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Abstract

A lack of comprehensive mapping of ganglionic inputs into the pancreas and of technology for
the modulation of the activity of specific pancreatic nerves has hindered the study of how they
regulate metabolic processes. Here we show that the pancreas-innervating neurons in sympathetic,
parasympathetic and sensory ganglia can be mapped in detail by using tissue clearing and
retrograde tracing (the tracing of neural connections from the synapse to the cell body), and

that genetic payloads can be delivered via intrapancreatic injection to target sites in efferent
pancreatic nerves in live mice through optimized adeno-associated viruses and neural-tissue-
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specific promoters. We also show that, in male mice, the targeted activation of parasympathetic
cholinergic intrapancreatic ganglia and neurons doubled plasma-insulin levels and improved
glucose tolerance, and that tolerance was impaired by stimulating pancreas-projecting sympathetic
neurons. The ability to map the peripheral ganglia innervating the pancreas and to deliver
transgenes to specific pancreas-projecting neurons will facilitate the examination of ganglionic
inputs and the study of the roles of pancreatic efferent innervation in glucose metabolism.

The pancreas is critical to normal metabolism and digestion, and neural signals play
crucial roles in regulating these functions. However, the precise contributions of pancreatic
nerves to metabolic control and digestive processes remain ill-defined because of the

lack of sufficient understanding of ganglionic inputs into the pancreas and of tools with
the specificity to modulate pancreatic nerve function in isolation. To understand the
physiological roles of defined pancreatic nerves and how these are disrupted in pancreatic
disease, approaches that enable the detailed mapping of pancreatic ganglia and the precise
regulation of pancreatic nerve activity are needed. By applying tissue clearing with
retrograde tracing and combinatorial approaches to target the delivery of adeno-associated
viruses (AAVSs) to pancreatic nerves, in this work we have mapped the ganglionic inputs to
the pancreas and identified glucose-regulation roles of the pancreatic parasympathetic and
sympathetic nerves.

The pancreas is a complex organ with both exocrine and endocrine components. The
exocrine pancreas, comprising 95% of pancreatic mass, produces enzymes such as trypsin
and bicarbonate for digestion®. The endocrine pancreas consists of scattered cell clusters,
the Islets of Langerhans. The major endocrine cell types, p-cells (insulin production),
a-cells (glucagon production), 6-cells (somatostatin production) and PP cells (for pancreatic
polypeptide (PP) production) together act to maintain blood glucose in a narrow range?.
These diverse pancreatic functions must react rapidly to ingested nutrients and require tight
coordination with other organs. Ingested food triggers the release of exocrine secretions
and pancreatic hormones, even before nutrients are absorbed. Exocrine secretions are
synchronized with digestion, and pancreatic hormone release must be coordinated with
other metabolically relevant organs, such as the liver, as well as with fat and muscle. Neural
signals are critical to these processes3~.

The need for new methods to unravel the roles of pancreatic innervation is illustrated by
the limitations of previous anatomical and functional studies. Neural signals are relayed
between the central nervous system (CNS) and peripheral organs, such as the pancreas, by
autonomic (sympathetic and parasympathetic) and non-vagal sensory and efferent nerves,
which together make up the peripheral nervous system (PNS). Tissue clearing and three-
dimensional (3D)-imaging techniques of whole organ/tissue structures have confirmed
dense pancreatic innervation. Mouse and human pancreata, and particularly the pancreatic
islets, are richly innervated by autonomic and sensory fibres®-10. Previous studies have
examined the intrinsic and extrinsic ganglia providing inputs to specific pathways in
pancreatic innervation. Dense sensory innervation!! transmits information to the CNS

via vagal and spinal nerves, with studies in mice showing cell bodies located in nodose
ganglia (NG) and dorsal root ganglia (DRG), respectively12-13, Examination of sympathetic
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pre-ganglionic neurons in rats demonstrated that they emerge from the spinal cord and
project via splanchnic nerves to post-ganglionic neurons in the coeliac ganglia (CG). Post-
ganglionic sympathetic fibres directly innervate acinar cells, islets and vasculature, as well
as intrapancreatic ganglia (IPG)14. Studies in guinea pigs showed that parasympathetic
input to the pancreas travels via the vagus nerve to innervate a distributed network of
intrinsic intrapancreatic ganglia. Post-ganglionic neurons from intrapancreatic ganglia then
project to acinar cells, islets and vasculature®-17_ In addition, enteric neurons in rats and
guinea pigs project from the stomach and duodenum to the pancreas'8-20. However, these
anatomical studies cut across several species, examine defined pathways in isolation, and
use multiple different retrograde tracing dyes/labelled proteins, hence our understanding
of the relative contributions of these pathways to pancreatic neural regulation in a single
species is incomplete. Here we use the tissue-clearing technique, immunolabelling-enabled
3D imaging of solvent-cleared organs (iDISCO+)21, combined with neuronal tracing to
visualize, map and characterize the intrinsic and extrinsic sympathetic, parasympathetic and
sensory ganglia innervating the pancreas in mice.

Similarly, electrical stimulation and nerve transection studies have demonstrated the
importance of neural inputs in pancreatic function but with conflicting results?? and
substantial gaps. Electrical stimulation of sympathetic splanchnic nerves largely leads to
decreased insulin release, increased glucagon secretion2324 and vasoconstriction, resulting
in increased blood glucose with little or no effect on exocrine function?>26. However,
effects on insulin release have been conflicting2”+28. In contrast, electrical stimulation of
the parasympathetic vagus nerve has been reported to increase plasma insulin, glucagon
and PP to decrease blood glucose overall;2%30 reduce insulin to increase glucose;22 or have
no effect3L. Similarly, the effects of vagotomy are variable. In some studies, vagotomy
abolishes anticipatory insulin release and pancreatic exocrine secretion32:33, while in others,
insulin is unaffected but glucagon responses to glucose are abnormal3?. It is known

that pancreatic sensory nerves are critical to pain3®, but their contributions to metabolic
regulation and digestion are less well understood. Sensory nerve ablation has been reported
to either improve glucose-stimulated insulin secretion or have no effect!3:36, while the
sensory neurotransmitter Substance P inhibited exocrine secretion3”. Together, these studies
provide valuable insights into the critical roles of neural signals in regulating pancreatic
function. However, they modulate vagal, splanchnic or spinal nerves that project to multiple
organs and modify activity in both sensory (afferent) and motor (efferent) pathways
simultaneously. As a result, we do not know whether alterations in pancreatic function

are indirect responses to modulating hepatic, adipose or other organ function, or which
pancreatic nerves/pathways regulate specific functions. Targeted approaches to control
pancreatic nerve activity are required to assess the precise neural pathways regulating
pancreatic function and the exact roles of defined pancreatic nerves.

Virus-mediated delivery of neuromodulatory tools provides access to defined neural
populations to assess their physiological roles, and adeno-associated viruses (AAVS) are
ideal vectors for gene delivery. AAVs transduce cells with high efficiency and induce
minimal immune response, resulting in prolonged gene expression38, However, AAV
serotypes vary widely in tropism and infection efficiency:3° while several serotypes have
been used for retrograde spread from peripheral organs to the spinal cord and sensory
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Results

ganglia®®, the best viral methods to target pancreatic innervation are unknown. Here we
optimized AAV serotypes, promoters and delivery routes to specifically target pancreatic
efferent and afferent nerves. This approach allows delivery of genetically encoded tools,
such as chemogenetics, to provide long-lasting, temporally-regulated neuronal modulation
of transduced neurons across an entire organ in freely moving animals#!, making it well-
suited for dissecting the roles of specific pancreatic nerves.

Here we present a detailed map of the sympathetic, parasympathetic and spinal sensory
inputs into pancreatic innervation using iDISCO+ in mice. We identified AAV serotypes,
promoters and delivery routes to specifically target pancreatic nerves. We found that

AAVS preferentially transduces efferent pathways (CG neurons and intrapancreatic ganglia),
whereas rAAV2-retro largely targets afferent neurons in the NG. Combining precise
anatomical delivery with appropriate viral titres, neuronal promoters and microRNA target
sites, we accurately targeted gene delivery to pancreatic nerves without expression in
exocrine or endocrine pancreatic tissue or off-target organs. To interrogate the physiological
roles of pancreatic efferent nerves, we used our optimized viral targeting strategy

to deliver chemogenetic constructs for cell-type-specific neural modulation. Using this
approach, we demonstrated that activation of pancreatic efferent parasympathetic neurons in
intrinsic intrapancreatic ganglia substantially increased plasma insulin and improved glucose
metabolism in vivo in male, but not in female mice, whereas the activation of pancreatic
efferent sympathetic neurons in extrinsic coeliac ganglia impaired glucose metabolism.

The pancreas is innervated by multiple peripheral ganglia.

Peripheral ganglia can regulate organ function, integrate inputs and may act independently
from central control, hence delineating the ganglia contributing to pancreatic innervation
provides important information about its neural regulation. The pancreas is highly
innervated by the sympathetic, parasympathetic and sensory PNS (Fig. 1a). Dense
networks of nerve fibres across the exocrine and endocrine pancreas were confirmed by
whole pancreas tissue-clearing and staining for pathway-specific neural markers: vesicular
acetylcholine transporter (VAChT) for efferent parasympathetic innervation and tyrosine
hydroxylase (TH) for efferent sympathetic innervation (Fig. 1b, and Supplementary Videos
1 and 2). To determine the relative contribution of the autonomic and sensory inputs

to pancreatic innervation, we performed intrapancreatic injections of the non-viral tracer,
cholera toxin g (CTp) and quantified CTB+ pancreas-projecting neurons in cleared
extrinsic and intrinsic ganglia: CG, NG, DRG comprising the extrinsic ganglia, and
intrapancreatic ganglia comprising intrinsic ganglia. Tissue clearing and confocal imaging
allowed quantification of neurons (labelled and unlabelled) and 3D distribution in these
ganglia (Fig. 1c). NG and DRG are composed of a similar number of neurons (1,000.5 £
319.9 and 1,042.8 + 217.3 neurons, respectively), while CG had almost 50% more neurons
(1,470.9 £ 556.7 neurons) (Supplementary Table 1). CTp+ cell bodies were found in vagal
sensory neurons in the NG (7.47 + 8.58% NG neurons) and spinal sensory neurons in DRG
(5.30 + 3.6% DRG neurons). Vagal and spinal sensory neurons were equally labelled by
CTp, with no substantial difference in the number of CTR+ neurons between left and right

Nat Biomed Eng. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jimenez-Gonzalez et al. Page 5

NG or DRG. Pancreas-projecting neurons were present in the sympathetic motor neurons of
the CG (6.08 = 2.12% CG neurons) (Fig. 1c,d). Sympathetic CG neurons form a substantial
proportion of motor inputs into the pancreas (19 * 13.58% of CTp+ neurons) (Extended
Data Fig. 1a). However, we detected very few intrapancreatic ganglia with CTR+ cells

(Fig. 1c). In contrast to other ganglia such as the stellate ganglia, CTp+ neurons were
distributed throughout CG, NG and individual DRG without evidence of a viscerotopic map
(Supplementary Video 3).

Chemically and functionally discrete neural populations exist in peripheral ganglia and
neurons expressing distinct markers often have different sizes#2. To examine heterogeneity
among pancreas-projecting CTR+ neurons, we assessed the size distribution of CTp+ cells
in peripheral ganglia (Fig. 1e). In the CG, the majority of labelled neurons were less than
10,000 pm3 (equivalent to a diameter of 26 um, assuming a sphere), but sparse populations
of large neurons up to 30,000 um?3 were also present. CTR+ cell bodies in DRG had a similar
size distribution to those in CG, including larger neurons, while most pancreas-projecting
neurons in NG were less than 5,000 um?3 (equivalent to a diameter of 20 um). Although there
was no substantial difference in the number of labelled neurons in left and right NG or DRG
after CTp injection into the pancreas (Fig. 1e), there were substantial differences in the size
distribution of CTp-labelled neurons. Labelled neurons in the right NG were substantially
larger than those in the left NG, while neurons in the right DRG were substantially smaller
than those in the left DRG (Extended Data Fig. 1b). These results suggest differences in the
neurochemical identity of CTp+ labelled neurons in the left and right NG and DRG.

