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Neuronal genetic rescue normalizes brain network
dynamics in a lysosomal storage disorder
despite persistent storage accumulation
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Although neurologic symptoms occur in two-thirds of lysosomal
storage disorders (LSDs), for most we do not understand the
mechanisms underlying brain dysfunction. Amajor unanswered
question is if the pathogenic hallmark of LSDs, storage accumu-
lation, induces functional defects directly or is a disease
bystander. Also, for most LSDs we do not know the impact of
loss of function in individual cell types. Understanding these crit-
ical questions are essential to therapy development. Here, we
determine the impact of genetic rescue in distinct cell types on
neural circuit dysfunction inCLN3disease, themost commonpe-
diatric dementia and a paradigmatic neurodegenerative LSD.We
restored Cln3 expression via AAV-mediated gene delivery and
conditional genetic rescue in a CLN3 disease mouse model. Sur-
prisingly, we found that low-level rescue of Cln3 expression in
neurons alone normalized clinically relevant electrophysiologic
markers of network dysfunction, despite the presence of substan-
tial residual histopathology, in contrast to restoring expression in
astrocytes. Thus, loss of CLN3 function in neurons, not storage
accumulation, underliesneurologic dysfunction inCLN3disease.
This impliesies that storage clearance may be an inappropriate
target for therapy development and an ineffectual biomarker.
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INTRODUCTION
Lysosomal storage disorders (LSDs) are a group of approximately 50
rare metabolic diseases characterized by progressive accumulation of
storage material in lysosomes. Neurological symptoms, including
neurocognitive regression, seizures, and psychiatric symptoms, occur
in more than two-thirds of LSDs and are generally not ameliorated by
current therapies.1 For many LSDs, including CLN3 disease, the most
common cause of childhood dementia, the mechanisms underlying
neurologic dysfunction are poorly understood.

The function of CLN3 protein remains unknown, hindering mecha-
nism-based therapy development. The brains of CLN3 disease mouse
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models demonstrate progressive storage accumulation, predomi-
nantly comprised of subunit C of the mitochondrial ATP synthase
(SCMAS),2,3 mirroring what occurs in CLN3 disease patients.4 There-
fore, most drug development efforts rely on histopathologic markers
of efficacy, including reduction of storage material, reactive astrocyto-
sis, and microgliosis.5–7 However, whether these histopathologic
changes cause disease, augment the disease process, or are simply
harmless epiphenomenon, is unclear.

In addition to lack of clarity on the impact of storage, the role of various
central nervous system (CNS) cell types in driving functional deficits in
CLN3 disease is unknown. Astrocytes and microglia isolated from
CLN3 disease mouse models demonstrate altered cellular properties
and physiology8–10 and, in animal models, localized glial activation oc-
curs in regionswhere neuronswill later die11 supporting a role for glia as
a disease driver. On the other hand, neurons fromCLN3 animalmodels
exhibit both histopathologic and functional differences.2,12,13 Ulti-
mately, patients’ symptoms, such as seizures and neurologic regression,
arise directly from activity changes in key neuronal circuits, i.e.,
neuronal network dysfunction. Nonetheless, we do not understand
what cell types underlie these pathologic networkdynamics in the brain.

Previously, we described network-level neurologic defects in both the
cortex and hippocampus of two CLN3 disease mouse models using
in vitro voltage-sensitive dye imaging and in vivo electrophysiology
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Figure 1. Intracerebroventricular AAV9.Cln3 gene therapy given at p0 normalizes neuronal network dynamics in vivo at age 12 months

