fiber size of the diaphragm muscles of same age 6105MA was
610.7 £42.5 (Figure 3d), so there was significantly more variation
in the myofiber size in these dogs than in rAAV-microdystrophin
treated dog, 6102MA (Supplementary Figure S5).

Respiratory function analysis
The respiratory functions of the rAAV-treated dogs were analyzed
at 70 weeks of age. The untransduced affected dog (6105MA)

a
Heart, 2Y4M
6101MN 6105MN
AAV(+) AAV(-)
Syst. inj.(-) Syst. inj.(-)
LV 24.3 mm LV 9 mm
IVS 20.8 mm IVS 10.3 mm
b Luciferase

6101MN
AAV(+)

Syst. inj.(-)
6105MA
AAV(-)

Syst. inj.(=)
6104MA
AAV(+)

Syst. inj.(-)
6102MA
AAV(+)

Syst. inj.(+)
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showed lower percutaneous oxygen saturation levels (SpO,)
(91-95%; mean value, 93.6%), but the transduced affected dog
systemically injected with rAAV (6102MA) showed similar lev-
els to those of the transduced normal dog (6101 MN) (Figure 5a).
Respiratory flow was monitored by whole-body plethysmography
(Figure 5b). Dog 6105MA showed rapid and frequent respira-
tion with a small tidal volume, likely induced by repetitive apnea
(mean respirative ratio, 81.2 breaths/minute). Dog 6102MA

6104MA 6102MA
AAV(+) AAV(+)

Syst. inj.(+)

Syst. inj.(-)

LV 8 mm LV 17.3 mm
IVS 7 mm IVS 23 mm
Dystrophin HE

Bar=100 um
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6101MN 6105MA 6104MA 6102MA
AAV(+) AAV(-) AAV(+) AAV(+)
Syst. inj.(-) Syst.inj.(-) Syst. inj.(-) Syst. inj.(+)
Minimum heart rate Day 55.3+2.6 63.5+5.0 78.7+ 4.1 72.8+4.0
(bpm) Night 448+17 48.0+1.2 57.9+2.8 65.1+1.9
Mean heart rate Day 81.6+45 106.0+7.2 107.7 5.5 99.7+5.6
(bpm) Night 71.0+1.8 725+12 87.2+29 83.0+2.0
Maximum heart rate Day 1562.2+ 6.4 184.5+10.8 168.0 + 14.3 15699 +£89
(bpm) Night 147.3+6.0 138.8+55 159.1 + 4.1 127.8 3.1
Tachycardia Day 15.0+1.1 132.0+11.2 80.0+3.5 18.0+0.9
(>180 bpm) Night 3.0+0.3 2.0+0.1 1.6+0.18 0
Bradycardia Day 0 0 0
(<40 bpm) Night 0 0 0 0
Dropped beats Day 63.0+1.3 46.0+6.7 112.0+ 2.8 7.0+03
(>180%) Night 65.0+1.4 44.0+0.7 181.0+2.9 22.0+0.5
Pauses Day 6.0+1.3 3.0+4.1 30+03 0
(>2 second) Night 41.0+1.7 50.0+0.9 11.0+ 0.6 1.0£0.1
PVC
PVC Day 0 5+02 2. 3 340,
Night 0 05+02 1.6+02 0101
Couplets Day 0 0 0.17+0.2 0
Night 0 0.1+0.1 0 0
Triplets Day 0 0 1.1 £0.5 0
Night 0 0 0 0
PAC
PVC Day 0 118459 0 04+03
Night 0 79+1.8 0 0.1+0.1
Couplets Day 0 44+1.6 0 0.17+£ 041
Night 0 36+0.8 0 0.1+0.1
Triplets Day 0 731£9.9 0 67487
Night 0 98.6+4.3 0 252+51
F M pic findings and transgene expression in the hearts of transduced dc¢ (a) Gross morphology of the heart from each

dog The bottom panels show a cross sectional view. Scale bar = 2cm. White dotted lines show the position of cross dissection. White rectan-
gles show the position of immunohistochemical sampling. LV; thickness of left ventricular wall and IVS; thickness of intraventricular septum. (b)
Immunohistochemical analysis of the cardiac muscle tissue from each dog. Scale bar = 100 pm. (€) Summary of the 24-hour Holter ECG recordings
for the transduced dogs at 65 weeks of age. Data shown are mean + SEM. PAC, premature atrial contraction; PVC, premature ventricular contraction;

SVT, supraventricular tachycardia.

showed relatively slow but stable respiration (mean respirative
ratio, 14.98 breaths/minute), but had a lower peak inspiratory
flow than 6101MN (166.1 ml/second versus 279.2ml/second),
although the peak expiratory flow for these two dogs was simi-
lar (6101MN, 341.5ml/second; 6102MA, 397.0 ml/second). The
average adjusted tidal volume for 6105MA (7.2 ml/kg) was lower
than that of both 6102MA and 6101 MN (Figure 5¢). These results
suggest that the long-term expression of rAAV-microdystrophin
reduced the level of respiratory dysfunction in CXMD,.

