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Disorganization and degeneration of liver sympathetic 
innervations in nonalcoholic fatty liver disease revealed 
by 3D imaging
Csaba Adori1*, Teresa Daraio2, Raoul Kuiper3, Swapnali Barde1, Lubica Horvathova4, 
Takashi Yoshitake5, Robert Ihnatko6†, Ismael Valladolid-Acebes2, Pauline Vercruysse2,  
Ashley M. Wellendorf7, Roberto Gramignoli3, Bela Bozoky8, Jan Kehr5, Elvar Theodorsson6,  
Jose A. Cancelas7,9, Boris Mravec4,10, Carl Jorns11, Ewa Ellis12, Jan Mulder1, Mathias Uhlén1,13‡, 
Christina Bark1‡, Tomas Hökfelt1‡

Hepatic nerves have a complex role in synchronizing liver metabolism. Here, we used three-dimensional (3D) 
immunoimaging to explore the integrity of the hepatic nervous system in experimental and human nonalcoholic 
fatty liver disease (NAFLD). We demonstrate parallel signs of mild degeneration and axonal sprouting of sympathetic 
innervations in early stages of experimental NAFLD and a collapse of sympathetic arborization in steatohepatitis. 
Human fatty livers display a similar pattern of sympathetic nerve degeneration, correlating with the severity of 
NAFLD pathology. We show that chronic sympathetic hyperexcitation is a key factor in the axonal degeneration, 
here genetically phenocopied in mice deficient of the Rac-1 activator Vav3. In experimental steatohepatitis, 3D 
imaging reveals a severe portal vein contraction, spatially correlated with the extension of the remaining nerves 
around the portal vein, enlightening a potential intrahepatic neuronal mechanism of portal hypertension. These 
fundamental alterations in liver innervation and vasculature uncover previously unidentified neuronal components 
in NAFLD pathomechanisms.

INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most common liver 
disorder, with a prevalence of around 25% in Western countries (1, 2). 
NAFLD, often considered as the hepatic manifestation of metabolic 
syndrome, is usually associated with visceral obesity, insulin resist
ance, increased blood pressure, fasting hyperglycemia, type 2 diabetes, and 
dyslipidemia (2, 3). The spectrum of NAFLD is broad, from simple 
steatosis (intrahepatic triglyceride accumulation), via nonalcoholic steato
hepatitis (NASH; up to 30% of all NAFLD cases) (3, 4), to liver cir
rhosis and hepatocellular carcinoma (5). While simple steatosis is a 
relatively benign condition, NASH is a severe disease, characterized 
by heavy steatosis, lobular inflammation, hepatocellular injury, and 
progressive fibrosis (5). Moreover, therapies aimed at NASH to reduce 

the risk of hepatocellular carcinoma are sparse and largely unsuccessful 
(6). The pathogenesis of NAFLD is complex. Initial metabolic dis
turbances, such as insulin resistance, may lead to steatosis, while the 
transition between steatosis and NASH could be described by a 
“multiplehit” model: Impaired lipid partitioning, oxidative stress caused 
by lipotoxicity, proinflammatory cytokinemediated hepatocyte in
jury, and further metabolic abnormalities may contribute to the de
velopment of NASH (7).

Recent studies emphasize the pivotal role of a vegetative im
balance, such as an increased sympathetic and a decreased para
sympathetic nerve tone, in the etiopathogenesis and progression of 
NAFLD (8–10). Increased sympathetic outflow was described in 
patients with NAFLD (11, 12). In Vav3 knockout mice with chronic 
sympathetic hyperexcitation, the metabolic syndrome and fatty 
liver were noted already at 4 months of age, which developed to 
steatohepatitis without obesity after 1 year in animals kept on nor
mal chow diet (13). A recent study depicted a more direct patho
genic link between liver sympathetic outflow and hepatic steatosis 
(14). Namely, dietinduced NAFLD in mice was associated with a 
doubling of firing rate of the liver sympathetic nerves, and the 
steatosis was effectively reversed with chemical sympathectomy, 
independently of changes in body weight, caloric intake, or adiposity. 
Overall, these findings suggest that sympathetic overactivity is a key 
driver of hepatic steatosis, and they highlight the role of liver nerves 
in the pathogenesis of NAFLD.

The hepatic innervation has, for a long time, been less in focus, 
mainly because liver functions did not appear seriously compromised 
after orthotropic liver transplantation (OLT) (15). However, longterm 
followup studies described dyslipidemia, postprandial hyperglycemia, 
insulin resistance, and alterations in intrahepatic microcirculation 
after OLT (16, 17). Neurobiological studies on liver have revealed a 
complex role of hepatic innervation in the regulation of liver lipid 
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and glucose metabolism, hemodynamics, immune processes, bile 
secretion, and regeneration (17–20).

