonstrate the time course and spatial extent of Cre and a Cre-
reporter (TdTom) in the brain with the AAV-Cre, it is unclear how many cells are transduced.
Similarly, the authors do not measure TCF4 levels with immunohistochemistry or western
blot. So the level of protein reactivation is unknown. A possible reason the rescue is
incomplete is that the TCF4 protein is not induced in a large % of neurons in specific brain
regions that mediate specific behaviors, such as the hippocampus vs. the striatum.

(2) The authors perform bulk qPCR to demonstrate a 20% increase in TCF4 RNA with Cre-
mediated activation. It is unclear why the full gene reactivation is not observed. An
alternative interpretation of the incomplete rescue of the phenotypes is that full TCF4
expression is required at later developmental time points.
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protein involved in the development and functioning of many different cell types. TCF4 plays
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important roles in the nervous system, both in health and disease. Its importance in the
nervous system is underlined by its association with common and rare cognitive disorders.
Specifically, variants of the TCF4 gene are implicated in increased susceptibility to
schizophrenia, and mutations in the TCF4 gene cause Pitt-Hopkins syndrome (PTHS) or mild
to moderate non-syndromic intellectual disability.

In this manuscript, the authors have studied whether reinstating TCF4 later in postnatal
development in juvenile PTHS model mice could reverse behavioral phenotypes, thereby
simulating gene therapy. Previous research by the same group has demonstrated that
restoring TCF4 during embryonic or neonatal stages, corresponding to prenatal or neonatal
periods in humans, improved phenotypes in a PTHS mouse model. In the current study, a
conditional TCF4 reinstatement mouse model, Tcf4-lox-stop-lox (Tcf4-LSL), previously
developed and characterized by their lab, where Cre-mediated recombination removes a
floxed transcriptional stop cassette downstream of exon 17, leading to reinstatement of all
TCF4 isoforms at appropriate levels in neurons, was used. The study showed that this later
intervention failed to correct most phenotypes, suggesting that perinatal reinstatement of
TCF4 holds the greatest potential to treat behavioral symptoms of PTHS. However, the study
also suggests that some cognitive behaviors may still be responsive to TCF4 reinstatement
later in life.

Strengths:

This is a very important study aimed at developing gene therapy for PTHS. The study is
technically very well performed and written.

Weaknesses:

The only weakness is that a human disease is modelled in a mouse, which is evolutionarily
not the closest mammal to humans. Hopefully, in the future, similar studies will also be
performed in a nonhuman primate model, for example rhesus macaque.
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