Cardiac phenotype of transduced CXMD,

Twenty-four-hour Holter electrocardiogram (ECG) recordings
were obtained for each dog at 65 weeks old to monitor the effects
of the transgene on cardiac phenotype. The incidence of premature

ventricular contraction (PVC) and premature atrial contraction
(PAC) increased significantly in the untransduced affected dog
(6105MA) compared with the transduced/systemically injected
affected dog (6102MA), suggesting improved cardiac function
upon transduction/systemic rAAV-microdystrophin injection.
The transduced affected dog without systemic rAAV injection
(6104MA) showed severe cardiac failure, similar to 6105MA
(Figure 4c).

The myocardial echogenicity of the transduced dogs was
monitored at 65 weeks of age. The thickness of the left ventricu-
lar end-diastolic internal diameter, interventricular septal thick-
ness, and the posterior wall in the three affected dogs (6105MA,
6102MA, and 6104MA) did not differ from those in the normal
littermate (6101 MN). Left ventricular fractional shortening (FS)

www.moleculartherapy.org
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Figure 5 Respiratory function of the AAV-transduced dogs. (a) SpO, values measured at the earlobe of the transduced dogs at 70 weeks old

for 2 minutes using a pulse oximeter. Bars show mean value. (b) Respiratory function in the untransduced and transduced dogs at 70 weeks old
was monitored by whole-body plethysmography. Representative respiratory flow measurements from the transduced normal dog (6101MN), the
untransduced affected dog (6105MA and 6104MA) and the transduced affected dog (6102MA) are shown. (c) The respiratory frequency (f) and tidal

volume (TV) of the analyzed dogs is shown. Tidal volume was normalized to body weight (BW). Mean + SEM.

and the ejection fraction (EF) ratio were slightly decreased in
6104MA and 6105MA (45-56%) (Supplementary Figure S2);
however, this difference was minimal compared with the dif-
ferences observed in aged-matched CXMD, animals in a previ-
ous study.® The hyper echoic lesion in dog 6105MA suggested
myocardial fibrosis; this lesion not observed in dog 6102MA,
(Supplementary Figure $3). Serum markers of cardiac myofi-
ber degradation, including cardiac troponin T (¢TnT), cardiac
troponin I (cTnl), and myosin light chain (ML) were measured
at 68 weeks of age. All were significantly elevated in 6105MA and
6104MA compared with 6102MA (Supplementary Figure S4).
Taken together, the echocardiographic, electrocardiographic,
and biochemical data indicate that cardiac function was
well maintained in rAAV-microdystrophin treated dog,
6102MA.

DISCUS
In this report, we used a canine model of the Duchenne mus-
cular dystrophy, CXMD,, to address the efficacy of transducing
fetuses with rAAV-mediated microdystrophin to induce immune
tolerance. Thus, long-term transgene expression induced by oral
immune tolerance to rAAV can be achieved by direct delivery of
rAAV into the amniotic fluid, which is processed in the fetal gut.
We showed that long-term expression of the transgene improved
cardiac and respiratory function of dystrophic dogs. Therefore,
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this strategy is effective for analyzing the expression and function
of transgenes in vivo.