Studies of liver nerves in pathological conditions are sparse, and 
even those few ones in human mainly focus on hepatitis or cirrhosis 
and mostly apply less specific nerve markers, such as S100 (21–25). 
However, a comprehensive examination of the liver innervation in 
early stages of NAFLD is lacking, in both human and experimental 
animal models. One key obstacle in exploring hepatic nerves is the 
limited sectional view provided by the traditional twodimensional 
(2D) imaging techniques. However, stateoftheart volume imaging 
offers largescale 3D visualization with cellular resolution, allowing 
detailed examination of the full nerve arborizations in tissue blocks.

Application of volume imaging technologies is, today, in the front
line of system biological studies (26). The innervations of adipose 
tissue, pancreas, and lung have recently been explored using iDISCO 
(immunoenabled threedimensional imaging of solvent cleared 
organs)  volume imaging technique (27–29). Literature concerning 
liver tissue optical clearing is, however, up until now, limited; suc
cessful clearing on rodent liver with CLARITY (30) or other tech
niques, including CUBIC (clear, unobstructed brain/body imaging 
coctails and computational analysis), 3DISCO, or SeeDB (See Deep 
Brain clearing)  (31), was reported in methods papers.

In the present study, we applied iDISCO+ volume immuno
imaging and various biochemical methods to explore the integrity of 
the liver innervation at different stages of experimental NAFLD.  
Since long nonmyelinated monoaminergic nerve fibers are particu
larly vulnerable to oxidative stress and other toxic effects (32–34), 
we hypothesized that chronic hepatic nervous overactivity and oxidative 
challenges in NAFLD may be associated with pathological alterations 
of the liver sympathetic nerves. Indeed, we observed a disorganization 
of the sympathetic innervation in wildtype (WT) steatotic mice fed 
on Western diet (WD) for 7 weeks and a severe degeneration of the 
same arborization in heavy steatohepatitis in SNAP-25b–deficient 
mice kept on WD. Human fatty livers showed a similar sympathetic 
nerve degeneration profile, which is correlated with the severity of 
NAFLD pathology.

RESULTS
Study design to explore mouse liver innervation in 3D
We applied the iDISCO+ volume immunostaining and clearing 
technology combined with light sheet fluorescence microscopy to 
explore the detailed 3D organization of the mouse liver innervation 
and vascular structures. Tyrosine hydroxylase (TH) 3D staining of 
the entire left lateral liver lobe revealed that noradrenergic (NAergic) 
nerve axons/terminals form a repetitive network innervating the four 
major portal branches of the lobe (Fig. 1A). In the subsequent 
experiments, the left lateral lobe was cut into four equal pieces (ca. 
5 mm by 5 mm by 4 mm), each of them containing one main portal 
branch (Fig. 1B). This sample shape/size was optimized to obtain 
efficient antibody penetration and clearing quality, reasonable scanning 
time and file size, with a resolution that allowed study of the 3D struc
ture and pathology, even of individual nerve fibers. The four pieces 
were volumeimmunostained for (i) TH, thus a marker for NAergic/
sympathetic nerves; (ii) PGP9.5 (protein gene product 9.5), a pan 
neuronal marker; (iii) the vesicular acetylcholine transporter (VAChT), 
a marker for cholinergic, parasympathetic nerves; and (iv) calci
tonin generelated peptide (CGRP), a marker for primary sensory 
nerves, according to the scheme reported in Fig. 1B.

Sympathetic (NAergic) innervation of the mouse liver in 3D
3D segmentation of the portal area and central veins based on in
verted tissue 488 autofluorescence (AF) (fig. S1A) confirmed the 
dense periportal NAergic innervation (Fig. 1, C and D). More 
detailed manual segmentation of the components of a 3mmlong 
main portal branch [based on AF, –smooth muscle actin (SMA) + 
cytokeratin 7 (CK7), and SMA + TH 3D stainings; fig. S1, B to E, 
and movie S1] revealed that “major” thick nerve fibers (diameter, 
8 to 20 m) ran primarily around the hepatic artery and bile duct. 
In addition, “thinner” tracts (diameter, 3 to 4 m) originating from 
the discrete thick fibers formed a dense network around all elements 
of the portal triad (Fig. 1, E and F, and movie S2). These fine vari
cose nerve filaments terminated just 100 to 200 m ahead of the 
end of the most distal portal veins, 300 to 400 m below the organ 
surface (Fig. 1, G to J).