(A) p0 ICV injection of AAV9.Cln3 restoredCln3 expression inCln3Dex78/Dex78 mouse brain at age 12months, with levels in theCln3Dex78/Dex78 hemisphere contralateral to the

injection site reaching 24.5% ± 4.7% of heterozygous controls. (B) Subunit C of the mitochondrial ATP synthase (SCMAS) accumulation is partially prevented in the hippo-

campus ipsilateral to the injection site ofCln3Dex78/Dex78 mice treated with AAV9.Cln3 (n = 3–4 mice, one-way ANOVA, followed by Tukey’s multiple comparisons test). Gene

replacement corrects circuit function measured on intracranial EEG, including (C) epileptiform spiking rates throughout the cortex and (D) background frequency band

composition in the motor cortex. Groups: Cln3WT/WT (blue); Cln3WT/Dex78 (black); Cln3Dex78/Dex78 (red); Cln3Dex78/Dex78 + AAV9.CLN3 (gray). N = 5–6 animals/condition. Re-

sults from 12 h of recordings were averaged for each animal shown as an individual circle. Spikes were analyzed by two-way ANOVA, followed by Tukey’s multiple com-

parisons test to compare between genotype groups. Frequency bands were analyzed by two-way ANOVA by band and genotype, followed by Tukey’s multiple comparisons

test (significant results of multiple comparison testing shown as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Data are shown as mean ± SEM.
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techniques.14 While many brain regions are affected in CLN3 disease,
the cortex and hippocampus are especially vulnerable and show early
pathologic changes in mouse models and human patients.3,4,13,15

We found that network-level changes begin early in the disease course
before substantial storage accumulation in both the hippocampus and
cortex. In slice recordings, these changes include hypoexcitability of
the dentate gyrus of the hippocampus, a region essential for learning
and memory. On in vivo electroencephalogram (EEG), CLN3 disease
mice show frequent epileptiform spikes, a feature of many epilepsy
models, and a shift toward high-frequency background activity, a
change associated with cognitive impairment and present in Alz-
heimer’s disease models and patients.16,17

To date, CLN3 disease research has been hindered by the fact that an-
imal models have only subtle behavioral and survival phenotypes.18,19

Most manifest histopathologic changes, including storage accumula-
tion and reactive astrocytosis; however, these phenotypes may not
correlate with CNS dysfunction. Our network-level electrophysio-
logic approach provides a robust, clinically meaningful measure of
neurologic function that can be used to probe disease mechanisms
and evaluate potential therapies.
Here, we developed a new “conditional rescue”mouse model of CLN3
disease. The model is homozygous for the most common human
CLN3 disease mutation,2 but also carries one copy of a Cre-inducible
wild-type Cln3 transgene, under the control of its endogenous pro-
moter, allowing for cell-type-specific rescue of expression. We em-
ployed AAV-mediated gene replacement as a second strategy to
restore Cln3 expression and combined these tools with network-level
electrophysiology techniques to answer three essential questions: (1)
Does gene replacement correct neural circuit dysfunction in a LSD?
(2) What cell types must be corrected to improve network dynamics?
(3) Does storage accumulation underlie deficits in CNS network dy-
namics in CLN3 disease?

RESULTS
In previous work, we found that CLN3 disease mouse models demon-
strate robust, progressive neuronal network defects.14 We first assessed
if neonatal correction of most CNS cell types could prevent circuit-level
functional pathology. For this, we employed an adeno-associated virus
serotype 9 (AAV9) vector expressing wild-type murine Cln3 under
control of 1,665 bp of the endogenous Cln3 promoter, which mimics
the low levels of expression seen in the endogenous setting
(Figures S1 and S2; supplemental methods). The vector was delivered
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Figure 2. Expression of FlexCln3 allele in all cells reduces storage accumulation in Cln3Dex78/Dex78 brain