In utero gene therapy is a promising strategy for treating a
number of congenital diseases that can be diagnosed prenatally”®
such as DMD, hemophilia. Koppanati et al. reported in utero
gene transfer of rAAV8-minidystrophin to mdx dystrophic mice
embryos via intraperitoneal injection.”* They demonstrated suc-
cessful and widespread minidystrophin expression in the dia-
phragm and skeletal muscles.* David et al. recently reported
that in utero injection of scAAV-human Factor VIII into normal
sheep provided therapeutic levels of transgene expression during
the perinatal period.”” An additional major advantage treating the
fetus is the potential to induce immune tolerance to the wild type
transgene by introducing the gene product before the immune
system has had time to mature. The functional immaturity of
the fetal immune system may permit lifelong immune toler-
ance to both the vector and the transgene product. Additionally,
McClurkin et al. reported that inoculation of bovine virus diar-
rhea virus (BVDV) into the amniotic fluid of fetuses between 58
and 125 days of gestation leads to normal BVDV-seronegative
calves.”*” This indicates that fetal infection during the first 4
months (or the first trimester) of gestation results in the induc-
tion of immune tolerance to the virus. In this study, we decided to
inject rAAV into the fetuses between embryonic days 30 and 35;
the time at which it is presumed that the canine immune system
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begins to mature.?’ Other animal studies report the successful
induction tolerance to rAAV after direct intraperitoneal injection
of fetuses, or after injection into the umbilical vein. Sabatino et al.
reported that in utero or neonatal rAAV injection (rAAV1-hEIX
or rAAV2-hFEIX) into mice with Hemophilia B induced tolerance
to hEIX." Zhang et al. reported that liver-specific rAAV-medi-
ated transgene expression induces transgene-directed immune
tolerance in the murine Pompe disease model.”® However, there
have been no prior studies reporting induction of oral tolerance
by intra-amniotic injection. Oral immune tolerance would be
induced by antigen (vector capsid and transgene in the pres-
ent study), which encounter the gut-associated lymphoid tissue
(GALT). The amniotic fluid with rAAV is swallowed by the fetus,
reabsorbed by the gastrointestinal tract, and then excreted via the
kidneys.” Some previous studies have demonstrated intra amni-
otic delivery of the gene therapy vectors resulting in transgene
expression of fetal gastrointestinal epithelia of mice,*? rats,”
rabbits,* sheep,* and primates.’>* Bilbao et al. described that
in utero AAV2 injection leads expression of transgene (B-gal)
in the heart, liver, gut, lung, and diaphragm of mouse fetus.” As
shown in Figure 1b, expression level of IFN-yin PBMCs of trans-
duced DMD-affected dog (6102MA) showed lower induction
of IFN-y than the untransduced DMD-affected dog (6105MA),
suggesting the induction of immune tolerance to rAAV itself.
Furthermore, in clinical situation, oral tolerance induction by
amniocentesis represents a better choice for tolerance induction
to the rAAV transgene and/or to rAAV itself than direct intra-
peritoneal injection into fetus because it is more noninvasive.
Besides, rAAV is more stable in human amniotic fluid than other
gene therapy vectors.”*

In this presentation, we used CXMD, as a dystrophic dog
model. Since CXMD, has a same mutation in dystrophin gene of
the well-known GRMD (golden retriever muscular dystrophy)
dog, disease progression in both models show many similari-
ties with the human Duchenne muscular dystrophy patients.?”*
CXMD, is obtained by cross breeding with GRMD dog and nor-
mal beagle.” Tt is believed that DMD dogs’ clinical phenotype
has natural variation, not only the individual difference but also
the level of inbreeding might be involved in the phenotypic dif-
ference.”” Therefore, we compared clinical phenotype of DMD in
CXMD, among littermates, although this leads very small sample
size in each treatment group.

Previously, we reported cardiomyopathic improvements in
mdx mice cardiomyopathy in response to intravenous administra-
tion of rAAV9-microdystrophin.® Recently,a GRMD dog study by
Shin et al. has shown that rAAV-microdystrophin injection into
skeletal muscles leads robust expression of microdystrophin, and
this could improve muscle force of the GRMD dogs.** However,
it is currently unclear that rAAV-microdystrophin treatment
also could improve respiratory dysfunction and cardiomyopathy
shown in dystrophic dogs. We showed that additional systemic
injection of rAAV9-microdystrophin under immune modula-
tion successfully transduced skeletal and cardiac muscle to pro-
vide additional therapeutic benefits to DMD dogs (CXMD]). The
untransduced affected dog (6105MA) showed severe respira-
tory dysfunction, manifested hyperpnea with periodic recurrent
apnea. Several studies report that physiological parameters of

respiratory function in mdx mice, such as tidal volume or respira-
tory frequency, are significantly decreased compared with those in
age-matched wild type control mice.”*** They also reported com-
pensatory hyperpnea in older mdx mice. These phenotypes are
considered to relate to dystrophic changes in the diaphragm and
intercostal muscles. Therefore, the reduced peak inspiratory flow
value observed in the transduced affected/systemically injected
dog (6102MA) compared with the control dog (6101MN) could
also be due to disruption of the diaphragm or intercostal muscles.
To test this possibility, we examined the intercostal muscles and
diaphragm of treated dogs at necropsy. Both the intercostal mus-
cles and the diaphragm of 6105MA and the transduced affected
dog without additional systemic rAAV injection (6104MA) were
more dystrophic than those of 6102MA.

Cardiac mortality afflicts almost all DMD patients, and is
a major cause of death from this disease. We and Takano et al.
reported that CXMD, also developed cardiomyopathy.**¢ Because
rAAV serotype 9 shows natural tropism for cardiac muscle, we
used this serotype to improve cardiac dysfunction in CXMD,.
Electrocardiographic studies report an increased heart rate and a
shortened PQ interval in DMD patients, GRMD,"” and CXMD .**¢
However, this study showed no significant differences in these
parameters between 6101MN, 6102MA, and 6105MA at 65 weeks
of age. Echocardiographic analyses showed that 6105MA showed
hyper-echoic lesions in the left ventricular wall, indicating myo-
cardial fibrosis. According to the results of the 24-hour Holter
ECG recorded in rAAV-treated dogs, 6105MA showed more fre-
quent arrhythmias than 6102MA. Systemically transduced micro-
dystrophin was expressed preferentially in the cardiac muscle
tissue of 6102MA (Figure 4b), which may retard progression of
the cardiac dysfunction associated with CXMD,.