The NAergic innervation of portal tracts was confirmed using 
2D sections stained for TH and neuropeptide Y (NPY) or galanin, 
two neuropeptides that colocalize in NAergic neurons (35) (Fig. 1H 
and fig. S1, J to K). Highresolution confocal analyses showed that 
the complex, fine sympathetic portal innervations followed extra
cellular matrix (ECM) fibers in the Glisson’s capsule (TH + collagen 
III costaining) and provided close contacts with vascular smooth mus
cle cells and endothelial cells in the hepatic artery and portal vein 
wall, as well as with biliary epithelial cells of the bile ducts, using 
appropriate markers (Fig. 1I and fig. S1, F to H). Central veins were 
typically not innervated by NAergic nerves, except for sparse 
TH positive (TH+) fibers around thicker central branches (Fig. 2, A 
and B). Such fibers originated from individual NAergic nerves 
emerging from adjacent portal tracts. These single “bridging” fibers 
branched again around the central vein wall and extended for a few 
hundred micrometers (Fig. 2, A and B, arrows).

WT mice and SNAP-25b–deficient mice on WD are models 
for steatosis and steatohepatitis, respectively
The sympathetic nerves in fatty liver were studied in the SNAP-25b– 
deficient mouse line [mutant (MT)] and WT littermates kept on 
highfat/highsucrose diet (Western diet, WD) for 7 weeks (MT + WD 
and WT + WD, respectively). The WD groups were compared to 
WT animals fed on a standard chow diet used as controls (CoD). 
The metabolic status of these mice has been extensively character
ized earlier. Namely, WT  +  WD mice exhibited increased body 
weight/body mass index, elevated preprandial blood cholesterol 
and triglyceride levels, increased basal serum leptin and hepatic tri
glyceride levels, and impaired glucose homeostasis, all compared to 
CoD. All these symptoms were also present in MT + WD mice but 
were more aggravated. Moreover, calculation of insulin resistance index 
[(HOMAIR; homeostatic model assessment of insulin resistance )] 
revealed a tendency of increase in WT + WD and a strongly signif
icant increase in MT  +  WD. Together, both WD groups exhibit 
obesity and features of the metabolic syndrome, while the MT 
group in addition shows clear signs of diabesity (36).

In agreement with earlier findings, WT + WD and MT + WD mice 
showed increased body weight (Fig. 3B). Hematoxylineosin and 
quantified Oil Red O (ORO) lipid staining indicated steatosis in the 
WT + WD group, as well as severe steatosis and indications for he
patocellular ballooning in the MT + WD animals (Fig. 3, A and C). 
The immunostaining densities for the macrophage markers F4/80 
and Iba1 increased in both groups, compared to control, reaching 
the level of statistical significance already in WT + WD in the case 
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of F4/80 but only in MT + WD in the case of Iba1 (Fig. 3, A, D, and E). 
The number of liver inflammatory foci slightly increased in the 
WT + WD group and strongly increased in MT + WD (Fig. 3, F to H). 
Only in the MT + WD group did Picro Sirius Red show increased 
amount of collagen fibers, indicating fibrosis (Figure 3I), while 3D 

staining for CK7 depicted epithelial cell proliferation, indicating a 
ductular reaction (Fig. 3, J and K). Overall, all these results suggest 
a moderate liver steatosis with starting inflammation in the WT + WD 
group and a severe steatosis with inflammation and fibrosis (steato
hepatitis) in the MT + WD mice.

A B

C D

E F H

G

I

J

Fig. 1. Sampling principles and sympathetic innervation of the mouse liver. (A) TH 3D staining of the full left lateral lobe of a control mouse. (B) Principle of sampling 
strategy. (C) TH 3D staining of a standard control sample block. (D) TH 3D staining + segmented surfaces covering the portal area and the central veins. (E) TH 3D staining + 
segmentation of the portal triad. (F) TH 3D staining: zoom to a major portal branch. (G) TH labeling: zoom to a terminal portal branch. The boxed zone (j′) is enlarged in 
(J). (H) TH 2D staining: portal triad innervation. (I) TH + SMA + CK7 triple labeling of a portal triad. Scale bar is indicated in each micrograph.
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Axonal pathology, disorganization, and gradual 
degeneration of sympathetic fibers in steatosis/
steatohepatitis mouse models
TH 3D staining in the WT + WD group revealed disorganization, 
frequently swollen axonal varicosities, and mild retraction of fine, distal 
NAergic branches (Figs. 4, B and E versus A and D, 5, F versus D, 
and 6B). Moreover, individual fine NAergic fibers often left the 
Glisson’s capsule and entered the liver parenchyma (Fig. 5, B ver
sus A, C, and E). In the MT + WD group, abundant swollen axonal 
varicosities were observed along the entire innervation. The fine dis
tal fibers were severely trimmed, and the distal branches had com
pletely disappeared. The remaining fibers were disorganized, curly, 
and frequently showing a discontinuous staining, both in the main 
(thick) and fine fiber networks (Fig.  4,  C,  F,  G,  and  H  versus 
A and D, and movie S3). Fine fibers entering the parenchyma were 
rarely noticed. Moreover, the total sample TH+ fiber volume (Fig. 4, I 
to K), noradrenaline (NA) levels measured by highperformance 
liquid chromatography (HPLC) (Fig. 4L), and galanin levels measured 
by radioimmunoassay (Fig. 4M) were all significantly decreased in the 
MT + WD group, but not in the WT + WD group, compared to control. The 