(A) In the presence of Cre, the FlexCln3 allele undergoes inversion (step 1) and excision (step 2) and is expressed under control of its endogenous promoter. (B) PCR of

genomic DNA from the hippocampus using orientation-specific primers confirms that the FlexCln3 is in the forward orientation only in the presence of Cre (see Figure S7 for

uncut gels). (C) In the presence of Zp3-Cre, which drives ubiquitous recombination, the FlexCln3 allele results in expression levels that are 40.0% ± 0.4% of heterozygous

controls. (D) Subunit C of the mitochondrial ATP synthase (SCMAS) accumulates in the hippocampus of Cln3Dex78/Dex78 and FlexCln3/Cln3Dex78/Dex78 mice. Storage is

reduced in mice with the FlexCln3 allele in the forward confirmation.
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at p0 via unilateral intracerebroventricular (ICV) injection into CLN3-
deficient mice to transduce both astrocytes and neurons20 (Figure S3).
The CLN3 disease mouse model harbors the most common human
CLN3 disease mutation, a deletion of exons 7 and 8 (Cln3Dex78/Dex78)
(2). ICV injection of AAV9.Cln3 at a dose of 1e10 vg increased Cln3
expression (Figure 1A). One year after injection, levels in the
Cln3Dex78/Dex78 hemisphere contralateral to the injection site reached
24.5% ± 4.7% of heterozygous controls. When assessed histologically,
gene replacement partially prevented storage accumulation in both
the hippocampus and motor cortex ipsilateral to the injection site
(Figures 1B and S4).

To determine the impact of p0 AAV9.Cln3 infusion on in vivo
network dynamics, we recorded activity throughout the brain via
in vivo EEG. Twelve-month-old Cln3Dex78/Dex78 mice have increased
spike burden and a shift in background activity toward faster fre-
quencies, with increased power in faster frequency bands compared
with Cln3WT/WT and Cln3Dex78/WT controls (Figures 1C and 1D). Spe-
cifically, there is decreased power in the slow delta frequency band
(0.1–4 Hz) and a trend toward increased power in the faster beta
(13–25 Hz) and gamma (25–50 Hz) bands in Cln3Dex78/Dex78 mice,
2466 Molecular Therapy Vol. 30 No 7 July 2022
consistent with our previous report in Cln3 knockout mice.14

Remarkably, restoring gene expression at p0 normalized spiking rates
(Figure 1C) and corrected background activity (Figure 1D) in
12-month-old Cln3Dex78/Dex78 AAV9.Cln3-treated animals. Correc-
tion of EEG phenotypes was equally effective in both the hemispheres.
Thus, early gene replacement can normalize network dynamics, and
this rescue does not require full inhibition of storage accumulation.

Because AAV9 delivered to neonates transduces astrocytes and neu-
rons,20 it is unclear whether all cell types must be corrected to
improve circuit function, a question critically important to translate
gene therapies to children. AAV9 delivered into the CNS of different
aged rodents and large animal models transduces different cell pop-
ulations.21–23 To address this, we developed a conditional rescue
model of CLN3 disease, the FlexCln3 mouse. This model is homozy-
gous for the common Cln3 exon 7–8 deletion and also carries one
Cre-inducible FlexCln3 allele, permitting expression of wild-type
CLN3 protein in the presence of Cre recombinase (Figures 2 and
S5–S7; supplemental methods). The FlexCln3 allele is under control
of the same 1,665 bp Cln3 promoter as used for AAV-mediated
gene replacement.
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Figure 3. Expression of FlexCln3 allele in either neurons or astrocytes alone does not prevent storage accumulation in 12-month-old animals

(A) In the presence of Cre, the FlexCln3 allele undergoes inversion as detected by PCR with orientation-specific primers of genomic DNA from hippocampus. As both the

Gfap-Cre and Syn1-Cre only drive recombination in a subset of cells, both the forward and reverse alleles are detected (see Figure S7 for uncut gels). (B) Expression levels as

measured by DCt values (FlexCln3-bactin) are similar in FlexCln3 brain in the presence of Gfap-Cre and Syn1-Cre (14.1 versus 13.4, p = 0.53 by unpaired t test). (C–G)