The current study demonstrates that injection of rAAV9-
microdystrophin into the amniotic fluid induced immune toler-
ance to the rAAV capsid. rAAV-mediated delivery of transgenes
to murine or canine skeletal muscle evokes an immune response
to rAAV, which prevents prolonged transgene expression. There
is ample evidence to show that host immune responses against
the transgene product may be a significant barrier to long-term
expression, particularly when skeletal muscle is the target tis-
sue.* Therefore, administration of an immunosuppressant, such
as cyclosporine, MMF or tacrolimus, is recommended to avoid an
immune response to the rAAV capsid and/or transgene product.
Intramuscular injection of rAAV-B-gal into immunosuppressed
dogs improves B-gal transduction''” and a short course of immu-
nosuppression with MMF and CSP (MMF for 4 weeks after viral
injection, CSP was administered for 12 weeks after injection) is suf-
ficient to allow robust and long (for 30 weeks after rAAV injection)
expression of the canine microdystrophin transgene in the skeletal
muscle of dogs with CXMD."” However, removal of immunosup-
pressants leads to the generation of significant numbers of CD8+ T
cells, although the authors'” argued that the T-cell infiltrates were
evidence of an immune response against rAAV that persisted at the
injection site after the immunosuppressant was discontinued. To
use this strategy (immunosuppressant administration plus rAAV
injection) in a clinical setting, lifelong use of immunosuppres-
sants would be required, which typically causes side effects such
as nephrotoxicity, hepatotoxicity, neurotoxicity, hypertension, and
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hypertrichosis. Furthermore, Unzu et al. recently reported that
rAAV5-mediated transgene expression combined with immuno-
suppressants promoted the development of cellular and humoral
immunity towards the viral capsid, but not towards the trans-
gene, in macaques.” They also showed that subsequent transfer
of rAAV5-GFP was impossible under conditions of immunosup-
pression. Therefore, induction of tolerance to rAAV and/or the
transgene is an important consideration for the development of a
safe immune regulation strategy. In utero or neonatal gene trans-
fer is a viable method of inducing tolerance because it enables the
expression of the transgene product before the immune system is
completely mature. Although fetal or neonatal gene therapy could
be effective for treating genetic disorders, for practical purposes in
the majority of clinical settings the need to induce immune toler-
ance against the virus vector and/or transgene is greatest in young
or adult patients. Therefore, future studies are aimed at the induc-
tion of oral immune tolerance after birth in a variety of clinical
settings. In this study, a combination of tolerance induction against
rAAV followed by a single intravenous injection of rAAV-micro-
dystrophin achieved successful long-term transgene expression
with an improved dystrophic phenotype. These findings support
the therapeutic benefits of microdystrophin and the feasibility of
future rAAV-mediated gene therapy strategy.

MATERIALS AND METHODS

Construction of proviral plasmid and recombinant rAAV production. The
rAAV proviral plasmid harboring the luciferase gene with a CAG promoter
was propagated as a marker. As a therapeutic gene for DMD, canine micro-
dystrophin was placed under the control of the CMV promoter. The vector
genome was packaged into the pseudotyped rAAV9 capsid in HEK293 cells.
A large-scale cell culture method with an active gassing system was used
for transfection.” The vector production process involved triple transfec-
tion of a proviral plasmid, the rAAV helper plasmid pAAV2/9 (a gift from
Dr James M Wilson), and the adenovirus helper plasmid, pAdeno.® The
rAAV particles were purified by a dual ion-exchange procedure using high-
performance membrane absorption as previously described.” Viral titers
were determined by quantitative real time PCR using the MyiQ single-color
detection system (Bio-Rad, Hercules, CA) and the following primer pairs:
forward primer 5-GATACGCTGCTTTAATGCCTTT-3" and reverse
primer 5-GTTGCGTCAGCAAACACAGT-3’ for rAAV9-CAG-luciferase;
and forward primer 5-TCGAGGAACTGAAAAACCAGAAA-3" and
reverse primer 5-CACTTCCGTACAGGCCTAGAAGT-3" for rAAV-
CMV-microdystrophin.