Together these data demonstrate the feasibility of tissue clearing for 3D visualization of
retrograde-labelled extrinsic and intrinsic pancreatic ganglia to allow quantification and
characterization of pancreas-projecting neurons. This approach revealed substantial efferent
inputs to the pancreas from the CG in mice, confirmed substantial sensory innervation from
both vagal and spinal sensory neurons and provided evidence that distinct neural populations
in the left and right sensory ganglia innervate the pancreas.

AAVs selectively target pancreatic autonomic nerves.

Neural tracing using dyes and non-viral tracers such as CTp may have partial anterograde
spread and high fluorescence at delivery sites, making visualization of short-range
connections, such as those to intrapancreatic ganglia, difficult. In contrast, viral tracers

can provide specific retrograde tracing and bright, long-term labelling by expressing
fluorescent proteins®3. Therefore, we decided to optimize retrograde viral tracing with AAV
to better map the intrinsic and extrinsic ganglia innervating the pancreas. We performed
intrapancreatic injection of AAV serotypes 6, 8, 9 and rAAV2-retro (AAVrg) to deliver the
mCherry fluorescent reporter under the neuronal specific human Synapsin 1 promoter (AAV-
hSyn-mCherry, 1 x 1011 viral genomes (vg) per mouse). There were substantially more
mCherry+ neurons in cleared CG from mice injected with AAV8 and AAV9; these serotypes
transduced similar proportions of neurons to the retrograde tracer CTp. In contrast, CG from
mice injected with AAV6 and AAVrg expressing hSyn-mCherry showed sparse labelling
(Fig. 2a,c). In mice injected with AAV8-hSyn-mCherry, expression in CG was substantially
higher than expression in NG or DRG, while AAV9-hSyn-mCherry expression in CG
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was substantially greater than expression in DRG. In contrast to AAV8 and 9, AAVrg
preferentially labelled NG neurons (1.9 = 0.9% neurons) (Fig. 2a,c), with 6-fold fewer
neurons transduced in CG (0.35 + 0.1% neurons) and minimal transduction in DRG (0.01

+ 0.01% neurons). However, AAVTrg at this titre labelled NG neurons less robustly than
CTB. AAV6-hSyn-mCherry transduced CG, NG and DRG at low levels. Retrograde tracing
with all serotypes labelled neurons in intrinsic IPG (Fig. 2b,d,e) and in the enteric nervous
system (Extended Data Fig. 2a—c). These results demonstrate that AAV8 and 9 preferentially
transduce efferent neurons innervating the pancreas. In contrast to the findings with CTp,
these studies indicate that both extrinsic CG and intrinsic IPG provide substantial autonomic
efferent inputs into pancreatic tissue.

Previous reports suggest that gene expression in peripheral nerves after AAV delivery may
decline rapidly using certain serotypes**. However, we found stable mCherry expression in
CG up to 12 weeks after AAV8 delivery (Extended Data Fig. 2g), and expression in NG up
to 4 weeks after AAV delivery (Fig. 2a,c). In addition, there was no evidence of apoptosis

in peripheral ganglia after AAV delivery of fluorescent proteins, as reported for viral vectors
such as pseudorabies virus (PRV) or adenovirus*46. Cleaved caspase-3 immunostaining
was absent in NG after intrapancreatic injection of AAVrg-hSyn-EGFP (1 x 1011 vg per
mouse) but was clearly present after intrapancreatic injection of PRV-EGFP (2 x 10° vg per
mouse) as a positive control (Supplementary Fig. 1).

These results demonstrate that the choice of AAV serotype dramatically influences viral
tropism when targeting pancreatic innervation. AAV8 and 9 selectively infect pancreatic
autonomic efferent pathways to provide stable expression in intrinsic and extrinsic ganglia
as well as peripheral neurons, while AAVrg shows some selectivity for vagal sensory
neurons but lower transduction efficiency. The choice of AAV serotype can be exploited to
selectively deliver genes to defined pancreatic innervation in mice.

Optimization of gene delivery into pancreatic innervation.

To improve the efficiency of gene delivery to nerves innervating the pancreas, we compared
transgene expression after intrapancreatic or intraductal AAV delivery. Intraductal infusion
of cell dyes or viral vectors for islet infection is efficient, and controlled infusion using
specific volumes and infusion rates can determine the extent of delivery into the pancreas?®’.
For our studies, we chose to perform intraductal infusions at a volume of 150 pl and a rate of
6 pl min~! to ensure a homogeneous distribution throughout the whole pancreas. We found

a substantial increase in CTp+ peripheral pancreatic neurons in CG with intraductal infusion
(P=0.057) (Fig. 3a,b). There was no statistical difference in NG or DRG labelling (Fig. 3b).

Intraductal infusion allows delivery of larger volumes, so we assessed infection efficiency
using increasing titres of AAV8-hSyn-mCherry. Specifically, we applied 5 x 1011 vg per
mouse (5X original titre) and 1 x 1012 vg per mouse (10X original titre) via infusion, as
well as 5 x 1011 vg per mouse (5X original titre) via intrapancreatic injection. Intraductal
delivery of AAV8-hSyn-mCherry at the highest titre (10X) substantially increased mCherry
expression in CG (Fig. 3c,d). MCherry+ cells in DRG and NG remained less than 1%

even with increasing viral titres and/or intraductal infusion (Fig. 3e,f). Increasing viral

titre also increased mCherry expression in intrapancreatic ganglia. We found that 26.8 +

Nat Biomed Eng. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jimenez-Gonzalez et al. Page 7

21.8% of intrapancreatic ganglia volume was mCherry+ after intraductal delivery of AAV8-
hSyn-mCherry at 5 x 1011 vg per mouse. These results show that intraductal infusion and
increasing viral titres improved transgene delivery to pancreas-projecting efferent neurons in
coeliac and intrapancreatic ganglia with AAV.

Combined strategy for gene expression in pancreatic nerves.

AAVS effectively delivered fluorescent proteins for retrograde labelling of neural inputs

to the pancreas. However, to use AAV for targeted modulation, we needed to assess
off-target expression. We found no expression in heart, muscle or kidney (Extended

Data Fig. 2a). AAVS, 9, 6 and retro hSyn-mCherry resulted in minimal expression in
duodenum, mesentery, spleen and CNS (Extended Data Fig. 2b—d,f). However, despite using
the neuronal promoter hSyn to drive gene expression, mCherry+ cells were present in
hepatocytes for AAV9 and AAV8-hSyn-mCherry (Extended Data Fig. 2¢e).

We evaluated two methods to limit gene expression to pancreatic efferent neurons and
maximize expression with AAV8. First, we assessed whether an alternative neuronal
promoter, neuron-specific enolase (NSE)*8, might provide greater neuronal specificity

after intrapancreatic delivery with AAV8. We compared transfection efficiency of

plasmids expressing mCherry driven by the neuronal promoters hSyn or NSE“9, or

a strong, ubiquitous synthetic mammalian promoter, JeT°C, in the human embryonic

kidney HEK293T (HEK?293T) and the murine neuroblastoma Neuro2a (N2A) cell lines
(Supplementary Fig. 4a,b). MCherry expression was substantially greater with pNSE-
mCherry than with phSyn-mCherry in N2A cells (= 0.009) (Extended Data Fig. 3c,d).
Expression of pNSE-mCherry was also greater than phSyn-mCherry in transfected primary
neurons from murine DRGs (Extended Data Fig. 3e). In vivo, AAV8-mCherry under hSyn or
NSE promoters (1 x 1011 vg per mouse, intrapancreatic) effectively transduced CG neurons
by retrograde spread (Extended Data Fig. 3f), but hepatocyte expression was evident with
both (Extended Data Fig. 4g). These results show that NSE is a more robust neuronal
promoter in vitro but not in vivo and did not restrict gene expression. Therefore, promoter
specificity alone may be insufficient to limit transgene expression to pancreatic innervation.

To overcome off-target hepatocyte expression, we designed a liver-detargeting construct
containing target sites (TS) for the binding of miR122, a microRNA highly expressed in

the liver but not in neural tissue®l. When miR122 binds to its target site, it recruits an
RNA-induced silencing complex (RISC) and together these suppress the expression of the
targeted gene®? (Fig. 4a). We transfected plasmids containing mCherry under the hSyn
promoter with or without the addition of miR122 TS (pAAV-hSyn-mCherry-miR122TS)
into HEK293T cells and the alpha mouse liver 12 (AML12) cell line. We observed a
substantial decrease in mCherry intensity in both cell lines using the liver-detargeting
construct (Fig. 4b,c). The relative decrease in expression using the liver-detargeting
construct was 30% for AML cells, in comparison with 15% for HEK293T cells. Next, we
assessed in vivo mCherry expression in liver and CG after intrapancreatic delivery of AAV8-
hSyn-mCherry-miR122TS or AAV8-hSyn-mCherry (1 x 1011 vg per mouse). Liver sections
from animals injected with AAV8-hSyn-mCherry-miR122TS showed a 20-fold decrease in
mCherry expression in hepatocytes compared with those injected with AAV8-hSyn-mCherry
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(Fig. 4g,e). Importantly, both constructs provided robust mCherry expression in CG (Fig.
4g,e). Both AAV8-hSyn-mCherry-miR122TS and AAV8-hSyn-mCherry labelled a small
proportion of synapsin+ fibres in the liver (Fig. 4f—i). To determine the specificity of
mCherry expression, we used dual retrograde tracing with Alexa-tagged CT@ from the liver
and AAV8 hSyn-mCherry in the pancreas and identified co-localization of fluorophores in
10% of liver-projecting neurons and 17% of pancreas-projecting neurons. These findings
suggest that a subpopulation of coeliac neurons may project to both pancreas and liver
(Supplementary Fig. 2). These results demonstrate that the combination of a neuronal
promoter and miR122 TS reduced off-target hepatocyte gene expression but maintained
expression in pancreatic efferent innervation.

Pancreas parasympathetic activation improves glucose control.

Next, we applied the viral serotypes, promoters and titres identified above to achieve

highly targeted modulation of pancreatic innervation. First, we assessed whether pancreatic
parasympathetic efferent innervation was sufficient to regulate glucose homoeostasis.
Pancreatic cholinergic efferent neurons have their cell bodies in the intrapancreatic ganglia
and fibres densely innervate pancreatic tissue, including islets, in mice. Published studies
have used vagal stimulation and cholinergic agonists to assess the roles of parasympathetic
innervation on pancreatic function, with variable results?®. Vagal stimulation modulates
both afferent and efferent fibres and both electrical and pharmacological approaches affect
multiple metabolically active organs (liver, intestine, muscle, fat). To selectively interrogate
the physiological roles of pancreatic parasympathetic efferent nerves, we used our
optimized serotype, promoter, titre and delivery route to administer chemogenetic constructs
for targeted neural modulation. We delivered the cre-dependent activating hM3d(Gq)
chemogenetic construct (AAV-Syn-DIO-hM3D(Gq)-mCherry) using the AAV8 serotype

via intraductal infusion (dose 5X) into ChAT-IRES-CRE mice. The construct, labelled by
mCherry, was robustly expressed in the cholinergic neurons in the intrapancreatic ganglia
(41.75 £ 8.70%) and in a smaller population of neurons projecting to the pancreas from

the gastrointestinal tract (8.35 £ 3.7%) (Supplementary Fig. 3c). Vasoactive intestinal
peptide and gastrin release peptide were both expressed in subpopulations of mCherry+
intrapancreatic ganglia (Supplementary Fig. 4b). There was no expression in the sympathetic
neurons of CG, sensory neurons of NG and DRG (Supplementary Fig. 3a) or pancreatic
islets (Supplementary Fig. 4a). Cre-recombinase expression in cholinergic neurons and a
cre-dependent construct was sufficient to prevent hepatocyte expression without requiring
miR122TS in the construct (Supplementary Fig. 3f). There was no off-target expression
(Supplementary Fig. 3c,e). We confirmed clozapine-A-oxide (CNO) activation of pancreatic
neurons expressing hM3d(Gq) using immunostaining, which demonstrated increased
expression of the early immediate gene, cFOS, indicating neural activation (Supplementary
Fig. 5a,b) and ex vivo calcium imaging (Supplementary Fig. 5¢,d).