Expression of FlexCln3 in astrocytes (FlexCln3/Cln3Dex78/Dex78/Gfap-Cre animals) or neurons alone (FlexCln3/Cln3Dex78/Dex78/Syn1-Cre animals) does not prevent accumu-

lation of SCMAS (green). (H–L) Similar findings were seen in the motor cortex. N = 4–5 animals, non-parametric Kruskal-Wallis test followed by Benjamini and Hochberg

multiple comparisons correction to detect differences from control. For all panels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Wevalidated themodel by crossing FlexCln3micewithZp3-Cremice24

to drive germline level recombination and flip the reverse-oriented
wild-type FlexCln3 allele into the forward orientation in all cells.
Recombination of the allele was confirmed using orientation-specific
PCR primers on genomic DNA extracted from the hippocampus
(Figures 2B and S7). In these mice harboring a single FlexCln3 allele,
expression was ubiquitously restored in all cell types with expression
levels dictated by the transgenic Cln3 1,665 bp promoter. Cln3 expres-
sion in the hippocampus was restored to 40% of heterozygous
(Cln3Dex78/WT) control levels as determined by qPCR (Figure 2C).
Correction (i.e., expression of the FlexCln3 transgene) in all cell types
(FlexCln3/Cln3Dex78/Dex78/Zp3-Cre) substantially reduced SCMAS
storage in the hippocampus and other brain regions to levels similar
to Cln3Dex78/WT or Cln3WT/WT (Figures 2D, 1B, and S8).

For selective rescue of astrocytes or neurons, FlexCln3 mice were
crossed to Gfap-Cre25 or Syn1-Cre26 driver lines, respectively. Cre-
mediated rearrangement of the FlexCln3 allele was confirmed by
PCR of genomic DNA extracted from the hippocampus using orien-
tation-specific primers (Figure 3A). As Cre is only expressed in a sub-
set of cells (either astrocytes or neurons), unlike in the case of Zp3-Cre
(Figure 2B), both the forward and reverse alleles were detected in hip-
pocampal tissue.

Expression of forward-oriented FlexCln3 transcripts was confirmed
in the hippocampus of the astrocyte and neuronal-specific rescue
models. As rescue did not occur in all cell types, and Cln3 protomer
activity and expression can vary between cells and be induced by dis-
ease pathology,3 it is difficult to normalize expression levels to hetero-
zygote controls. However, to get a relative sense of expression levels
we compared the level of FlexCln3 transgene expression in the astro-
cyte-only and neuron-only rescuemodels.We found no differences in
transcript levels (normalized DCT values of 14.1 versus 13.4, p = 0.53
by unpaired t test) between the groups (Figure 3B). As there are no
available antibodies that can reliably detect endogenous levels of
mouse Cln3 protein,27 we could not assess protein expression.

We next determined the impact of cell-type-selective restoration of
Cln3 expression on histopathological readouts. Rescue of Cln3
expression in either astrocytes (FlexCln3/Cln3Dex78/Dex78/Gfap-Cre)
Molecular Therapy Vol. 30 No 7 July 2022 2467
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Figure 4. Expression of the FlexCln3 allele in neurons alone does not prevent autofluorescent lipofuscin accumulation in cortical neurons

(A–C) There is little autofluorescent lipofuscin accumulation (green) in wild-type cortical neurons (red) (blue DAPI) compared with (D–F) Cln3D78/D78 cortical neurons in

12-month-old animals. (G–I) Zp3-Cre-induced expression of the FlexCln3 allele in all cell types prevents autofluorescent lipofuscin accumulation in both neuronal and non-

neuronal cells. (J–L) FlexCln3 expression in neurons (Syn1-Cre) did not prevent storage accumulation in neurons (arrowheads) or non-neuronal cells (arrows). (M) Quan-

tification of autofluorescence in neurons confirms storage accumulation in NeuN-positive cells after neuronal rescue. Three mice per group were analyzed with three images

per mouse. Each image was fragmented for NeuN immunostaining, and autofluorescence was quantified in 238 or more NeuN-positive cells per group. Data represent mean

gray value for each cell. Statistical analysis was performed with repeated measures one-way ANOVA followed by Sidak’s multiple comparisons test. ***p < 0.001,

****p < 0.0001.
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or neurons (FlexCln3/Cln3Dex78/Dex78/Syn1-Cre) alone did not pre-
vent storage accumulation in the hippocampus or motor cortex in
6- or 12-month-old mice (Figures 3C–3L, S8, and S9). However, there
may be region-specific differences as there was a partial reduction of
storage in the thalamus after neuronal rescue (Figure S8).