Animals, in utero injection and parturition. The CXMD, animals used
in this study were maintained at the National Center of Neurology Middle
Animal Faculty. All the animals were cared for and treated in accordance
with the guidelines approved by the bioethics committees of the National
Center of Neurology Middle Animal Faculty (Tokyo, Japan). A CXMD,
heterozygous bitch was bred by two artificial inseminations with an
affected male. The gestational ages of fetal pups were estimated according
to serum progesterone levels, and the actual day of gestation was retro-
spectively determined by assuming the date of parturition to be 63 + 1 days
after ovulation. The pregnant dog underwent midline laparotomy and the
uterus was exteriorized at 35 days after ovulation. The yolk sac and intra-
peritoneal cavity of each pup were identified by Ultramark ultrasound sys-
tem (GE Healthcare, Buckinghamshire, UK). Fresh viral supernatant (100
ul; rAAV9-CMV-microdystrophin, 1.0x 10'? v.g./fetus and rAAV9-CAG-
luciferase; 1.0 x 10" v.g./fetus) was injected into each site using a 26-gauge,
3.5-inch Hamilton syringe. Six pups were identified and viral supernatant
was injected into five of them; the sixth pup served as an uninjected control.
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The pups subsequently underwent normal gestation and were delivered by
elective cesarean section at 60 days of gestation. All of the injected pups
(Dog ID: 6101, 6102, 6103, 6104, 6106) and the uninjected control (6105)
were born alive and survived the neonatal period without incident.

Genotyping of transduced dogs. The phenotype was initially deter-
mined based on the estimation of serum creatine kinase and confirmed
by genomic PCR. The umbilical cord was isolated at delivery and
genomic DNA was purified with DNAzol (Invitrogen, Carlsbad, CA)
and used for real time PCR to confirm genotyping (forward primer;
5-GGGCATGGGTTGTCAATTAAA-3’, and phosphorothioate-modified
Normal; 5-CAATCAAACAGGTCTGGC*G*T-3" or Affected; 5'-CAAT
CAAACAGGTCT GGC*G*C-3' reverse primers).

Estimation of rAAV genome copy number and histological analysis.
After delivery, total DNA was isolated from the umbilical cord, yolk sack
and placenta of each pup. DNA extracted using DNAzol. rAAV genome
copy numbers were estimated by qPCR. The primers used were: for-
ward primer 5-GGGCATGGGTTGTCAATTAAA-3’, reverse primer
5-CAATCAAACAGGTCTGGCGT-3" and 5-CAATCAAACAGGTCT
GGCGC-3.

For histological and immunohistochemical analysis, skeletal muscle
and cardiac muscle samples were snap-frozen in liquid nitrogen-cooled
isopentane and stored at -80 °C. Cryostat sections (7 um thick) were
processed. Routine hematoxylin and eosin (H&E) staining was used for
histological analysis. For immunofluorescence staining, cryosections
were fixed with 4% PFA for 15 minutes at room temperature. The tissue
sections were then permeabilized for 5 minutes in PBS containing 0.1%
Triton X-100 and then treated with BlockACE (DS Pharma Biomedical,
Osaka, Japan) in PBS. The following antibodies were used for antigen
detection (at dilutions of 1:50-100): rabbit antifirefly luciferase (ab21176,
Abcam plc., Cambridge, UK), mouse antidystrophin (NCL-DysB, Leica)
and rabbit antilaminin antibody (L9393, Sigma-Aldrich, St Louis, MO).
All antibodies were diluted with PBS and reacted with the tissue sections
for overnight at 4 °C (Supplementary Figure S$6). After washing
with PBS, the tissue sections were incubated with Alexa 488-, or Alexa
568-conjugated antimouse IgG antibodies (Invitrogen) or antirabbit IgG
antibodies (Invitrogen) diluted 1:500 for 1 hour at room temperature.
Coverslips or slide glasses were washed with PBS and mounted in
Vectashield (Vector Laboratories, Burlingame, CA) containing 4,
6’-diamidino-2-phenylindole (DAPI). For estimate muscle fiber diameter
variability, cryosections were stained with antilaminin antibody, then
fluorescence microscopy were acquired using a digital camera coupled to
a fluorescence microscope (Keyence, Japan). Minimal axis of each muscle
(Feret’s diameter) were measured automatically using the image analysis
program (Keyence). Almost 2,000-3,000 muscles per animals were
analyzed (6102MA, 1,888 fibers, 6105MA, 2,948 fibers). The variance
coefliciency (VC) of the muscle fiber minimal diameter is defined as
follows: variance coeflicient = 1,000 x (standard deviation of muscle fiber
minimal diameters/mean muscle fiber minimal diameter). Typically, VC
in mdx muscle is approximately twice as high as in wild-type animals.®

The tissue sections were stained with picrosirius red for the
identification of fibrosis.”* Quantitative light microscopic analysis of
histological samples was performed by video microscopy. The extent
of diaphragm fibrosis was quantified from digitized histological images
using thresholding algorithm implemented in Image] software. Regions
that demonstrate stronger red in picrosirius red staining were considered
to represent interstitial fibrosis. The percentage of tissue fibrosis was
calculated as the ratio of pixels representing fibrotic tissue versus pixels of
the entire short-axis slice and the average value in ten photographs of two
adjacent slices were used in analysis.