severe swollen axonal pathology and fiber degeneration were confirmed 
also by PGP9.5 3D staining in MT + WD samples (Fig. 4, N to P).

Next, we worked out a 3D quantification strategy to characterize 
the distal fine fiber retraction and the main thickfiber alterations 
(for technical details, see the Supplementary Materials). Combina
tion of inverted 488 AF and TH 3D staining allowed simultaneous 
visualization of the NAergic fiber arborization and the liver vasculature. 
The average distance of TH+ fine fiber endings and the correspond
ing portal vein endings tended to increase in the WT + WD group 
and were significantly longer in the MT + WD group. However, the 
average distance between portal vein endings and liver surface did 
not change in either group (Fig. 6, A to E). The major (thick) fiber 
arborization was traced using the Imaris Filament tracer with 8m 
seeding points (Fig. 6F). No significant alterations were noted in the 
WT + WD group. In the MT + WD, however, full branch depths 
and level, total filament length, the number of branching points, the 
number of segments, the mean branching angle, and the convex hull 
volume of the filament structure were all significantly decreased, 
indicating a shorter, less complex, and less extended fiber structure 
in the traced 8 to 20m filaments (Fig. 6, G  to  J, and fig. S3A). 
Plotting the branching angles revealed that, in particular, branches 
with higher branching angles decreased in number, indicating a 
preferential loss of distal fiber branches (fig. S3, B to E).

SNAP-25b–deficient mice on control diet do not show 
NAergic fiber degeneration
To explore the possibility that the SNAP-25b deficiency itself may 
cause sympathetic nerve degeneration in the liver, we examined MT 
animals kept on CoD (versus WT animals on CoD) (Fig. 7, A to I, 
and figs. S2 and S3). Moreover, all quantified parameters of sympa
thetic fibers as well as hepatic NA levels were demonstrated and 
statistically evaluated together with the WT + CoD, WT + WD, and 
MT + WD groups (fig. S2 and tables S5 and S6). The MT + CoD 
group did not show alterations compared to WT + CoD in any of 
the examined filament tracing parameters (Fig. 7I and figs. S2, E to 
L, and S3, B to E) or in the total sample TH+ fiber volume (Fig. 7E 
and fig. S2A), in TH+ fiber end versus corresponding portal vein 
end distances (Fig. 7, F and G, and fig. S2, C and D), or in the NA 
levels measured by HPLC (Fig. 7H and fig. S2B). Thus, SNAP-25b 
deficiency per se does not lead to NAergic fiber degeneration. The 
severe sympathetic nerve pathology noticed in the MT + WD ani
mals was rather related to the serious metabolic impairments and 
steatohepatitis caused by a combination of WD and the mutation.

The disorganization of NAergic fibers is paralleled by 
perturbation of the periportal collagen III fiber network 
and increased NGF expression in steatosis
Collagen fibers start to reorganize early in hepatic steatosis (37, 38). 
Confocal microscopy analysis showed that thick collagen III+ fibers 
frequently left the portal area and penetrated the parenchyma in the 
WT + WD group. TH+, NAergic nerve fibers that left the Glisson 
capsule and entered the parenchyma always followed these collagen 
fibers (Fig. 8, A to C).