In addition to storage accumulation, CLN3 disease mice develop pro-
gressive, reactive astrocytosis. At age 12 months, both the hippocam-
pus andmotor cortex ofCln3Dex78/Dex78 showed increased astrocytosis
compared with wild-type controls. Rescue of low-level Cln3 expres-
sion in either neurons or astrocytes alone only partially improved as-
trocytosis (Figure S10), suggesting that higher level of expression to all
cell types may be required to normalize astrocytosis.

To investigate if the FlexCln3 transgene could prevent storage accumu-
lation in the specific cell typewhere it was expressed, we investigated co-
localization of autofluorescent lipofuscin with a neuronal marker,
NeuN, in cortical tissue (Figure 4). There is little lipofuscin accumula-
2468 Molecular Therapy Vol. 30 No 7 July 2022
tion in theCln3WT/WT cortex comparedwith theCln3Dex78/Dex78 cortex,
where there is storage in both neurons and non-neuronal cells. Ubiqui-
tous FlexCln3 allele expression (in the presence of Zp3-Cre) prevented
storage accumulation in all cell types. FlexCln3 allele expression in neu-
rons (in the presence of Syn1-Cre) did not prevent storage in either neu-
rons or non-neuronal cells.

Next, we determined if restoring Cln3 expression could improve elec-
trophysiologic measures despite residual storage accumulation. In vitro
voltage-sensitive dye imaging of hippocampal slices from 6-month-old
animals was completed in FlexCln3/Cln3Dex78/Dex78/Gfap-Cre,
FlexCln3/Cln3Dex78/Dex78/Syn1-Cre, and FlexCln3/Cln3Dex78/Dex78/Zp3
mice. In this early stage of disease, the internal blade of the dentate gy-
rus of the Cln3Dex78/Dex78 hippocampus was hypoexcitable in response
to perforant path stimulation compared with heterozygous Cln3D78/WT

mice (Figures 5A–5C), consistent with our previous studies.14 Specif-
ically, 31.6% of pixels in the internal blade of theCln3Dex78/Dex78 dentate
gyrus were significantly hypoexcitable compared with slices obtained
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Figure 5. Restoring low-level Cln3 expression in neurons alone corrects hypoexcitability of the dentate gyrus

Dentate gyrus excitability measured through in vitro voltage-sensitive dye imaging of hippocampal slices from 6-month-old animals is shown as raster plots of average fluo-

rescence change (DF/F warm colors excitation, cool colors inhibition) over time (x axis) and location within the internal blade of the dentate gyrus (y axis). (A) Four-pulse stim-

ulation of the perforant path in heterozygous control (Cln3Dex78/WT) mice reveals robust excitation of the dentate gyrus (DG) compared with (B) Cln3Dex78/Dex78 mice. (C)

Cln3Dex78/WT versus Cln3Dex78/Dex78 rasters were compared using a permutation sampling method with 1,000 trials. Pixels with p > 0.05 are masked in gray. For regions

of significant difference in excitability with p < 0.05, the difference in fluorescence change (DF/FDex78/WT � DF/FDex78/Dex78) is shown. (D and E) In animals expressing

Cln3 in astrocytes (FlexCln3/Cln3Dex78/Dex78/Gfap-Cre), the DG remained hypoexcitable compared with the Cln3Dex78/WT DG. (F and G) Expression of Cln3 in neurons alone