T-cell responses. Peripheral lymphocytes were isolated from 5ml of
whole blood using Lympholyte-Mammal (CEDARLANE, Ontario,
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Canada) according to the manufacturer’s protocol. Purified lympho-
cytes were incubated with rAAV9-CMV-microdystrophin (1.0 x10°
v.g./cell) for 4 hours. Total RNA was isolated from cultured lympho-
cytes using TRIZOL (Invitrogen). First-strand c¢cDNA was synthe-
sized using a SuperScript III First Strand Synthesis System for RT-PCR
(Invitrogen). The primers used in this study were specific for canine
IFN-y, (F: 5-TTTCATTCAACCCCTTCTCG-3’, R: 5-TAAATGCAC
AACCCACAGGA-3’) and 18S rRNA primers in QuantumRNA Universal
18S Internal Standards (Life Technologies).

Clinical manifestations. The detailed clinical cardiac and histopathological
characteristics associated with CXMD, have been reported previously.>**
Disturbances in gait and mobility, limb contracture, macroglossia, dyspha-
gia, and drooling were regarded as clinical signs in the rAAV-transduced
and untransduced dogs. These signs were monitored monthly. The severity
of each sign was classified according to a new grading scale for CXMD,
(Supplementary Table $2) based on that outlined in a previous report.” At
least one veterinarian and two medical doctors, with experience of assess-
ing symptoms in dystrophic dogs, performed all the clinical examinations.

Holter monitoring. For the monitoring electrocardiogram (ECG), a jacket
containing Holter’s electrocardiograph (QR2100, Fukuda M-E Kogyo,
Tokyo, Japan) was put on each dog at 65 weeks old, ECG was recorded by
NASA lead and CMS5 lead. After a recording period of at least 24 hours, the
Holter monitor was removed and the data transferred to an ECG analyzer
(HS1000, Fukuda M-E Kogyo) for analysis.

Respiratory function analysis. Respiratory function was evaluated using
whole body plethysmography (Buxco Japan, Osaka, Japan). Briefly, each
unrestrained conscious dog at 70 weeks old was placed in a “free mov-
ing” chamber (Buxco Electronics, Wilmington, NC) maintained at a stable
temperature (24 +2 °C) and humidity (504 10%). Respiratory waveforms,
frequency, tidal volume and other parameters were recorded and analyzed
in real time. The average values were calculated one per minute for each
serial 10 minutes.

SUPPLEMENTARY MATERIAL

Figure S1. Measurement of physical activity.

Figure S$2. LV ejection fraction and fractional shortening in trans-
duced dogs.
Figure S3.
weeks old.
Figure S4. Comparison of serum biomarkers for myocardial injury in
transduced dogs.

Figure §5. Distribution of the muscle area and diameter of the
affected dogs.

Figure $6. Quantification of rAAV genome in selected muscles.
Table $1. Serum chemistry values for the transduced dogs.

Table S2. Parameters evaluated for the grading and scale.

Video $1. Ambulatory function of the rAAV-transduced CXMD..

M-mode echocardiograms from transduced dogs at 65
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Animals rapidly adapt to environmental change. To reveal how cortical microcircuits are
rapidly reorganized when an animal recognizes novel reward contingency, we conduct two-
photon calcium imaging of layer 2/3 motor cortex neurons in mice and simultaneously
reinforce the activity of a single cortical neuron with water delivery. Here we show that when
the target neuron is not relevant to a pre-trained forelimb movement, the mouse increases
the target neuron activity and the number of rewards delivered during 15-min operant con-
ditioning without changing forelimb movement behaviour. The reinforcement bidirectionally
modulates the activity of subsets of non-target neurons, independent of distance from the
target neuron. The bidirectional modulation depends on the relative timing between the
reward delivery and the neuronal activity, and is recreated by pairing reward delivery and
photoactivation of a subset of neurons. Reward-timing-dependent bidirectional modulation