Since nerve growth factor (NGF) is a highly expressed neuro
trophic factor in the mouse liver, and ectopic NGF expression is 
sufficient for modulating the intrahepatic nerve network in mouse 
(39), we examined hepatic NGF gene expressions in our samples. 
NGF was significantly upregulated in the WT  +  WD (steatosis) 
group (Fig. 8D), where we observed frequent sympathetic fiber 

A B

A' B'

Fig. 2. The limited sympathetic central vein innervation of the mouse liver. 
(A and B) A bridging NAergic fiber (arrow), originating from the dense periportal 
innervation, branches again in the central vein wall providing a limited central vein 
innervation. (A) and (B) show the same adjacent portal and central branches from 
different 3D perspectives. (A′ and B′) The same portal and central nerve branches 
like in (A) and (B), respectively, without the segmented central vein. TH volume 
immunostaining (gray). PA, portal area; CV, central vein (segmented based on tis-
sue AF). Scale bars are indicated in each panel.

D
ow

nloaded from
 https://w

w
w

.science.org at L
inkoping U

niversity on Septem
ber 21, 2021



Adori et al., Sci. Adv. 2021; 7 : eabg5733     21 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 21

sprouting to the parenchyma. However, there was no increase 
in NGF expression in the MT  +  WD (steatohepatitis) group 
but rather a tendency toward a decrease (Fig. 8D), despite the 
intense proliferation of collagen fibers, suggesting fibrosis in 

this group (Fig. 3I). Neurotrophin5, another albeit much low
er expressed neurotrophic factor in the murine liver (39), was 
not upregulated in the WT + WD group but was significantly 
downregulated in the MT + WD group (Fig. 8E).
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Fig. 3. Liver pathology of SNAP-25b–deficient mice and WT littermates on 7-week WD (MT + WD and WT + WD, respectively). (A) Representative micrographs of 
livers from control (CoD: WT, normal chow diet), WT + WD, and MT + WD stained for hematoxylin-eosin (HE), ORO lipid histochemistry, and F4/80 and Iba-1immunomark-
ers. (B) Body weight measurements, n = 15 to 18 per group. (C to E) Quantifications of ORO (C) and F4/80 (D) and Iba-1 (E) staining, n = 5 to 7 per group. (F) F4/80 and 
myeloperoxidase (MPO) double staining. Arrowheads: inflammatory foci. (G) High magnification of an inflammatory focus. (H) Quantification of inflammatory foci, n = 5 
to 7 per group. (I) Picro Sirius Red collagen histochemistry on MT + WD versus CoD livers. (J and K) CK7 3D staining of CoD (J) and MT + WD (K) samples. *P < 0.05, CoD 
versus MT + WD; #P < 0.05, WT + WD versus MT + WD. Data expressed as means ± SEM. Scale bar is indicated in each micrograph.
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cation (K) of total TH+ fiber volume in CoD (I) and in MT + WD (J). (L and M) Measurement of liver NA (L) and galanin (M) levels. (N to P) PGP9.5 3D staining in CoD (N) and 
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Vav3−/− mice with chronic sympatho-excitation exhibit 
swollen NAergic axonal pathology
Chronic sympathetic overexcitation has been described in obesity 
and the metabolic syndrome (11, 12). In this context, we examined 
the integrity of NAergic innervations in the liver of Vav3−/− mice 
that show chronic sympathetic hyperexcitation due to the lack of 
Vav3, a Rac1 activator. Notably, these mice develop the metabolic 
syndrome and steatosis at the age of 4 months and steatohepatitis 
by 12 months of age, without any obesity (13). TH 3D staining in 
the liver of 4monthold Vav3−/− mice revealed frequent swollen axonal 
varicosities and reduction in the fine axonal network in distalend 
branches, similarly to WT + WD animals (Fig. 8, F to I). Moderate 
hepatic steatosis without fibrosis was noticed in the liver of Vav3−/− 
mice (Fig. 8, J to M).

Decreased gene expression of a-/b-adrenergic receptors 
and connexin32 gap junction protein in steatosis 
and steatohepatitis
As the next step, we explored expression of some key molecules that 
are involved in the signal transmission of the released NA. A1b 

and A3 gene expression decreased significantly in the WT + WD 
group, and the expressions of four examined adrenoreceptors (A1b, 
A1d, A2, and A3) were downregulated in MT + WD (Fig. 8, W to Z).

In addition, we studied expression of connexin 32 (Cx32), the 
main component of mouse liver gap junctions (40). Since the inner
vation is restricted to the portal area in mouse and rat liver, the highly 
abundant gap junctions on hepatocytes (Fig. 8N) have a critical role 
in transducing the NAergic signal (41). Cx32 mRNA expression was 
significantly decreased in both WT + WD and MT + WD groups, 
compared to control (Fig. 8O). Moreover, CX32 immunostaining 
showed decreased protein expression throughout the liver in both 
WT + WD and MT + WD samples (Fig. 8, P to V).