Activation of pancreatic cholinergic efferent innervation (Fig. 5a) using CNO substantially
reduced basal blood glucose in 6-hour-fasted male mice expressing hM3D(Gq)-mCherry,
reducing the area under the curve by 33% (Fig. 5b). Glucose tolerance in ChAT-cre

mice expressing cre-dependent hM3D(Gq)-mCherry was substantially improved with a
33% decrease in area under the curve (AUC) compared with control animals injected
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with AAV8-hSyn-DIO-mCherry (Fig. 5d). Targeted stimulation of pancreatic cholinergic
nerves substantially increased plasma insulin before glucose challenge (time 0) and at

10 min after glucose challenge when plasma insulin was almost doubled compared with
controls (Fig. 5g). Interestingly, plasma glucagon during glucose tolerance testing was
also increased by pancreatic cholinergic nerve activation (Fig. 5h). We next assessed

the effects of pancreatic cholinergic nerve stimulation on blood glucose in fasted mice

to determine whether the effects of pancreatic cholinergic activation were dependent on
ambient glucose concentrations®3. In overnight fasted mice, there was no effect of CNO
activation on basal blood glucose (Fig. 5¢). Similarly, pancreatic cholinergic activation did
not substantially alter blood glucose or plasma glucagon during insulin tolerance testing
(Fig. 5f,i). Neuropeptides such as vasoactive intestinal peptide and gastrin release peptide
that are expressed in pancreatic cholinergic neurons can also regulate islet function. To
assess the contribution of neuropeptides to improved glucose tolerance with activation of
pancreatic cholinergic innervation, we repeated glucose tolerance testing using CNO in the
presence of a peripheral muscarinic antagonist, atropine methyl nitrate. Atropine prevented
the improvement in glucose tolerance with pancreatic cholinergic activation, suggesting
acetylcholine is the major effector (Fig. 5¢).

In contrast to the effects in male mice, CNO treatment in female ChAT-cre mice expressing
hM3D(Gq)-mCherry or control virus did not substantially alter basal blood glucose,

blood glucose during glucose tolerance or insulin tolerance testing, or plasma insulin or
glucagon (Extended Data Fig. 4). There was no difference in glucose tolerance in ChAT-cre
mice expressing cre-dependent hM3D(Gq)-mCherry compared with those expressing cre-
dependent mCherry with vehicle treatment, no difference in glucose tolerance in wild-type
(WT) mice treated with CNO or vehicle, and the effects of CNO on basal blood glucose
and glucose tolerance were no longer significant 2 and 3 h after administration, respectively
(Extended Data Fig. 4).

These data show that selective activation of pancreatic parasympathetic efferent innervation
substantially increases plasma insulin and improves glucose tolerance without exacerbating
hypoglycaemia in male mice.

Pancreas parasympathetic nerves modify the oral glucose response.

To assess whether pancreatic parasympathetic efferent innervation is required for normal
glucose tolerance, we examined the effects of targeted ablation of pancreatic cholinergic
nerves. We delivered AAV8 with constitutive expression of mCherry and cre-dependent
expression of diphtheria toxin A subunit (mCherry-flex-dtA) into the pancreatic tissue

of ChAT-IRES-CRE mice (intraductal infusion, dose 5X). Control mice were injected
with AAV8 expressing mCherry. Pancreatic parasympathetic VAChT+ innervation was
substantially reduced by 78% in mice expressing mCherry-flex-dtA compared with control
mice (Fig. 6a,b). Parasympathetic activity is reported to increase in response to feeding
and glucose administration, but ablation of pancreatic cholinergic nerves had no effect on
blood glucose in fed, 6 h fasted or 16 h fasted mice (Fig. 6c). There was no difference

in blood glucose during intraperitoneal (i.p.) glucose tolerance testing between control
and dtA treated mice (Fig. 6d). Pancreatic parasympathetic innervation is also activated
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by oral sensory input to elicit insulin release, a response known as cephalic-phase insulin
release. We assessed the effects of targeted ablation of pancreatic cholinergic nerves on
the early glucose and insulin response to oral glucose (via licking). Blood glucose was
substantially increased within 2 min of oral glucose without insulin release in ChAT-cre
mice expressing mCherry-flex-dtA. In control mice, oral glucose increased plasma insulin
without a substantial increase in blood glucose (Fig. 6e,f).

Next, we assessed the effects of ablating pancreatic cholinergic innervation on the glucose
response to insulin-induced hypoglycaemia and glucopaenia in response to 2 deoxyglucose
(2DG), a non-metabolizable glucose analogue. There was no difference in the glucose
response to insulin treatment (Fig. 6g); however, ChAT-cre mice expressing mCherry-flex-
dtA had an exaggerated blood glucose response to i.p. 2DG (400 mg kg™1) compared with
control mice (P = 0.08), without substantial changes in glucagon (Fig. 6h,i). Our findings
suggest that pancreatic cholinergic nerves may be required for the early insulin response to
oral glucose and to restrain the response to glucopaenia.

Pancreas sympathetic activation impairs glucose homoeostasis.

Published studies have demonstrated that splanchnic nerve stimulation increases glucagon
and suppresses insulin release2’-54:55, However, this approach modulates pre-ganglionic
sympathetic input to the coeliac ganglion and therefore to multiple intra-abdominal organs.
Splanchnic nerves also carry sensory afferents from multiple organs®5, hence even in ex vivo
studies it is not possible to isolate the effects of efferent sympathetic activation on pancreatic
function. To determine the contribution of extrinsic sympathetic ganglia innervating the
pancreas to glycaemic control, we used a dual virus approach to specifically activate
pancreatic sympathetic efferent neurons. We combined intrapancreatic injection of our
optimized serotype AAV8-hSyn-cre-GFP to deliver cre-recombinase to pancreas-projecting
neurons in intrapancreatic ganglia and CG, with intracoeliac injection of AAVdj-hSyn-
DI0-hM3D(Gq)-mCherry or hSyn-DIO-mCherry to specifically target construct expression
to sympathetic pancreas-projecting neurons in the CG. The mCherry-tagged hM3D(Gq)
construct was expressed in 1.8% of sympathetic neurons in the CG, which represents 19%
of the neurons labelled by delivery of an equivalent titre of AAV8-hSyn-mCherry (Fig.

7b). There was no expression of hM3D(Gq)-mCherry in intrapancreatic ganglia. Activation
of pancreatic sympathetic innervation using CNO substantially impaired glucose tolerance,
with a 20% increase in AUC compared with control animals injected with AAV8-hSyn-DIO-
mCherry, and without effects on basal blood glucose (Fig. 7d). Targeted stimulation of
pancreatic sympathetic innervation did not substantially alter blood glucose during insulin
tolerance testing. Since a subpopulation of sympathetic neurons project to both pancreas
and liver, we assessed the effects of activating pancreas-projecting sympathetic neurons on
hepatic gluconeogenesis using a pyruvate tolerance test. There was no difference in blood
glucose during pyruvate tolerance test between hM3D(Gq)-mCherry-expressing and control
groups with CNO treatment (Fig. 7f), which suggests that the impaired glucose tolerance
with activation of pancreatic sympathetic neurons is not mediated by collateral projections
to the liver activating gluconeogenesis. There was no significant effect of sympathetic nerve
stimulation on plasma insulin or glucagon before or during the glucose challenge compared
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with controls (Fig. 7g,h). These data support a role of sympathetic pancreatic innervation
from the coeliac ganglia in regulating glucose metabolism.

Together, these data demonstrate the feasibility and versatility of optimized AAV delivery
of neuromodulatory constructs to pancreatic nerves to elucidate the crucial roles of intrinsic
and extrinsic ganglia in pancreatic function (Fig. 8).

Discussion

Our studies used tissue clearing and unbiased quantification to visualize and evaluate
neural inputs from extrinsic and intrinsic ganglia to the pancreas. We employed a
multilevel approach to achieve optimized gene delivery to afferent or efferent neural circuits
innervating the pancreas by combining specific AAV serotypes, tissue-specific promoters
and anatomically targeted delivery. MicroRNA (miRNA) target sites can further enhance
specificity. Using these methods, we report several presumably previously unreported
findings: (1) both CG and intrapancreatic ganglia provide major efferent inputs into the
pancreas in mice; (2) distinct neural populations in left and right sensory ganglia innervate
the pancreas; (3) AAV serotypes confer specificity for efferent autonomic pancreatic
innervation; (4) specific activation of pancreatic parasympathetic cholinergic neurons in
intrinsic intrapancreatic ganglia substantially improves glucose tolerance by doubling
plasma insulin and (5) targeted activation of pancreatic sympathetic neurons in extrinsic
coeliac ganglia substantially impairs glucose tolerance. Our approach provides a method
for precise modulation of defined pancreatic nerves to interrogate their roles in metabolic
and digestive physiology, and their contribution to pancreatic diseases such as diabetes,
pancreatitis and pancreatic cancer.

Several studies using conventional 2D histology and newer 3D tissue-clearing methods
have demonstrated that pancreatic tissue is richly innervated. In our studies, we applied
tissue clearing and confocal imaging to map the major ganglionic inputs into pancreatic
innervation—a straightforward approach that allows quantification across whole ganglia
without laborious serial sectioning. This method can readily identify size and 3D
distribution, and is particularly suited to the assessment of small scattered structures and
their networks, such as intrapancreatic ganglia. We validated our approach by assessing
pancreas-innervating ganglia using the retrograde tracer CTp. Previous studies have
examined the contribution of individual pathways to pancreatic innervation in different
species; afferent!2 and vagal sensory innervation®” in mice and sympathetic inputs in ratsl4.
Our studies extend these findings by quantifying extrinsic vagal and spinal afferent and
sympathetic efferent inputs, and intrinsic intrapancreatic ganglionic inputs in the same
animals. The quantification and distribution of CTp in NG and DRG after intrapancreatic
injection are largely in line with published studies'257, validating our approach. After CT@
injection, cell bodies in the vagal and spinal sensory ganglia form the majority of labelled
neurons. In mice, we identified up to 30% of CG neurons as pancreas-projecting neurons
using intraductal delivery of AAVS, a similar proportion seen in previous studies in rats
using the fluorescent dye Fast Bluel4. Unlike the organ-specific organization reported in
the stellate ganglion®8, there was no clear regional organization or viscerotopic mapping
of pancreatic inputs in the NG, DRG or CG. Interestingly, detailed volume analysis of
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the CTR-labelled neurons in sensory ganglia showed marked differences in the labelled
populations on the left and right sides. Previous studies have demonstrated distinct roles

for left and right gut-innervating nodose populations®®. Future studies could explore the
neurochemical and functional identity of pancreas-innervating neurons in peripheral ganglia,
which are currently unknown. Our data confirm the utility of tissue clearing for detailed
assessment of ganglionic inputs. Previous work has identified pancreatic nerve remodelling
in chronic pancreatitis3®, diabetes80 and pancreatic cancer8l. Our detailed mapping can
benchmark future studies assessing how the distribution of neural inputs into the pancreas is
modified across lifespan, in disease and in response to interventions.