may be one of the fundamental processes in microcircuit reorganization for rapid adaptation.
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nimals can rapidly adapt to environmental changes. This
is accomplished by the reorganization of neuronal
activity. When the adaptation requires body movement,
act1v1ty changes occur in many motor cortex neurons associated
with motor commands and proprioceptive feedback!. By contrast,
when the adaptation does not require body movement and the
cortical activity is reinforced with repeated reward deliveries,
primates can volitionally control the cortical activity at the level of
single neurons'~. Single-neuron operant conditioning (SNOC)
provides a framework for studying the reorganization of neuronal
activity during rapid adaptation because it is accompanied by
modulation of the activity of non-target neurons, and the
associations between non-target and target neurons can be
unambiguously determined. Theoretically, cortical reorganization
during both SNOC and brain-machine and brain-computer
interface learning can be explained by reward-timing-dependent
plasticity, in which the activity change in an individual neuron
depends on the activity timing relative to a global reward
signal®8. In addition to the inputs associated with the global
reward 51gna1 cortical neurons receive strong synaptic inputs
from surrounding neurons. Consistent with this, non-target
neurons whose activity is highly correlated with that of the target
neuron tend to change their firing rate with the target neuron®!°.
However, individual neurons recorded from the same electrode
can be separately controlled in SNOC>>>!1, It is difficult to
determine the spatial and temporal modulation in cortical activity
in fine-scale (<500 pm) microcircuits using electrical recordings.

Two-photon calcium imaging of cortical neurons has been
used to identify multineuronal activity within a motor cortical
microcircuit in rodents!>"1®, In contrast to SNOC in the primate,
SNOC in the rodent!™” has not been performed with
identification of the relations of individual neurons to physical
movement. Here, we pre trained mice to perform a lever-pull
movement using the right forelimb to obtain water. Then, we
conducted two-photon calcium imaging of multiple neurons in
layer 2/3 (L2/3) motor forelimb areas and determined whether
individual neurons were related to lever-pull movement or not.
Immediately after that, we conditioned the mice by reinforcing
the calcium transients of a single target neuron, but not the lever-
pull movement, with water delivery (SNOC by two-photon
calcium imaging; 2pSNOC). We found that when the target
neuron was not related to the lever-pull movement, the activity of
the target neuron rapidly increased during 15min of 2pSNOC.
This increase was not accompanied by an increase in the
frequency of lever-pull movements. During 2pSNOC, a subset of
non-target neurons that showed high activity synchronous with
reward delivery increased their activity, whereas a subset that
showed high activity 2-4s after reward delivery decreased their
activity. This upward and downward modulation was recreated
by repetitive channelrhodopsin-2 (ChR2) photostimulation'® of
neurons 250 ms before and 2.5s after the reward delivery,
respectively. The results indicate that reward-timing-dependent
bidirectional modulation is a fundamental process in 12/3
microcircuit reorganization during fast adaptation to novel
environments.

Results

Physical and neuronal operant conditioning. To introduce
physical operant conditioning before 2pSNOC, head-restrained
mice were trained to perform a self-initiated lever-pull task using
the right forelimb!>1%1° A 4-ul water drop was provided as a
reward when the lever was pulled for 0.4s after being left in the
wait position for >3s (Fig. 1a)!3. An adeno-associated virus
(AAV) encoding a calcium indicator, GCaMP7%’, was injected
into the left motor forelimb areas'®21?2 1-2 weeks before the
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start of the lever-pull task-training sessions. After 5-14 lever-pull
task-training sessions (one session per day), two-photon calcium
imaging of L2/3 motor cortical neurons was performed while
mice performed 2pSNOC. A total of 24 2pSNOC sessions were
recorded in seven mice (one to eight sessions per mouse). Each
2pSNOC session consisted of three periods (Fig. 1b): a pre-
conditioning period (10 min), a conditioning period (15 min) and
a post-conditioning period (10min). 2pSNOC was performed
during the conditioning period.

The pre-conditioning period was used to classify the imaged
neurons according to their association with the pre-trained lever-
pull movement and to select a conditioned neuron (target
neuron). Mice could freely pull the lever, but the reward
corresponding to a successful lever-pull for the lever-pull task
(>04s pull with >3s wait) was omitted to avoid satiation. A
successful lever-pull that did not directly induce the reward was
defined as a virtual hit. Virtual hits occurred at a frequency of
19+0.1min ~! during the pre-conditioning period (1 =24
sessions from seven mice), possibly because of partial habituation
and/or expectation of reward. Many neurons exhibited large
calcium transients related to the lever-pull movement, similar to
our previous report!®, According to the value of normalized non-
negative deconvolution? of each relative fluorescent change
(AF/F) trace (‘activity’; see Methods), active neurons during the
pre-conditioning period were reconstructed (35.0 + 16.4 neurons,
n =24 sessions from seven mice) and classified into two groups:
neurons with high activity during lever-related periods (from 1s
before the onset of lever-pull to 3s after the end of lever-pull;
‘lever-related neurons’) (Fig. 1c), and other neurons (‘lever-
unrelated neurons’) (Fig. 1d). Most reconstructed neurons were
assumed to be excitatory neurons because GCaMP expression was
under the control of synapsin I promoter, which considerably
limits the expression to excitatory neurons'®>4, One neuron was
targeted in the conditioning period. This target neuron was a
lever-related neuron in 13 sessions and a lever-unrelated neuron
in 11 sessions.