3D reconstruction reveals portal vein stenotic alteration 
in a mouse model of steatohepatitis
Since adrenergic receptors in the portal vein wall mediate vasomotor 
effects (42), we next studied the morphology of the portal area and 
also the central veins in 3D, using the inverted AF method (fig. S1A). 
In the MT + WD group, the portal area had seemingly shrunk (Fig. 9, 
A to D). Total portal area volume was significantly decreased, while 
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Fig. 5. Sympathetic nerve sprouting to the parenchyma in the WT + WD (steatosis) group. (A and B) TH immunostaining of control (A) and WT + WD (B) mouse liver. 
Note that NAergic fibers leave the portal area and enter the parenchyma in WT + WD (arrowheads). (C) TH volume immunostaining of WT + WD. Arrowheads: NAergic fine 
fibers entering the parenchyma. (D to F) Confocal imaging of the NAergic innervation of portal branches from control (D) and WT + WD livers (E and F). Arrows: swollen 
varicosities; arrowheads: fibers growing to the parenchyma. Dashed line in (E): contour of the portal vein. Scale bar in (B) applies to (A) and (B). Scale bar in (F) applies 
to (D) to (F).
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central vein/portal area volume ratio was increased in the MT + WD 
(steatohepatitis) samples, compared to controls. In contrast, no sig
nificant change in portal area volume was noticed in the WT + WD 
group, nor was a change found in the morphology or total volume 
of central veins in any group (Fig. 9, E and F). In a more detailed 
analysis of the portal area, 3mmlong main portal branches were 
manually segmented in each sample, and the portal vein volumes 
were determined (Fig. 9, G and H). This measurement revealed a 

remarkable decrease in the portal vein volume of the MT  +  WD 
group, which was responsible for the volume reduction of the portal 
area (Fig. 9, I to K, and fig. S4, A to E).

The portal vein stenotic alteration in steatohepatitis 
correlates with the extension of the sympathetic innervation
We then examined the spatial relation between the sympathetic in
nervation and the portal vessels. Interestingly, the stenotic portal 
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Fig. 9. Portal vein stenosis in experimental steatohepatitis and its spatial correlation with remaining sympathetic fibers. (A to D) Inverted 488 AF depicting the 
vasculature on CoD (A) and MT + WD (B) full samples. Segmented portal area (blue) and central veins (gray) in the same samples (C and D). *Portal area main branch; 
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slice (H). (I to K) Quantified volumes of portal area (I), portal vein (J), and portal area without portal vein volume (K) in 3.0-mm branches. (L and M) Inverted AF (gray) and 
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vein alterations in the MT + WD samples exactly overlapped with 
the (already degenerating) NAergic innervations. Outside these re
gions, the more distal end parts of portal veins were again dilated 
(Fig. 9, L and M, and fig. S4, F to I).

Last, we tested the hypothesis that the decrease of liver sympa
thetic tone may cause alterations in portal vein dilation/volume. 
Seven days after treatment with 6hydroxydopamine (6OHDA; 
100 mg/kg, i.p.) on control mice, the TH 3D staining was minimal 
with a partial recovery after 28 days, but with a high interindividual 
variability (Fig. 9, N to R). The portal or central vein volumes 
did not change significantly (Fig. 9, S  to V). Overall, elimina
tion of the sympathetic tone itself does not significantly affect 
the contraction state of either portal or central veins in control 
(nonsteatotic) mice.

Searching for sensory and parasympathetic innervations 
of the mouse liver
3D staining for the primary sensory nerve marker CGRP revealed 
sparse thick (5 to 15 m) nerve fibers, without a fine fiber network, 
around the major portal branches in the quadrate left lateral lobe 
samples (fig. S5, O to R). No signs of pathology or apparent differ
ence from control were noticed in steatotic/steatohepatitic samples 
in the 3D pattern of CGRP+ fibers (fig. S5, S and T).

Volume or 2D immunostaining for VAChT and other cholin
ergic markers (acetylcholinesterase, the peripheral isoform of 
choline acetyl transferase, and vasoactive intestinal polypeptide) 
did not reveal any fiber staining (fig. S5, H to K). Also, analysis of 
ChAT(BAC)-eGFP transgenic mouse livers yielded negative results 
(fig. S5L). In contrast, these approaches showed expected fiber 
patterns in pancreas, muscle, and various brain regions (fig. S5, A 
to G, M, and N). Overall, these results suggest that the mouse 
liver does not contain substantial cholinergic (parasympathetic) 
innervation.