Neural tracing using fluorescent dyes has limitations: (1) there is no neuronal cell type
specificity; (2) dyes may have partial anterograde spread; and (3) high fluorescence at
injection sites makes it difficult to visualize short-range connections. As a result, we
visualized very few CTp-labelled intrapancreatic ganglia, even with tissue clearing which
readily detects intrapancreatic ganglia by immunostaining. Therefore, we decided to map
pancreas-innervating ganglia by viral tracing. Viral tools provide several advantages—they
are only taken up by nerve terminals and not fibres; high reporter expression provides
intense fluorescent labelling; and they can provide cell type-specific retrograde delivery of
constructs. AAVS are an attractive option for viral tracing, as they are widely used in the
CNS in vivo and provide prolonged expression without eliciting an immune response*®.
Previous studies have employed a variety of methods, such as simple systemic injection®8 or
intraganglionic injection®2, to target AAVSs to peripheral nerves. However, systemic injection
does not provide organ specificity and intraganglionic injection is not feasible for multiple
small ganglia dispersed within a specific organ, such as intrapancreatic ganglia. Therefore,
we targeted retrograde AAV delivery to the whole pancreas to minimize off-target tissue
expression while maximizing transduction to all pancreatic ganglia.

We performed a thorough screen to identify the most appropriate AAV serotypes to identify
and quantify expression in the pancreas-projecting ganglia. We found that AAVs 8 and 9
transduced autonomic efferent innervation from extrinsic CG and intrinsic intrapancreatic
ganglia with high efficiency, while AAVrg favoured vagal sensory innervation from NG but
with lower efficiency. Even using intraductal delivery of AAV8 at high titres, expression

in NG and DRG remained less than 1%. These results confirm that AAV8 is highly
selective for autonomic efferent neurons compared with sensory neurons. Interestingly,
AAV9I/8 have previously been used for retrograde transduction of motor neurons after
intralingual injection®3 and sensory neurons after intramuscular injection40:64 but have not
previously been shown to transduce autonomic innervation. Additionally, AAVrg has been
used to trace vagal sensory neurons innervating the gut®. Consistent with previous studies
demonstrating entero-pancreatic neural connections using both retrograde and anterograde
tracing, retrograde transport of all AAV serotypes labelled subpopulations of neurons in

the gut1®-20, We also identified mCherry+ fibres in the mesentery with all AAV serotypes.
Mesenteric innervation arises from CG, NG and DRG53, and previous work has shown that
the same neurons in peripheral ganglia can project to different organs®®. Further work is
needed to determine whether the same CG neurons project to pancreas and mesentery as
seen for neurons with projections to both pancreas and liver. Such findings might suggest
an important role for CG neurons in coordinating the neural responses of peripheral organs.
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The differences in cell types transduced by AAVs 8, 9 and AAVrg suggest that cell-surface
receptors used by these serotypes may be differentially expressed on autonomic efferent
and afferent neurons. It is possible that this can be exploited further to engineer capsids
with even greater specificity for autonomic motor and sensory pathways. However, we did
not find an AAV serotype to efficiently transduce DRGs after pancreas delivery. AAVS

6, 8 and 9 have been shown to transduce sensory neurons in the PNS87 but required

direct intraganglionic delivery. Future work could assess whether additional serotypes
such as AAV1-Tet188, specifically developed for DRG targeting, and AAVPHP.S, an
engineered serotype derived from AAV959, can effectively target DRG neurons innervating
the pancreas.

Many research groups have used intrapancreatic delivery of viral vectors with multiple
small-volume injections to target islets1270, but intraductal infusion can deliver larger
volumes and therefore higher titres of virus, potentially increasing labelling efficiency*’.
We achieved greater CTp labelling in CG after intraductal infusion compared with
intrapancreatic injection, but NG and DRG labelling efficiency were similar using either
approach. Intraductal delivery of high titre AAV8 allowed us to optimize expression

in CG and improve gene delivery to parasympathetic intrapancreatic ganglia. We found
that mCherry+ cell bodies made up almost 30% of intrapancreatic ganglia volume

after intraductal delivery of AAV8-hSyn-mCherry. This probably represents a substantial
proportion of the neurons in these ganglia. Although the exact cellular composition of
intrapancreatic ganglia is unknown, other autonomic and sensory ganglia are composed of
several cell types and neurons are only a small proportion of these. For example, neurons
are 15% of the total cell population in DRG. These data indicate that parasympathetic
intrapancreatic ganglia and sympathetic CG neurons both provide substantial efferent inputs
into pancreas innervation.

Viral delivery to peripheral nerves presents more challenges than in the CNS, as peripheral
sites have no blood-brain barrier to limit viral spread and are accessible to immune cell-
induced reduction in expression. Our longitudinal studies suggest that AAV delivery of
mCherry did not elicit apoptosis, and tissue expression was maintained for at least 12 weeks
in mice. These findings are in contrast to the expression of green fluorescent protein (GFP)
or channelrhodopsin after AAV6 delivery to DRG, which declined after 4 weeks38. Although
the time course of expression will need to be carefully assessed for each transgene, these
results imply that prolonged gene expression may be possible in pancreatic nerves using
AAVS.

It is important to ensure no/minimal off-target transgene expression after peripheral virus
delivery, as this could alter or confound results. We found minimal expression in spleen
or brain after AAV8 or 9 transduction, but both serotypes led to substantial mCherry
expression in hepatocytes, irrespective of delivery route and titre. Published studies report
that chemogenetic hepatocyte activation increased gluconeogenesis and glycogenolysis to
elevate basal blood glucose and impair glucose tolerance, which would confound studies
examining the roles of pancreatic innervation’172. The affinity of AAVS8 for hepatocytes
has been exploited for construct delivery to the liver using LP-1 promoter with systemic
administration’3. The promoter, hSyn, may be expressed at low levels in liver epithelial
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cells’, suggesting the possibility of on-target, off-organ expression with this promoter,

but use of the NSE promoter was also insufficient to prevent hepatocyte expression.

These findings are in line with results in the CNS where specific promoters have been
found to reduce but not completely prevent expression in other cell types’>. However,
combining hSyn promoter-driven mCherry expression with post-transcriptional regulation
using multiple tissue-specific miRNA target sites in the 3" untranslated region (UTR) vastly
reduced hepatic expression in vivo. miRNA-122 is expressed abundantly in the liver but not
in neural tissue®! and binding to its target sequence (miR122TS) reduces upstream gene
expression via degradation or translational repression’8. This approach has been applied to
reduce gene expression in hepatocytes in vitro and increase cardiac delivery after systemic
delivery of AAV9’7 in vivo. Here we show that combining a neuronal specific promoter
with miR122TS limited transgene expression to pancreatic nerves in wild-type animals
after pancreatic delivery at the titre tested. AAV tropism can change with increasing viral
titre’® and recent studies suggest that interactions between serotype and promoter’® can
also regulate tropism; hence, individual AAV constructs and their titres will need to be
assessed for specific expression. Our studies optimizing AAV serotype and titre provide a
starting point for these assessments. These results have translational implications as well.
Intraductal AAV8 delivery via endoscopic retrograde cholangiopancreatography combined
with a neuronal promoter (for example, hSyn or NSE) and translational repression could be
used to target gene expression to pancreatic nerves in humans as a therapy for conditions
such as pancreatitis or pancreatic cancer, while a ubiquitous promoter such as JeT could
transduce both pancreatic tissue and pancreatic innervation.

Our in vivo validation studies show that highly targeted viral delivery of neuromodulatory
constructs to pancreatic nerves can be used to evaluate the physiological roles of difficult-
to-access neural pathways. Pancreatic parasympathetic cholinergic innervation comprises
intrapancreatic ganglia and post-ganglionic fibres in mice and densely innervates pancreatic
endocrine tissue. Pancreatic sympathetic innervation from the coeliac ganglia innervates
islets, vasculature and intrapancreatic ganglia8%-82. Viral delivery of chemogenetic
constructs allowed us to specifically interrogate the effects of intrinsic intrapancreatic
efferent innervation and extrinsic sympathetic innervation on pancreatic endocrine function.
Previous studies have relied on systemic administration of cholinergic or adrenergic agonists
and antagonists, or assessed the effects of electrical stimulation and/or transection of the
vagus or splanchnic nerves on pancreatic function. These studies have led to disparate,

often conflicting, results perhaps because these approaches affect multiple intra-abdominal
organs and alter both efferent and afferent pathways. In contrast, our viral approach in
combination with chemogenetic activation or targeted ablation allowed specific evaluation
of pancreatic parasympathetic or sympathetic efferent innervation without effects on other
organs or stimulation of afferent nerves. Alternative technologies and delivery methods have
been used to assess the roles of autonomic pathways in peripheral organ function, largely
using transgenic mice or systemic virus delivery of optogenetic constructs. For example,
optogenetic stimulation of channelrhodopsin-2 (ChR2)-expressing neurons in autonomic
ganglia after systemic virus administration was used to assess the roles of autonomic ganglia
in cardiac function in anaesthetized mice®8. However, ganglia often innervate multiple
organs and this approach does not provide organ specificity. Transgenic expression of ChR2
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in sympathetic fibres plus local light delivery has also been used to assess sympathetic fibre
contribution to white and brown adipose tissue84 function; however, transgenic expression
would not provide the specificity needed to assess the roles of pancreatic innervation

since transgenic neuromodulatory constructs may be expressed in cholinergic fibres in
overlying organs. In addition, limited light penetration, the need to fix an optical fibre

in a highly mobile region and the risks of pancreatitis make optogenetic regulation of
pancreatic innervation a less attractive option, even with the development of wireless and
flexible optical fibres67:85. On the other hand, combining viral delivery with chemogenetic
modulation allows highly targeted regulation in freely moving animals.

Previous pharmacological, nerve stimulation and transection studies demonstrated the
importance of neural signals in regulating pancreatic function, but also led to conflicting
results. Adrenergic agonists and splanchnic nerve stimulation increased blood glucose in
many studies?”:>4 but had minimal effect in others86. Ex vivo studies, which examined

the effects of splanchnic nerve stimulation, also reported conflicting effects on insulin

and somatostatin release?’. These may reflect species differences but might also be a
consequence of modulating function across several organs and/or both afferent and efferent
fibres. Here, our studies with targeted chemogenetic activation of pancreas-projecting
sympathetic innervation impaired blood glucose without substantial effects on pancreatic
hormones. Sympathetic innervation is known to target pancreatic vasculature8”:88, hence
changes in pancreatic function may be a consequence of altered blood flow. However,

while our dual AAV approach achieves specificity, we are able to transduce only a limited
number of pancreas-projecting sympathetic neurons. It is possible that there are small
changes in pancreatic insulin or glucagon release into the portal circulation that are sufficient
to modulate blood glucose but do not substantially alter systemic insulin or glucagon.
Further optimization of AAV serotypes and doses may allow greater expression in pancreas-
projecting sympathetic neurons.

Similar contradictory findings are also reported for pancreatic parasympathetic function.
Pancreatic parasympathetic activity is increased by both high and low blood glucose®®.
Cholinergic agonists increased both plasma insulin and glucagon®®:21, Vagal stimulation has
been reported to increase, decrease or have no effect on blood glucose, insulin secretion?2:31
and glucagon release?2:29, Similarly, the effects of vagal nerve transection may have no
effect or increase blood glucose34. In our studies, chemogenetic activation of intrapancreatic
cholinergic ganglia consistently lowered blood glucose without hypoglycaemia under basal
conditions and, with a glucose challenge, doubled insulin secretion and substantially
improved glucose tolerance in vivo. CNO treatment substantially increased plasma

insulin even before glucose challenge and augmented the effects of glucose on insulin
release, despite lower blood glucose suggesting that parasympathetic efferent activation
potentiates glucose-induced insulin secretion. Consistent with this, activation of pancreatic
cholinergic efferent nerves had minimal effect on blood glucose in fasted mice or during
insulin tolerance testing. While the increase in plasma glucagon with cholinergic efferent
stimulation may limit the improvement in glucose tolerance during glucose challenge, it
may also minimize the risk of hypoglycaemia, making methods that increase or mimic
pancreatic cholinergic activation an attractive approach to improving glucose control.
Several neurotransmitters are expressed in intrapancreatic ganglia, including vasoactive
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intestinal polypeptide, gastrin releasing peptide, pituitary adenylate cyclase-activating
polypeptide and acetylcholine92. Many studies have pointed to acetylcholine as the main
driver of parasympathetic efferent signalling to the Islets of Langerhans3%:53, However,
the roles of other parasympathetic neurotransmitters remain to be clarified. Our findings
demonstrating that the effects of parasympathetic efferent activation are lost with atropine
pre-treatment are consistent with the dominant role of acetylcholine in regulating insulin
release.