During the conditioning period, the mouse performed a
2pSNOC task. During the 2pSNOC task, two 4-pl water drops
were delivered to the mouse immediately after the AF/F of a
single target neuron increased above a threshold (Fig. 1a,e-g). A
water reward was delivered after a calcium transient in the target
neuron, irrespective of whether the target neuron was lever-
related or lever-unrelated (Fig. 1c,d). Calcium transients in
nearby neurons did not trigger reward delivery (Fig. 1f,g). Ninety-
eight percent of the water rewards were given immediately after
the calcium transient in the target neuron exceeded the threshold
(1,000 successful rewards from 1,020 total rewards in 24 sessions
from seven mice). The remaining 2% of rewards were delivered
when AF/F exceeded the threshold without an obvious calcium
transient. The latency from the calcium transient in the target
neuron to the corresponding reward delivery was 212+ 122 ms
(n=1,000 successful rewards), which, when compared with
values reported in a previous study, was sufficiently fast for
operant conditioning®®

Rapid activity changes in target neurons during SNOC. First,
we examined whether reward delivery corresponding to calcium
transients in lever-related and lever-unrelated target neurons
resulted in rapid changes in the activity of the target neuron
during the 15 min conditioning period. For lever-unrelated target
neurons, activity increased by ~ 50%, whereas, for lever-related
target neurons, activity did not change (Fig. 2a,b). Activity gain
was defined as the ratio of the mean activity in the last 5min of
the conditioning period (late conditioning period) to the mean
activity in the first 5min of the conditioning period (early
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Figure 1 | Single-neuron operant conditioning. (a) A head-restrained mouse was provided with a water reward every time a calcium transient in the target
neuron exceeded a threshold (2pSNOC task, top right; red) or every time the mouse successfully pulled a lever (lever-pull task, bottom right; grey).

In the 2pSNOC task, one computer controlled two-photon imaging and another was used to analyze fluorescence intensity of a region of interest (ROI)
containing a target neuron and control water delivery. Cyan arrowheads denote reward delivery. (b) The timeline for a 2pSNOC session showing the
three imaging periods. (¢,d) Activity of a representative lever-related target neuron (€) and a representative lever-unrelated target neuron (d) aligned to
lever-pull onset (left), lever-return end (middle) and reward delivery (vertical cyan bar, right) during all three imaging periods. The lever trajectory is
shown below the neuron activity. The thick black traces denote the mean of all traces. (e) A time-averaged image of a representative L2/3 field during
the 2pSNOC task. Red arrowhead indicates the target neuron. Scale bar, 100 um. (f) Expanded image of the rectangle in panel e. ROls for the target
neuron (T) and three neighboring neurons (N1, N2 and N3) are overlaid. Scale bar, 10 um. (g) Relative change in fluorescence (AF/F) of the target neuron
and the three neighboring neurons shown in panel f during the 2pSNOC task. Vertical cyan bars denote reward delivery.

conditioning period) minus 1. When activity gain was averaged
across sessions and/or neurons, the logarithmic mean of the ratio
was used (Fig. 2¢). For lever-unrelated target neurons, the activity
gain was substantially above zero (Fig. 2d and Table 1). For lever-
related target neurons, activity gain was not different from zero
(Fig. 2d and Table 1). This pattern remained even after exclusion
of the mouse in which eight sessions were performed, with a
mean activity gain of 55.3% and — 0.73% in lever-unrelated and
lever-related target neurons, respectively.

Next, we determined whether operant conditioning of the
target neuron increased the frequency of reward delivery induced
by calcium transients above the threshold. As expected, the
reward frequency increased by ~50% when lever-unrelated
neurons were targeted, and did not change when lever-related
neurons were targeted (Fig. 3a). Similar to activity gain, reward
gain was defined as the ratio of the reward frequency in the late
conditioning period to the reward frequency in the early
conditioning period minus 1, and the logarithmic mean of the

ratio was used for averaging (Fig. 3b). The reward gain was
substantially above zero when lever-unrelated neurons were
targeted, and was not different from zero when lever-related
neurons were targeted (Fig. 3c). The activity gain and the reward
gain were correlated in both types of target neurons (Fig. 3d).
When lever-unrelated neurons were targeted, activity gain was
positive in all 11 sessions (from five mice) and reward gain was
positive in 8 of the 11 sessions; therefore, the mouse steadily
increased the target neuron activity and reward frequency.

Next, we examined the specificity of the target neuron. The
mean activity gain of the non-target neurons was slightly larger
than zero when a lever-unrelated neuron was targeted and slightly
smaller than zero when a lever-related neuron was targeted
(Table 2). To examine whether the relative change in activity of
the target neuron from the early to the late conditioning period
exceeded that in the non-target neurons, we ranked the activity of
the target neuron among all reconstructed neurons, including
target and non-target neurons. The rank was normalized between
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