Processing human livers for volume imaging 
and pathological characterization of samples
To test the translational relevance of our mouse data, we collected 
human liver biopsy samples (see table S1) and processed them for 
TH 3D staining. Since the human liver contains abundant connec
tive tissue and exhibits high AF, the iDISCO+ protocol was modi
fied to optimize staining and clearing quality (see Materials and 
Methods). Each sample was pathologically characterized and sorted 
by lipid content (fig. S6, A to F). Six examined cases showed no 
detectable or minimum amounts of fat (#1 to 6), four moderate 
steatosis (#7 to 10), and four severe steatosis with remarkable 
inflammation and ductular reaction (#11 to 14). Two cases (#12 
and #13) also exhibited marked fibrosis. The severely steatotic case 
#14, however, showed only mild fibrosis (fig. S6, A to F). Samples 
#11 to 14 were macroscopically whitish (fig. S6C) and defined as 
steatohepatitis.

Sympathetic innervation of the human liver in 3D
The human liver sympathetic innervation in samples with no de
tectable fat showed six to eight, 30 to 70mthick TH+ NAergic 
nerve bundles running along the big portal vessels, giving rise to 
thinner (4 to 8mdiameter) fibers forming a dense network 
around all elements of the portal triad (Fig. 10, A, B, and F; fig. S7, 
A and B; and movie S4). In addition, 4 to 8mthick nerve 
bundles, originating from the fine network around the main portal 

branches, penetrated the parenchyma in the connective tissue septa 
around the lobuli, often following the smaller portal branches in the 
septa (Fig. 10, A and B, arrows). From this “interlobular innerva
tion,” 3 to 6mdiameter fine varicose nerve fibers penetrated the 
intralobular parenchyma with decreasing density toward zone 3 
[“intralobular” innervation: Fig. 10, B (arrowheads), C to E, and fig. 
S7, C and D] in the perisinusoidal space (running together with fine 
collagen III+ fibers; Fig. 10G).

3D analysis of sympathetic nerve fibers in severe steatotic/
steatohepatitic human livers reveals axon degeneration
NAergic fibers in the human liver showed a degenerative pathology 
in both steatosis and steatohepatitis samples, with a clearly more 
marked degeneration in the severe cases. In moderatesevere steato
sis samples, a decreased density of intraparenchymal fine fibers was 
noticed with frequent swollen axonal varicosities and fragmenta
tion of the remaining innervation. Such swollen axonal pathology 
was especially severe in cases #10 and #11 (Fig.  10,  I  versus  H 
and O versus N, and fig. S8, B versus A). In cases #12 and #13, both 
with severe steatosis, inflammation, and fibrosis, the intralobular 
fibers were very sparse, and even the remaining ones exhibited a 
severe, swollen pathology. Moreover, interlobular nerve fibers also 
presented frequent swollen axonal varicosities (Fig. 10, J versus H; 
fig. S8, C versus A; and movie S5). In the severely steatotic case #14, 
the intra and interlobular NAergic fibers had almost completely 
disappeared, and only the thick nerves around the bigger portal 
tracts were preserved (Fig. 10, K versus H, and fig. S8, D versus A). 
Last, we quantified the intralobular innervations in all cases and, in 
agreement with the qualitative examination, a significant decrease 
in the volume of intralobular, fine NAergic fibers was measured in 
the steatosis versus nonsteatosis samples (Fig. 10, L and M).

DISCUSSION
In the present study, we applied the novel volume immunoimaging 
technology iDISCO+ and light sheet microscopy to explore the in
tegrity of hepatic innervations at various stages of NAFLD in both 
experimental mouse models and human tissues. TH 3D staining 
confirmed the periportal sympathetic innervation in mouse liver 
that was previously described in several studies (43, 44). In addition, 
the largescale 3D reconstruction of the left lateral lobe revealed 
that the complex sympathetic neuronal network follows each portal 
branch, extending almost until the end of the most distal portal ves
sels. In contrast, primary sensory nerves (CGRP+) are sparse and 
appear only to follow larger (more proximal) portal branches. We 
could not detect any parasympathetic (cholinergic) nerves. The vast 
majority of earlier data concerning mouse liver cholinergic innerva
tion is based on AChE histochemistry (45, 46). However, this is not 
a reliable and specific cholinergic staining in the liver (47). Studies 
applying VAChT immunohistochemistry did not find cholinergic 
nerves in rat (48) or mouse (49) liver. A recent volume imaging 
study also failed to detect cholinergic innervations in the mouse, 
rhesus macaque monkey, and human liver (50). Moreover, studies 
applying hepatic vagotomy and reporting its physiological conse
quences may be taken with caution, since hepatic parasympathetic 
denervation actually lesions the common hepatic vagus branch, in
cluding also the gastroduodenal branch that innervates parts of the 
distal stomach, pylorus, duodenum, and pancreas (51, 52). Some 
authors speculate that the vagal nerve indirectly controls liver 
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functions by affecting the celiac (sympathetic) ganglion or micro
ganglia near the celiac artery (53). Overall, our volume imaging 
study supports the notion that there is no relevant amount of cho
linergic nerves in the mouse liver. Nevertheless, a limited choliner
gic innervation, e.g., around the hilus, cannot be excluded; further 
research is needed to address this specific question.