In contrast to the effects in male mice, activation of pancreatic parasympathetic efferent
nerves had no substantial effect in female mice. Previous studies have reported sex
differences in vagal tone. Some reports suggest lower baseline vagal activity®3 and greater
response to vagal stimulation in female rats®*, while others report increased vagal activity in
females®. In our studies, atropine substantially impaired glucose tolerance in female but not
in male ChAT-cre mice expressing control virus, suggesting greater parasympathetic activity
in female mice during glucose tolerance testing (GTT). Therefore, additional chemogenetic
activation may have less effect in females. Additional studies with higher CNO doses may
indicate whether it is possible to drive pancreatic parasympathetic activity further to improve
glucose tolerance in females.

Further studies are needed to determine the physiological roles of pancreatic cholinergic
innervation in the metabolic responses to obesity and in models of diabetes. Our studies
suggest that loss of pancreatic cholinergic innervation has minor effects on glycaemic
control in mice with normal glucose regulation. Loss of the early insulin response to oral
glucose could contribute to impaired post-prandial glucose regulation®, which we did not
detect with glucose measurements in our cohort of freely feeding mice. Cephalic-phase
insulin release may play a greater role in glucose regulation in obese individuals®’ and
cholinergic innervation could lead to hyperinsulinemia in hyperglycaemic individuals®C.
Targeted ablation of pancreatic cholinergic innervation provides a method to assess its
specific contribution to these responses as well as its role in regulating exocrine function and
vascular tone.

There is dense cholinergic innervation in mouse islets but the importance of neuronal
cholinergic signalling in human islets remains unclear. Two-dimensional histological studies
from human pancreatic tissue have identified fewer cholinergic inputs to islets and
acetylcholine release from a cells®8. Functional studies in human islets transplanted into
the eye and re-innervated by local circuits have shown little effect on insulin release.
However, cholinergic agonists increased activity of hub cells in isolated human islets®.
Future studies using tissue clearing and 3D imaging in recently isolated human pancreatic
tissue and functional studies in pancreatic slice cultures may help clarify the contribution of
cholinergic neurons to human metabolic regulation. In addition, further studies are needed
to dissect the contribution of pancreatic parasympathetic neurons to digestion, examine the
roles of specific neurotransmitters and define the target cells of parasympathetic signalling.
Importantly, our current approach provides a method to study the effects of pancreatic
nerve activation or inhibition in models of type 1 diabetes and type 2 diabetes as well as
exocrine-related diseases such as pancreatic cancer and pancreatitis.
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Methods

In summary, we have used a combination of tissue clearing, immunostaining and unbiased
quantification to map the peripheral ganglia innervating the pancreas. We identified

AAV serotypes that preferentially target autonomic efferent nerves in the pancreas.

Using a combination of anatomically targeted delivery, tissue-specific promoters and post-
translational modification, we achieved precise delivery of transgenes to defined pancreas-
projecting neurons. With targeted viral delivery, we demonstrated that specific activation of
parasympathetic innervation from intrinsic intrapancreatic ganglia substantially increases
insulin release and improves glucose tolerance, while targeted activation of pancreatic
sympathetic innervation from extrinsic coeliac ganglia impairs glucose tolerance. These data
demonstrate the potential of harnessing pancreatic innervation for metabolic regulation and
lay the methodological groundwork for future studies examining the roles of innervation in
other peripheral organs. Further studies may clarify the roles of these pancreas-projecting
neuronal populations in healthy and diseased states. Our viral approaches directing gene
expression to defined pancreatic nerves may allow for the focused examination of the
functional roles of pancreatic parasympathetic and sympathetic innervation in glucose
metabolism and digestion, and determination of the contribution of pancreatic neural signals
to metabolic disease, pancreatic inflammation and malignancy.

Our data have important translational implications. We have shown that viral vectors can be
used to precisely target gene expression to pancreatic nerves without Cre-expression, and
that the stimulation of pancreatic innervation can substantially improve glucose metabolism.
The temporally controlled, reversible regulation of specific pancreatic nerves may also prove
useful in the search for novel therapies.

Viral plasmids and constructs.

pPAAV-hSyn-mCherry is pAAV-hSyn-hM3D(Gq)-mCherry (Addgene, 50474) with a 1,796
bp deletion of the BamHI fragment containing hM3D(Gq). pAAV-NSE-mCherry was made
by amplifying the NSE promoter from pGL3NSE (Addgene, 11606) using primer set
OLPNSEIFFor
(CTAGGGGTTCCTGCGGCCGCACGCGTGCTAGCTGTATGCAGCTGGACC) and
OLPNSEIFRev (TCACCATGGTGGCGACCGGGGGATCCAGATCTCGGTG
GTAGTGGCG) and cloning the 1,267 bp PCR product into BamHI/Mlul-digested pAAV-
hSyn-mCherry in place of the hSyn promoter using the In-Fusion cloning kit (Takara Bio
USA) according to the manufacturer’s directions. To make pAAV-hSyn-mCherry-miR122,
oligos oLPmiR122For (5 -AATTCTTCGCGAACAAA
CACCATTGTCACACTCCAGTATACACAAACACCATTGTCACACTCCACACGTCACA
AACACCATTGTCACACTCCAAGA) and oLPmiR122Rev (5'-
AGCTTCTTGGAGTGTGACAATGGTGTTTGTGACGTGTGGAGTGTGACAATGGTGT
TTGTGTATACTGGAGTGTGACAATGGTGTTTGTTCGCGAAG) containing three
miR122 target sequences to downregulate protein expression in the liver®! were annealed
and ligated to EcoRI/HindlI-digested pAAV-hSyn-mCherry.
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Preparation of adeno-associated virus.

pAAV-hSyn-mCherry and pAAV-hSyn-mCherry-miR122 were packaged into AAVS as
follows: human embryonic kidney cells (HEK293T) (ATCC CRL-3216, mycoplasma testing
and short tandem repeat profiling performed by ATCC) were cultured in Dulbecco’s
modified eagle medium (Gibco, 11965118) supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco, 16000044) and 1% (v/v) penicillin-streptomycin (Gibco, 15140122) at 37

°C in 95% humidified air and 5% CO». The plasmid was packaged into AAV8 particles
using a calcium phosphate transfection system as described previously00-101 Cells were
collected and lysed 72 h after transfection. The vector was purified using iodixanol gradient
and dialysed against PBS. To titre the purified vector, AAV8 was processed as previously
described100:101 and viral genomes quantified via qPCR using SYBR green chemistry on the
AB 7500 FAST real-time PCR platform and primers to the WPRE element: WPRE-For: 5’-
GGCTGTTGGGCACTGACAAT-3"; WPRE-Rev: 5'-CTTCTGCTACGTCCCTTCGG-3'.
Relative number of full viral particles was calculated using the standard curve method by
normalizing to known standard samples.

pAAV-NSE-mCherry and pAAV-hSyn-mCherry were packaged into the following adeno-
associated viral serotypes by Virovek: AAV6-hSyn-mCherry, AAV8-hSyn-mCherry, AAV9-
hSyn-mCherry and AAV8-NSE-mCherry.

The following adeno-associated viruses were purchased commercially from Addgene:
rAAV2-retro-hSyn-mCherry (114472), AAV8-hSyn-DIO-hM3D(Gq)-mCherry (44361),
AAV8-hSyn-DIO-mCherry (50459) and AAVrg-hSyn-EGFP (50465).

PRV expressing EGFP (PRV-152) used for retrograde tracing from the pancreas was

a generous gift from Lynn Enquist and has been described previouslyl92, AAV8-EF1a-
mCherry-flex-dtA, AAV8-EF1a-DIO-mCherry, AAV8-hSyn-CRE-eGFP and AAVdj-hSyn-
DI10-hM3D(Gq)-mCherry were obtained from the Canadian Neurophotonics Platform Viral
Vector Core Facility (RRID:SCR_016477, construct-387, construct-kd2, construct-890 and
construct-246, respectively).

In vitro studies.

HEK 293T were cultured as described above. Neuro2A (ATCC CCL-131, mycoplasma
testing and short tandem repeat profiling performed by ATCC) were cultured in Eagle’s
minimum essential medium (ATCC, 30-2003) with 10% FBS at 37 °C and 5% CO-.
AML12 cells (ATCC CRL-2254, mycoplasma testing and short tandem repeat profiling
performed by ATCC) were cultured in DMEM:F12 medium (ATCC, 30-2006) with 10%
FBS at 37 °C and 5% CO,.

Primary neurons were isolated from dorsal root ganglia of WT C57BL/6J mice (Jackson
Laboratories, 000664). Mice were killed and thoracic dorsal root ganglia (5-8 DRGs
per animal) were immediately dissected, washed in cold PBS and transferred to
Accutase (Gibco, 25-458-CL) for 2 h at r.t. with continuous shaking. Afterwards, DRGs
were transferred to primary neuron culture medium: Neurobasal-A (Gibco, 10888-022)
supplemented with 10% FBS, B-27 (Gibco, 17504-044), 0.5 mM L-glutamine (Gibco,
G7513), 5% normal horse serum (Gibco, 116050-130) and 1% penicillin-streptomycin
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(Gibco, 15140122). Samples were triturated using flame-polished Pasteur pipettes and
incubated in poly-lysine-coated 8-well chambers (Ibidi, 80824). Ciliary neurotrophic factor
(R&D systems, 557-NT/CF) was added every day and cells cultured for 3-5 d before
transfection.

Cells were transfected using Fugene (Promega) following the manufacturer’s instructions.
Briefly, cells were trypsinized and cultured at a density of 4.5 x 10° cells per well in a
24-well plate coated with 5 ug ml~2 Fibronectin (ThermoFisher, 33010018). After 24 h, 0.5
ug of plasmid was mixed with Fugene reagent (Promega, E2311) at a 3:1 ratio diluted in
OptiMEM (Gibco, 31985-062). Cells were incubated with the mix for 10 min at r.t.

Transfected cells were cultured for 48 h before fixation using 10% paraformaldehyde
(Electron Microscopy Sciences, 15710) for 10 min at r.t. Fixed cells were stained with

4’ 6-diamidino-2-phenylindole (DAPI) and mounted using Fluoromount mounting media
containing DAPI (Southern Biotech, 0100-20).

Fixed cells were imaged using a Zeiss Axio Observer Z.1 microscope at a magnification of
x20. Exposure times and fluorescence intensity were maintained between samples. Image
analysis was performed using FIJI1193. Briefly, images were converted to Tiff format, then
made binary. The watershed function was applied to separate particles and cell quantification
performed using the ‘analyze particle’ function. Results are shown as percentage of positive
cells (mCherry+) in the total population (DAPI).

Animal studies.

WT C57BL/6J, heterozygous ChAT-IRES-Cre female and male mice, and Snap25-2A-
GCaMP6s-D on a C57BL/6 background (Jackson Laboratories; 000664, 028861 and
025111, respectively) aged 8-12 weeks were maintained on a temperature controlled
environment (20-22 °C, 50-60% humidity) with 12 h of light per day at the Center for
Comparative Medicine and Surgery (CCMS) at the Icahn School of Medicine at Mount Sinai
(New York, NY, USA), with ad libitum access to food and water. The protocol was reviewed
and approved by the Institutional Animal Care and Use Committee of the Icahn School of
Medicine at Mount Sinai.