(FlexCln3/Cln3Dex78/Dex78/Syn1-Cre) was sufficient to reverse hypoexcitability of the DG compared withCln3Dex78/WT animals. Group sizes (n = slices, N =mice):Cln3Dex78/WT

n = 23 N = 4; Cln3Dex78/Dex78 n = 30, N = 6; FlexCln3/Cln3Dex78/Dex78/Gfap-Cre n = 19 slices, N = 4; FlexCln3/Cln3Dex78/Dex78/Syn1-Cre n = 17; N = 4.
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from heterozygous control animals. Interestingly, restoring expression
in astrocytes did not correct hypoexcitability of the dentate gyrus
(Figures 5D and 5E), with 23.6% of pixels remaining hypoexcitable.
However, restoring Cln3 expression in neurons was sufficient to pre-
vent disease-induced hypoexcitability (Figures 5F and 5G), reducing
hypoexcitable pixels to 1% compared with heterozygous controls.
This rescue of dynamics occurred despite the presence of residual his-
topathology (Figures 3, 4, and S8–S10).

To evaluate how cell-type-specific correction modulates CNS func-
tional defects in vivo, we measured network activity through long-
term EEG recordings. While restoration of Cln3 expression in either
astrocytes or neurons prevented epileptiform spikes throughout the
brain (Figure 6A), only rescue in neurons corrected EEG background
frequency composition (i.e., frequency band power) and thereby fully
normalized network activity (Figures 6B–6F). Intriguingly, this
correction of physiology occurred despite the presence of substantial
storage burden, revealing for the first time that loss of CLN3 protein
function in neurons, not storage burden, underlies functional defects
in CLN3 disease.

DISCUSSION
Previous cellular-level studies of CLN3 disease have demonstrated
disease-associated abnormalities in both neurons and astro-
cytes.4,9–11,13,28–30 Prior to this work, it was unknown how these
cellular defects translate to the circuit-level dysfunction that under-
lies neurological symptoms, such as dementia and seizures, that
CLN3 disease patients experience. This work highlights the fact
Molecular Therapy Vol. 30 No 7 July 2022 2469
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Figure 6.Cln3 rescue in either astrocytes or neurons reduces epileptiform spikes, but only neuronal rescue fully normalizes network dynamics asmeasured

on EEG

(A) Correction of either astroctyes (FlexCln3/Cln3Dex78/Dex78/Gfap-Cre, blue) or neurons (FlexCln3/Cln3Dex78/Dex78/Syn1-Cre, green) reduced spike burden on EEG in

12-month-old mice. (B–E) Example EEG traces fromCln3Dex78/Dex78 (red) and FlexCln3/Cln3Dex78/Dex78/Gfap-Cre motor cortex (blue) show decreased slow delta activity and

increased fast activity compared with control motor cortex (black). EEG trace from FlexCln3/Cln3Dex78/Dex78/Syn1-Cre motor cortex (green) shows that rescue of Cln3

expression in neurons normalizes EEG background frequency composition. (F) Power spectral analysis of EEG data recorded in the motor cortex confirm that rescue ofCln3

expression in astrocytes (blue) does not correct disease-associated loss of delta activity, and actually exacerbates increased fast gamma activity. However, correction in

neurons (green) normalizes EEG frequency composition. N = 4–5 animals/genotype, after passing a Shapiro-Wilk test of normality, data were analyzed by two-way ANOVA,

followed by Sidak’s multiple comparisons test. Significant differences from multiple comparisons testing are shown as *p < 0.05, **p < 0.01, ***p < 0.001. Frequency data in

(F) in Cln3WT/Dex78 and Cln3Dex78/Dex78 are also shown in Figure 1D.
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that neurons underlie network-level functional defects in CLN3 dis-
ease and must be targeted in future drug development efforts.

A number of novel therapies, including small molecule,5,6,31–34 anti-
sense oligonucleotides,35 and gene replacement7,36 strategies, are un-
der development for CLN3 disease. These approaches will not
target all cell types equally. For example, studies in non-human pri-
mates have demonstrated that intravenous administration of AAV9
in juvenile non-human primates predominately transduces glia,23,37

while direct administration into the cerebral spinal fluid improves de-
livery to neurons.34,38 Our results suggest that maximizing neuronal
correction will be essential to develop a treatment that improves func-
tional outcomes in CLN3 disease.
2470 Molecular Therapy Vol. 30 No 7 July 2022
Future in vitro and in vivo studies evaluating different levels of rescue
in a variety of cell types could provide further insights into how out-
comes vary with level of gene expression rescue. In addition to neu-
rons and astrocytes, Cln3 is expressed at low levels in other CNS
cell types including endothelial cells and microglia.39 Abnormalities
in these cell types have been reported in CLN3 disease models.6,10

Future investigations of Cln3 rescue in these populations could
further our understanding of disease mechanisms.

In previous studies, Cln3Dex78/Dex78 mice have demonstrated
abnormal astrocytic-neuronal coupling.9 Monogenic mouse models
of isolated astrocyte dysfunction have epileptiform spikes and sei-
zures on EEG because of pathologic crosstalk between astrocytes
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and neurons.40 In the FlexCln3 mouse, rescue of Cln3 expression in
astrocytes alone actually exacerbated EEG background abnormalities,
including increasing fast gamma activity. This suggests that balanced
Cln3 expression in both neurons and astrocytes may be required to
maintain a normal EEG background. However, rescue in astrocytes
alone was sufficient to prevent epileptiform spikes. The reduction
in spiking likely reflects improved astrocytic-neuronal interactions
when Cln3 expression is restored in astrocytes. Collectively, our
data suggest that diseased astrocytes may modulate network-level
dysfunction in CLN3 disease, but diseased neurons are a primary
driver of functional deficits.

Using our cell-type-specific rescue model, we found that storage accu-
mulation was prevented when Cln3 was reintroduced to all cell types
embryonically, but not when that correction was restricted to astro-
cytes or neurons alone. Interestingly, prevention of storage accumu-
lation is not required for correcting neuronal network physiology,
suggesting that storage material may not be the primary driver of
the disease process. This finding is consistent with a previous study
of CLN3 gene therapy in mice, which demonstrated improvement
in some disease markers despite residual storage accumulation.7

These studies highlight the importance of using clinically relevant
functional measures, such as in vivo electrophysiology studies, to
guide treatment development. Histologic measures, such as storage
burden, may be incomplete surrogate biomarkers of therapeutic effi-
cacy in CLN3 disease and possibly other neuronopathic LSDs. Future
studies are needed to fully elucidate how loss of CLN3 protein in neu-
rons leads to neurologic dysfunction. One emerging theory is that
CLN3 may play a role in maintaining synaptic structure and func-
tion.13,41,42 The circuit-level abnormalities demonstrated here could
arise directly from these synaptic alterations, rather than in response
to storage accumulation.

In summary, partial restoration of Cln3 expression by AAV vectors or
through Cre-based systems shows that neuronal expression is critical
for preventing deficits in CNS functional circuits in CLN3 disease
mice. This work also highlights that improvement in storage burden
alone may not be an adequate readout of therapeutic efficacy in CLN3
disease, a phenomenon that should be considered by the broader LSD
community.

MATERIALS AND METHODS
For additional information, see supplemental methods.

Study approval

All animal protocols were approved by the Institutional Animal Care
and Use Committee at the Children’s Hospital of Philadelphia.

Statistical analysis

All statistical analysis of VSDI rasters was completed using a permu-
tation sampling method and the VSDI toolbox in MATLAB (The
MathWorks) as described previously.14,43 For summary statistics of
regions or groups, GraphPad Prism was also used. In graphs, data
are expressed as mean ± SEM. The statistical significance of the
observed differences between two groups was assessed by two-tailed
t test (for normally distributed data) or Mann-Whitney U test (for
non-normally distributed data). For grouped datasets one- or two-
way ANOVA followed by multiple comparisons test was completed
as detailed in each figure legend. Results were considered significant
when p < 0.05. Male and female mice were included in all groups.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.03.025.
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