CTB, AAV6-hSyn-mCherry, AAV8-hSyn-mCherry, AAV9-hSyn-mCherry, AAV8-NSE-
mCherry and rAAV retro-hSyn-eGFP were administered to WT C57BL/6J male mice for
tracing studies. AAV8-hSyn-DIO-hM3D(Gq)-mCherry, AAV8-hSyn-DIO-mCherry, AAV-
EFla-mCherry-flex-dtA and AAV-EF1a-DIO -mCherry were administered to ChAT-IRES-
Cre mice, AAV8-hSyn-CRE-eGFP and AAVdj-hSyn-DIO-hM3D(Gq)-mCherry or AAV8S-
hSyn-DIO-mCherry were co-administered to WT C57BL/6J male mice (littermates,
randomized by body weight to receive either virus) for metabolic studies. AAV-hSyn-
hM3D(Gq)-mCherry was administered to Snap25-2A-GCaMP6s-D for calcium imaging
studies. Animals receiving misplaced injections or without virus expression were not
included in the analysis.
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Surgical procedures.

Intrapancreatic injections were performed as described previously!2. Briefly, 10 ul CTp
(Life Technologies, C22841) at 8 ug ul™2, or 1 x 1011 vg (dose 1) or 5 x 10! vg (dose

2) of AAVs in 5-25 pl PBS were injected in 1 pl increments into random areas of the
pancreas of WT C57BL/6J male mice. For intraductal infusions, mice were kept on a

liquid diet (Ensure, Abbott laboratories) 1-3 d before surgery. Intraductal infusions were
performed as previously described*’. Briefly, 150 ul CTp at 0.54 pg ul~ or AAVS at 1

x 1011 vg (dose 1), 5 x 1011 vg (dose 2), 1 x 1012 vg in 150 pl PBS were infused into

the pancreas via cannulation through the duodenum into the hepatopancreatic ampulla and
common bile duct at 6 pl min~1 using a syringe pump (NE-1000, Syringe ONE, New

Era Instruments). For intracoeliac infusions, 2 ul of AAVdj-hSyn-DIO-hM3D(Gq)-mCherry
or AAV8-hSyn-DIO-mCherry were administered into the CG at 0.2 pul min~2, usinga a
Nanofil 36G bevelled needle (NF36BV-2, World Precision Instruments) and Silflex tubing
(SILFLEX-2, World Precision Instruments) attached to a Nanofil 10 pl syringe (NANOFIL,
World Precision Instruments).

Mice were initially anaesthetized with 3.5% vaporized isoflurane, with the percentage
decreased to 1.5-2.5% during the procedures. Mice were kept on a heating pad for the
duration of the procedures. Following removal of the canula during intraductal infusion,
enrofloxacin (5 mg kg1, subcutaneous) was administered prophylactically before suturing.
Animals were given buprenorphine by intrapancreatic injection (IP; 0.05 mg kg™1) every 12
h for 3 d following surgery. CTp- and AAV-injected animals were killed at 1 week and 4
weeks post-surgery, respectively, by anaesthetization with 3% isoflurane and perfusion with
10 mg per 100 ml heparinized PBS followed by 4% paraformaldehyde.

Metabolic studies.

ChAT-IRES-Cre mice were intraductally infused with AAV8-hSyn-DIO-hM3D(Gq)-
mCherry or AAV8-hSyn-DIO-mCherry (control virus), AAV-EF1a-mCherry-flex-dtA or
AAV-EFla-DIO-mCherry. WT C57BL/6J male mice received intracoeliac infusions of
AAVdj-hSyn-DI0-hM3D(Gq)-mCherry or AAV8-hSyn-DIO-mCherry and intrapancreatic
injections of AAV8-hSyn-CRE-eGFP. Metabolic studies were performed 3 weeks post-
surgery, with one test per day. Blood glucose was measured on tail snips using the Contour
glucose meter (Bayer, 7097C). Baseline measurements and intraperitoneal glucose tolerance
tests (IPGTT) were administered in the afternoon after a 6 h fast. For both tests, clozapine-
N-oxide (4936, TOCRIS) at 3 mg kg™ in saline/10% DMSO or vehicle (saline/10% DMSO)
was administered at time —30 min. For baseline measurements, blood glucose was measured
at times —30, 0, 15 and then 30 min intervals to 120 min or 240 min. For IPGTT, 2 g

kg1 of d-glucose (Sigma; G8270) in saline was injected at time 0, with blood glucose
measured at times —30, 0, 15, 30, 45, 60, 90 and 120 min. Plasma insulin and glucagon

were measured on blood collected during the IPGTT studies at time —30 (immediately
preceding CNO injection), time 0 (immediately preceding glucose injection) and at 10, 30,
60 and 120 min. For studies that included treatment with peripheral muscarinic antagonist,
atropine methyl nitrate (BOC Science), atropine was co-administered with CNO at 2 mg
kg™L. For studies on ChAT-IRES-Cre mice expressing the AAV-EF1a-mCherry-flex-dtA and
AAV-EFla-DIO-mCherry (ChAT-DTA and ChAT-mCherry) for parasympathetic innervation

Nat Biomed Eng. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jimenez-Gonzalez et al. Page 21

Assays.

ablation, glucopaenia was induced by administering 2-deoxy-glucose (2DG, sigma, D8375)
at 200 mg kg~ in the morning (9:00). Insulin tolerance testing (ITT) was performed

by injecting insulin (HumulinR, Lilly) at 0.25 U kg~ in fed mice. Plasma glucagon

was measured on blood collected during the ITT at time —30 (immediately preceding

CNO injection), time 0 (immediately preceding insulin injection), and at 10, 30 and 60
min. Oral glucose experiments were performed in ChAT-DTA and ChAT-mCherry mice.
Briefly, mice were food- and water-deprived for 16 h. A solution of 30% sucrose was
presented to the mice and they were allowed to lick for 2 min. Blood glucose and plasma
insulin were measured at 0 min and 2 min. Pyruvate tolerance test was performed in

WT mice expressing AAV8-hSyn-CRE-eGFP/AAVdj-hSyn-DIO-hM3D(Gq)-mCherry and
AAV8-hSyn-CRE-eGFP/AAV8-hSyn-DIO-mCherry by injecting sodium pyruvate (Sigma-
Aldrich, P5280) at 1 g kg2 (i.p.) in fed mice.

Blood glucose was determined using a Contour glucometer (Bayer, 7097C). Plasma levels
of insulin and glucagon were determined by ELISA (insulin: Mercodia, 10-1247-01,
glucagon: 10-1271-01). Plasma glucagon levels are in line with published data using this
ELISA04.105 softMax Pro 7 (Molecular Devices) was utilized for ELISA quantification.

Tissue collection.

For all in vivo experiments, the following tissues were collected: CG, NG, DRG (10 and
13, right and left), liver, brain, pancreas, spleen, mesentery, duodenum, kidney, muscle and
heart. Tissues were maintained in 4% paraformaldehyde overnight before processing.

Tissue processing for cryosectioning.

CG, NG, DRG, brain, spleens and livers were immersed in 30% sucrose (Sigma-Aldrich,
50389) in PBS overnight, then embedded in O.C.T compound (ThermoFisher, 23-730-572),
frozen at —80 °C and sectioned at 10 um thickness. Tissues were stained overnight with
mCherry (Abcam, ab205402) + synapsinl (Cell Signaling, 5297S) or mCherry + tyrosine
hydroxylase (TH, Millipore, AB152) at 1:1,000 dilution. Subsequent secondary antibodies
used were Alexa Fluor 647 anti-rabbit (Jackson ImmunoResearch, 711-605-152) and Alexa
Fluor 594 anti-chicken (Jackson ImmunoResearch, 703-585-155). Tissues were stained with
DAPI and coverslipped as stated previously. Samples were visualized using a fluorescent
Zeiss Axio Observer Z.1 microscope.

Image analysis was performed using FIJI. To assess mCherry+ expression in brain, liver,
spleen, GC, NG and DRG, images were converted to Tiff format, thresholding applied then
made binary. The watershed function was applied to separate particles and cell quantification
performed using the ‘analyze particle’ function. Results are shown as percentage of positive
cells (mCherry+) in the total population (DAPI) or total number of positive cells. The
quantification of mCherry+ overlap with synapsin+ fibres in the liver was done using the
JaCOP plugin in FUJI.
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Tissue processing for iDISCO+.

Pancreata, CG, NG and DRG were processed using the iDISCO+ protocol. Tissues were
stained with the following primary antibodies: CTp (Abcam, ab34992), VAChT (Synaptic
Systems, 139103), TH (Millipore, Ab152), somatostasin (SST, R210-01 ImmunoStar),
glucagon (SIGMA, G2624), gastrin release peptide (ImmunoStar, 20077) and vasoactive
intestinal peptide (ImmunoStar, 20073) at 1:500 dilution; cFOS (Abcam, ab190289) at

1:50 dilution; mCherry (Abcam, ab205402), synapsinl (Cell Signaling, 5297) and insulin
(R&D systems MAB1417) at 1:1,000 dilution. Secondary antibodies used were Alexa

Fluor 647 anti-rabbit, Alexa Fluor 546 anti-rabbit, Alexa Fluor 647 anti-chicken, Alexa
Fluor 594 anti-mouse (ThermoFisher, A21203) and/or Alexa Fluor 488 anti-guinea pig
(ThermoFisher, A11073). All secondary antibodies were diluted 1:1,000, with the exception
of cFOS staining (Alexa Fluor 647 anti-rabbit at 1:50 dilution). Ganglia were incubated in
primary and secondary antibody for 24 h. Pancreata, previously cut in 0.2-0.5-cm-diameter
pieces, were incubated in primary and secondary antibody for 4 d. Tissues were optically
cleared using benzyl ether (Sigma, 108014). Samples were visualized in glass-bottom 8-well
chambers (Ibidi, 80827) using an inverted Zeiss LSM 780 confocal microscope with a x10
(NA: 0.3) objective and step size of 5 um. The total number of neurons was visualized by
autofluorescence using the 488/550 nm excitation/emission channel. Expression of CTp+ or
mCherry+ neurons in CG, NG and DRG was quantified using the Spots tool in Imaris.

For the quantification of CTP and mCherry in intrapancreatic neurons, the Surface tool in
Imaris was used to create digital surfaces covering the intrapancreatic ganglia (marked by
NF200 staining) and mCherry+ neurons to determine volumes. Volume reconstructions were
performed using the Surface tool with local-contrast background subtraction. Results are
shown as percentage of mCherry+ volume per intrapancreatic ganglia volume.

A subset of half pancreata from WT C57BL/6J was cleared and stained for VAChT
(Synaptic Systems, 139103) or TH (Millipore, AB152) at a dilution of 1:500 for both.
Z-stacked optical sections were acquired with an Ultramicroscope 11 (LaVision BioTec) at
x1.3 magnification and a step size of 3 um.

Tissue processing for wholemount staining of duodenum and mesentery.

Mesentery and duodenum were processed using the following wholemount staining
procedure: previously fixed tissues were washed in Tris/NaCl buffer (0.1 M Tris/1.5%
NaCl/TX-100 (0.5%)) at room temperature and blocked in Tris/NaCl buffer supplemented
with 20% horse serum (Gibco-ThermoFisher, 16050130) for 2 h. Subsequently, primary
antibody (synapsinl, dilution 1:500 and mCherry, dilution 1:1,000) prepared in blocking
solution was added and samples were incubated at 4 °C for 48 h on an orbital shaker.
Tissues were washed in 10% horse serum Tris/NaCl buffer and then incubated in secondary
antibody (Alexa Fluor 647 anti-rabbit and Alexa Fluor 594 anti-chicken, dilution 1:1,000)
in Tris/NaCl buffer at 4 °C for 48 h on an orbital shaker. Stained tissues were placed

in glass-bottom 35 pum dishes (Ibidi, 81158) and confocal imaging was performed using
an inverted Zeiss LSM 780 confocal microscope. Quantification was performed using the
Imaris Surface tool, as described above.
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Statistical analyses.

No statistical methods were used to pre-determine sample sizes but our sample sizes are
similar to those reported in previous publications'2:1457,

Data are expressed as means + s.e.m. Analyses were performed using GraphPad Prism
version 8.4.2. Normality was assessed using the Shapiro-Wilk normality test. If normality
assumption was met (alpha = 0.05), statistics were performed using Student’s unpaired
two-tailed #test for comparison between 2 groups, and one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test for comparison between multiple groups. Two-way
repeated measures ANOVA, followed by Sidak’s multiple comparison was applied for
glucose tolerance tests. If normality was not met, statistics were performed using Mann-
Whitney test for comparison between 2 groups and Kruskal-Wallis test followed by Dunn’s
multiple comparisons test for comparison among multiple groups. £ < 0.05 was considered
significant.

Reporting summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper and its
Supplementary Information. The raw and analysed datasets generated during the study
are too large to be publicly shared, yet they are available for research purposes from the
corresponding author on reasonable request.
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Extended Data
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Extended Data Fig. 1 |. Distribution of Ctp + pancreas-innervating neurons across ganglia.
a) Distribution of CTp + pancreas-innervating neurons between ganglia (number of

CTp + pancreas-innervating neurons in specified ganglia/total number of CT + pancreas-
innervating neurons in all ganglia) using intrapancreatic injection (IP, grey bars, upper
panel) and comparison with intraductal infusion (ID, blue bars). N = 3 mice/ ganglia. b)
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Size distribution of CT + pancreas-innervating neurons in ganglia. Statistical analyses are
described in Supplementary Table 3.
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Extended Data Fig. 2 |. Off-target expression after intrapancreatic delivery of AAV.
a) Off-target mCherry expression in kidney, muscle and heart, 4 weeks after intrapancreatic

AAV8-hSyn-mCherry injection. Scale bars: 50 um. b) Expression of mCherry 4 weeks
after intrapancreatic injection of AAV8-hSyn-mCherry injection (serotypes 6, 8, 9 and rg).
¢) Images of mCherry and Synapsin in enteric nerves (duodenum). Scale bars: 100 pm.
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Quantification of viral expression as mCherry+ volume within Synapsin+ volume (bottom
panel). n = 4 mice/group. d) Images of mCherry and Synapsin in mesenteric fibers. Scale
bars: 50 um. Quantification of mCherry+ volume within Synapsin+ volume in mesentery
(bottom panel). n = 3 mice/group. €) Images of hindbrain stained for mCherry. Scale

bars: 100 um. Right panel: mCherry+ expression as percentage (upper) and total number
(lower), n = 5 mice/group. f) Images of mCherry in liver. Scale bars: 50 um. Right

panel: expression of mCherry+ cells as percentage (upper) and total number (lower), n

= 5 mice/group. g) Images of mCherry in spleen. Scale bars: 50 um. Right: expression

of mCherry+ cells as percentage (upper) and total number (lower), n =5 mice/group. h)
Quantification of mCherry+ neurons in CG, 4 (N = 6 mice) and 12 (N = 5 mice) weeks
after intrapancreatic injection of AAV8-hSyn-mCherry, 1*1011 vg. i) Confocal images (left)
and 3D volume segmentation analysis (right) of mCherry + /NF200 + intrapancreatic ganglia
after intrapancreatic delivery of AAV8-hsyn-mCherry. N = 88 ganglia from 20 mice in 5
independent studies. Scale bar: 30 um. Statistical analyses are described in Supplementary
Table 3.
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Extended Data Fig. 3 |. Neuronal specific promotersfor gene delivery into pancreatic
innervation.

a) Schematic representation of AAV plasmid constructs. b) Immunofluorescence images
of HEK293T and Neuro2A cells after transfection with pJeT-mCherry, phSyn-mCherry
and pNSE-mCherry. Scale bars: 50 um. c) Percentage of total cells (left) or percentage of
relative to JeT-mcherry expressing mCherry+ cells in HEK293T and N2A after transfection
with pJet-mCherry, phSyn-mCherry and pNSE-mCherry. N = 3 independent experiments.
d) Fluorescence intensity of mCherry + (left) or relative to JeT-mCherry in HEK293T
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and N2A after transfection with pJet-mCherry, phSyn-mCherry and pNSE-mCherry. N = 3
independent experiments. €) Quantification of mCherry expression in primary DRG neurons
after transfection with phSyn-mCherry and pNSE-mCherry (left panel) and fluorescence/
transmitted light images (middle and right panels) showing mCherry (red). Scale bar: 25
pum. N = 3 independent experiments. f) Percentage of CG neurons expressing mCherry+
after intrapancreatic injection of AAV8-hSyn-mCherry and AAV8-NSE-mCherry (left panel)
and corresponding images of iDISCO+ cleared CG (middle and right panels). Scale bars:
100 pm. N = 6 samples/group. g) Immunofluorescence image of mCherry expression in

liver after intrapancreatic injection of AAV8-NSE-mCherry. Scale bars: 50 um. Statistical
analyses are described in Supplementary Table 3.
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Extended Data Fig. 4 |. CNo does not affect Gtt in wild-type (Wt) mice and female ChAt-iRES-
cre/AAV8-Syn-dio-hM 3d(Gq)-mCherry.
a) GTT in WT mice with CNO (ip, 3 mg/kg) or vehicle (10%DMSO). Right: Cumulative
blood glucose change (AUC, 0" to 120”). N = 10. Blood glucose in male ChAT-IRES-
cre/AAV8-Syn-DIO-hM3D(Gq)-mCherry (N = 5) and ChAT-IRES-cre/AAV8-hSyn-DIO-
mCherry (N = 8). b) After 6 h fasted with CNO treatment (3 mg/kg ip) over 240 mins.
Right: cumulative blood glucose change (AUC, 0" to 240). ¢) During GTT after 6 h fast
(vehicle at =30min, glucose 2 mg/kg at 0 min). Right: cumulative blood glucose change
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(AUC, 0" to 120"). d) During GTT after 6 h fast (CNO at —180min, glucose 2 mg/kg

at 0 min). Right: cumulative blood glucose change (AUC, 0" to 120”). Blood glucose in
female CNO-treated ChAT-IRES-cre/AAV8-hSyn-DIO-hM3D(Gqg)-mCherry (N = 5) and
ChAT-IRES-cre/AAV8-hSyn-DIO-mCherry (n = 7) mice (CNO: 3 mg/kg, intraperitoneal).
€) After 6 h fast. Right: cumulative blood glucose change (AUC, 0" to 120"). f) During
ITT (CNO at —30min, Insulin 0.25U/Kkg i.p. at 0 min). g) During GTT after 6 h fast (CNO
at —30min, glucose 2 mg/kg at 0 min). h) During GTT with atropine methyl nitrate (2
mg/Kkg, i.p.). i) During GTT after 6 h fast (CNO at —180min, glucose 2 mg/kg at 0 min).

i) Cumulative blood glucose change (AUC, 0" to 120") during GTT. k) Cumulative blood
glucose change (AUC, 0’ to 120") during GTT with atropine. |) Cumulative blood glucose
change (AUC, 0" to 120”) during GTT 180 mins after CNO. m) Plasma insulin during
GTT at —-30, 0, and 10 mins. n) Plasma glucagon during GTT at =30, 0, 10, 30, 60 and 90
mins. o) Plasma glucagon during ITT at —30, 0, 10, 30, and 60 mins. Statistical analyses are
described in Supplementary Table 3.
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Fig. 1|. The pancreasisinnervated by neuronsin coeliac, nodose, dorsal root and
intrapancreatic ganglia.

a, Schematic representation of pancreas innervation. b, Maximum projections of lightsheet
microscopy images of mouse pancreatic samples cleared with iDISCO+ and stained for
insulin (blue) and vesicular acetylcholine transporter, VAChT (white, left), or tyrosine
hydroxylase, TH (white, right). Scale bars, 300 um. ¢, Representative confocal images

of CTp+ pancreas-innervating neurons (red, top row) in cleared peripheral ganglia (CG,
NG, DRG and IPG) after intrapancreatic injection. Bottom row shows CTR+ pancreas-
innervating neurons (red) and endogenous fluorescence (EF) (white) for CG, NG and
DRG. Upper right panel shows synapsin (SYN) marking intrapancreatic ganglia (white)
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and insulin (blue), bottom right panel shows CTp+ pancreas-innervating neurons (red)

and insulin (blue). Scale bars, 100 um. d, Representative segmentation of CTp+ pancreas-
innervating neurons in CG showing CTp+ pancreas-innervating neurons (red, top left side)
and 3D volumes colour-coded for size (bottom left side). Two independent studies (3 and

2 ganglia, respectively). Scale bar, 100 pm. e, Quantification of CTp+ pancreas-innervating
neurons as total number per ganglion (left) and percentage of the total neurons per ganglion
(number of CTR+ pancreas-innervating neurons in specified ganglia/total number of neurons
in specified ganglia) (right) after intrapancreatic injection of CTp. Data are shown for

left and right DRG at T10 and T13 (L-DRG10, L-DRG13, R-DRG10 and R-DRG13).
Biologically independent sample numbers: CG, 4 samples; L-NG, 4 samples; R-NG, 4
samples; L-DRG10, 5 samples; L-DRG13, 5 samples; R-DRG10, 4 samples; and R-DRG13,
5 samples. f, Volume distribution of CTB+ pancreas-innervating neurons within each
ganglion in CG (left), NG (middle) and DRG (right) (V= 3 mice). All data are represented
as mean + SEM. Individual data points represent individual ganglia. Statistical analyses are
described in Supplementary Table 2. Figure 1a was created with BioRender.com.
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Fig. 2|. AAV serotypes selectively target pancreatic autonomic efferent and afferent nerves.
a, Confocal images of iDISCO+ cleared CG, NG and DRG demonstrating mCherry+

pancreas-innervating neurons 4 weeks after intrapancreatic injection of AAV-hSyn-mCherry
(top to bottom: serotypes 9, 8, 6 and rAAV2-retro (AAVrg)). Scale bars, 100 um. N=

4 biologically independent samples. b, Confocal images of iDISCO+ cleared pancreas
demonstrating mCherry+ neurons within intrapancreatic ganglia stained for NF200, 4
weeks after intrapancreatic injection of AAV-hSyn-mCherry. A= 4 biologically independent
samples. Scale bars, 50 um. ¢, Quantification of mCherry+ pancreas-innervating neurons
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in CG (top), NG (middle) and DRG (bottom), 4 weeks after intrapancreatic injection of
AAV-hSyn-mCherry (left: percentage of total neurons per ganglion; right: total number per
ganglion). d, Quantification of mCherry+ pancreas-innervating neurons in intrapancreatic
ganglia, 4 weeks after intrapancreatic injection of AAV-hSyn-mCherry (mCherry volume
as percentage of NF200+ volume of the ganglia). All data represented as mean + SEM.

e, Confocal image demonstrating specific neural expression of AAV8-hSyn-mCherry in
intrapancreatic ganglia immunolabelled with NF200 with adjacent islet of Langerhans. Top
left, mCherry (red) and insulin (green); top right, mCherry (red) and NF200 (blue); bottom
left, NF200 (blue) and insulin (green); bottom right, mCherry (red), NF200 (blue) and
insulin (green). Scale bars, 50 pm. Biologically independent samples: ¢, left and right: for
CG n=11 (AAV9), 6 (AAVE), 9 (AAV6), 4 (AAVrg); for NG n=7 (AAV9), 9 (AAVS), 6
(AAVS), 8 (AAVrg); and for DRG: n=16 (AAV9), 7 (AAVS), 8 (AAV6), 11 (AAVTrg); d, n
= 4 animals per group. Statistical analyses are described in Supplementary Table 2.
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a, Images of CTp+ neurons in iDISCO+ cleared CG after CTp delivery by IP injection

(top) or ID infusion (bottom). Scale bars, 50 um. Left, CTB+ neurons (red) and endogenous
fluorescence (EF, blue); right, CTp+ neurons (red) alone. b, Quantification of CTR neurons
in peripheral ganglia after IP or ID delivery (percentage of total neurons). ¢, Images of
mCherry+ neurons in iDISCO+ cleared CG after AAV8-hSyn-mCherry delivery (top: IP,
dose 1X, 1 x 101 vg; bottom: 1D, dose 10X, 1X 1 x 1012 vg). Scale bars, 50 um. d,
Quantification of mCherry+ pancreas-innervating neurons in CG after AAV8-hSyn-mCherry
delivery (IP doses: 1X, 1 x 1011 vg; 5%, 5 x 10! vg; ID doses: 1X, 1 x 101 vg; 5X, 5
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x 1011 vg; 10X, 1X 1 x 1012 vg) (percentage of total neurons). e, Images of mCherry+
neurons in NG and DRG after AAV8-hSyn-mCherry delivery (ID dose 10X). Scale bars,
100 pm. f, Quantification of mCherry+ neurons in NG (top) and DRG (bottom) after
AAV8-hSyn-mCherry delivery (IP doses: 1X, 1 x 1011 vg; 5X, 5 x 1011 vg; ID doses: 1X, 1
x 101 vg; 5X, 5 x 1011 vg; 10X, 1X 1 x 1012 vg) (left: percentage of total neurons; right:
total number per ganglion). All data represented as mean + SEM. Biologically independent
samples: for b, intrapancreatic: /=4 samples each for CG, L-NG, R-NG, L-DRG13 and
R-DRG-10, and 5 samples each for L-DRG10 and R-DRG13. Intraductal: A/=3 samples
for CG, 4 samples each for L-NG, R-DRG10 and R-NG, 5 samples each for L-DRG10 and
L-DRG13, and 6 samples for R-DRG13. For d: =6 samples for IP1X, 4 each for IP5X,
ID5X and ID10X, and 5 for ID1X. For f, top: V=9 samples each for IP1X and IP5X, 7 each
for ID1X and ID10X, and 5 for ID5X. Bottom: A= 7 samples for IP1X, 12 each for IP5X
and ID10X, and 11 for ID1X. Statistical analyses are described in Supplementary Table 2.
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Fig. 4|. Combined strategy for restricted gene expression in pancreatic innervation.
a, Schematic representation of liver-detargeting construct showing hSyn promoter, mCherry

fluorescent protein, miR122 target site (miR122TS) in triplicate, woodchuck hepatitis

virus post-transcriptional regulatory element (WPRE) and human growth hormone polyA
(hGHpA). b, Representative immunofluorescence images of HEK293T (293T) and AML12
clonal cells after transfection with phSyn-mCherry and phSyn-mCherry-miR122TS (red).
DAPI in blue. Scale bars, 200 um. ¢, Quantification of absolute (left) and relative (right)
fluorescence intensity of mCherry+ cells in transfected 293T and AML12 clonal cells. d,
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Representative immunofluorescence images of liver sections (top) and maximum projection
of confocal images of mCherry+ pancreas-innervating neurons in CG (bottom), 4 weeks
after intrapancreatic injection of AAV8-hSyn-mCherry (left) or AAV8-hSyn-mCherry-
miR122TS (right). Scale bars, 25 pm for liver sections; 100 um for CG. e, Representative
immunofluorescence images of liver sections 4 weeks after intrapancreatic injection of
AAV8-hSyn-mCherry, stained for mCherry (red) and synapsin (white), showing no overlap
of mCherry+ off-target expression with synapsin+ fibres. Scale bar, 50 pm. f, Representative
immunofluorescence images of liver sections 4 weeks after intrapancreatic injection of
AAV8-hSyn-mCherry-miR122TS, stained for mCherry (red) and synapsin (white), showing
a decrease in mCherry expression and no overlap mCherry+ off-target expression with
synapsin+ fibres. Scale bar, 50 um. g, Quantification of the percentage of mCherry+ cells in
liver sections (left) and CG (right). h, Quantification of % mCherry+ in synapsin+ fibres. i,
Raw overlap quantification of mCherry+ and synapsin+ fibres. All data represented as mean
+ SEM. Statistical analyses are described in Supplementary Table 2.
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Fig. 5|. Pancreatic parasympathetic activation improves glucose control.

a, Schema of parasympathetic intrapancreatic ganglia. b, Blood glucose in CNO-
treated ChAT-IRES-cre/AAV8-hSyn-DIO-hM3D(Gq)-mCherry and ChAT-IRES-cre/AAV8-
hSyn-DIO-mCherry mice (3 mg kg~2, intraperitoneal). After 6 h fasting: right, blood
glucose; left, AUC (0 min to 120 min); hM3D(Gq)-mCherry: n= 22, mCherry: n=21. c,
After 16 h fasting: right, blood glucose; left, AUC (0 min to 120 min); hM3D(Gq)-mCherry:
n=5, mCherry: n= 8. d, During glucose tolerance testing (GTT) after 6 h fasting (CNO at
-30 min, glucose 2 mg kg~ at 0 min): right, blood glucose; left, AUC (0 min to 120 min);
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hM3D(Gq)-mCherry: n=22, mCherry: n=21. e, During GTT with atropine methyl nitrate
(2 mg kg™, i.p.): right, blood glucose; left, AUC (0 min to 120 min); hM3D(Gq)-mCherry:
n="5, mCherry: n= 8. f, Blood glucose during insulin tolerance testing (ITT) (0.25 U kg1,
i.p.); hM3D(Gqg)-mCherry: n=5, mCherry: n= 8. g, Plasma insulin during GTT at -30,

0 and 10 min; hM3D(Gq)-mCherry: n= 15, mCherry: n=19. h, Plasma glucagon during
GTT at —-30, 0, 10, 30, 60 and 90 min; hM3D(Gq)-mCherry: n= 16, mCherry: n= 20. i,
Plasma glucagon during ITT at =30, 0, 10, 30 and 60 min; hM3D(Gq)-mCherry: 1= 16,
mCherry: n=20. All data represented as mean + SEM. Statistical analyses are described in
Supplementary Table 2. Figure 5a was created with BioRender.com.
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Fig. 6 |. Effects of ablation of parasympathetic pancreatic innervation.

a, Representative confocal images of iDISCO+ cleared pancreatic parasympathetic
innervation (VAChT (white)) 4 weeks after intraductal delivery of AAV8-EFla-mCherry-
flex-dtA or AAV8-EF1a-DIO-mCherry in ChAT-IRES-CRE mice. Scale bars, 100 um.

b, Quantification of VAChT+ innervation density, as percentage of total pancreas tissue
volume, showing a substantial decrease in parasympathetic innervation in ChAT-DTA mice.
¢, Blood glucose levels of ChAT-DTA and ChAT-mCherry mice in fed (9:00 a.m.), 6 h fasted
(3:00 p.m.) and 16 h fasted (9:00 a.m.) states. d, Glucose tolerance test (i.p., 2 mg kg™1)
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in ChAT-DTA (N = 4) and ChAT-mCherry (N =5) mice showing no differences in normal
glucose tolerance. e, Blood glucose levels are substantially increased within 2 min of oral
glucose intake (licking) in ChAT-DTA (N = 4) in comparison with ChAT-mCherry mice (N
=5). f, Plasma insulin levels before and after 2 min of oral glucose intake in ChAT-DTA
(N=4) and ChAT-mCherry mice (V= 5). g, Insulin tolerance test (i.p., 0.25 U kg™1) in
ChAT-DTA (N = 4) and ChAT-mCherry (N = 5) mice showing no differences in blood
glucose. h, Right: blood glucose levels in response to 2DG (i.p., 200 mg kg™1) in ChAT-DTA
(V= 4) and ChAT-mCherry mice (V= 5). Left: cumulative change in blood glucose (AUC,
0 min to 120 min). i, Plasma glucagon levels in response to 2DG in ChAT-DTA (N =4) and
ChAT-mCherry mice (N =5). All data represented as mean + SEM. Individual data points
represent individual mice. Statistical analyses are described in Supplementary Table 2.
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Fig. 7|. Pancreatic sympathetic activation impair s glucose homoeostasis.
a, Schema of pancreas-projecting sympathetic neurons in CG. b, Images of mCherry

expression in sympathetic pancreas-projecting neurons in the CG (TH, white) after
intracoeliac injection of AAVdj-hSyn-DIO-hM3D(Gq)-mCherry and intrapancreatic
injection of AAV8-hSyn-CRE-eGFP. Scale bar, 50 um. c, Left: blood glucose in CNO-
treated (i.p., 3 mg kg~1) AAVdj-hSyn-DIO-hM3D(Gq)-mCherry/AAV8-hSyn-CRE-eGFP
mice (V= 8) compared to CNO-treated AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-eGFP
mice (V= 12) after 6 h fasting. Right: cumulative blood glucose change (AUC, 0 min
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to 120 min). d, Left: blood glucose during GTT in CNO-treated (i.p., 3 mg kg1 at

-30 min) AAVdj-hSyn-DI0-hM3D(Gq)-mCherry/AAV8-hSyn-CRE-eGFP mice (V= 8)
compared to CNO-treated AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-eGFP mice (V=
12) after 6 h fasting. Right: cumulative blood glucose change (AUC, 0 min to 120 min).

e, Left: blood glucose during insulin tolerance test (i.p., 0.25 U kg™1) in CNO-treated
AAVdj-hSyn-DIO-hM3D(Gq)-mCherry/AAV8-hSyn-CRE-Egfp mice (V= 8) compared to
CNO-treated AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-eGFP mice (N = 12) without
fasting. Right: cumulative blood glucose change (AUC, 0 min to 120 min). f, Left:

blood glucose during pyruvate tolerance test (i.p., 1 g kg~1) in CNO-treated AAVdj-hSyn-
DIO-hM3D(Gq)-mCherry/AAV8-hSyn-CRE-eGFP mice (V= 8) compared to CNO-treated
AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-eGFP mice (N = 12) without fasting. Right:
cumulative blood glucose change (AUC, 0 min to 120 min). g, Plasma insulin during GTT
at —30, 0, 10 and 30 min (AAVdj-hSyn-DIO-hM3D(Gq)-mCherry/AAV8-hSyn-CRE-eGFP
mice (V= 8), AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-Egfp mice (V= 12)). h, Plasma
glucagon during GTT at =30, 0, 10 and 30 min (AAVdj-hSyn-DIO-hM3D(Gq)-mCherry/
AAV8-hSyn-CRE-eGFP mice (N = 8), AAV8-hSyn-DIO-mCherry/AAV8-hSyn-CRE-Egfp
mice (V=9)). All data represented as mean + SEM. Individual data points represent
individual mice. Statistical analyses are described in Supplementary Table 2. Figure 7a was
created with BioRender.com.
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Fig. 8|. Summary of iset innervation.
a—d, Islets receive direct innervation from post-ganglionic sympathetic fibres with cell

bodies in coeliac ganglia (a), post-ganglionic parasympathetic fibres with cell bodies in
the intrinsic intrapancreatic ganglia (b), spinal sensory fibres with cell bodies in dorsal
root ganglia (c) and vagal sensory fibres with cell bodies in nodose ganglia (d). e, Pre-
ganglionic parasympathetic fibres, sympathetic and spinal sensory fibres also innervate
intrapancreatic ganglia. Chemogenetic activation of intrapancreatic ganglia lowered blood
glucose, markedly increased insulin and moderately increased glucagon. Chemogenetic
activation of pancreas-projecting sympathetic neurons increased blood glucose without
substantial effects on insulin or glucagon. Figure was created with BioRender.com.
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