One major goal of the present study was to explore the integrity 
of the hepatic nerve supply in experimental NAFLD. We hypothe
sized that the reported chronic sympathetic overactivation, steatosis, 
and proinflammatory and profibrotic environment in the fatty liver 
may cause pathological alterations in the innervation of the organ. 
A 7week WD resulted in a moderate steatosis and mild inflamma
tion without significant fibrosis or ductular proliferation in control 
mouse liver. However, a detailed 3D analysis of the NAergic fibers 
of these animals revealed widespread enlarged/swollen axonal vari
cosities in the fine filaments, mild fiber retraction in the most distal 
nerve branches, and frequent abnormal axonal sprouting extending 
from the Glisson’s capsule into the parenchyma in the more proxi
mal branches.

We and others have shown swollen axonal pathology (i.e., 
enlarged/swollen varicosities/intervaricose connections) in non
myelinated monoaminergic axons in the CNS in aging or in various 
pathological conditions (32–34, 54, 55). Such pathological derange 
is generated by accumulation of intraaxonal materials due to desta
bilization of microtubules and impaired axonal transport (55, 56). 
In fatty livers, increased oxidative stress in the NAergic fibers 
caused by chronically high nerve activity (14) or by reactive oxida
tive species derived from lipidladen injured hepatocytes (4) or 
from infiltrating neutrophil granulocytes as a part of inflammation 
processes (7) may all contribute to the axonal pathology. We show 
here that 4monthold Vav3−/− mice characterized by chronic 
sympathoexcitation and fatty liver (13) also exhibit swollen axonal 
pathology. Together, a chronically high sympathetic tone may con
tribute to the development of nerve pathology in hepatic NAergic 
fibers, and our results further support a pathological link between 
liver sympathetic nerve dysfunction and liver steatosis.

In the WT + WD mice, NGF expression is increased, paralleled 
by NAergic fiber sprouting toward the liver parenchyma. Ectopic 
NGF expression is efficient in rearranging intrahepatic nerves, 
where extension of nerve fibers from the periportal area toward the 
pericentral area is induced (39), similar to what we observed in our 
steatosis model. The increased NGF expression and sprouting may 
be a physiological compensatory response to the distal axonal atro
phy. In addition, the reorganization of the ECM in fatty liver may 
also destabilize the nerve fiber network. Namely, ECM proteins 
such as collagens I and III provide mechanical support for axons/
axonal growth (57,  58), and molecular reorganization of ECM 
matrix is an early event in the development of fibrosis (37, 38). 
We showed here that NAergic filaments in the liver run along col
lagen fibers. The destabilization of ECM–nerve fiber connections 
may lead to disorganization of fine periportal nerve filaments and 
may initiate increased NGF expression and axonal sprouting. This 
sprouting is, however, apparently limited to a few hundred micro
meters toward the parenchyma, perhaps due to an inefficient/
abnormal ECM support. Overall, volume imaging revealed that 
disorganization/signs of mild degeneration and axonal sprouting/
increased nerve plasticity are simultaneously detectable in the 
mouse liver sympathetic innervation in steatosis in experimen
tal NAFLD.

SNAP-25b–deficient mice kept for 7 weeks on WD exhibit dia
besity. Altered feeding behavior and hypothalamic dysfunction 
(36), as well as impaired betacell and islet functions, may be its 
primary cause (59). These mice also show severe liver steatosis and 
inflammation, indications for hepatocellular injury (ballooning), 
fibrosis, and ductular reaction, a liver status that corresponds to ad
vanced steatohepatitis. Our 3D analysis allowed a detailed quantitative 
characterization of a sympathetic nerve degeneration in these mice, 
demonstrating complete disappearance of distal branches and severe 
swelling of remaining axonal varicosities/intervaricose connections. 
In addition, decreased levels of NA and galanin were observed. This 
nerve pathology is more advanced and aggravated as compared to the 
“steatosis” stage in WT mice on WD and presumably associated with 
functional impairment. In these steatohepatitic livers, no proximal 
sprouting or increase in NGF expressions is detected; the NAergic 
innervation is apparently collapsing. After submission of the present 
work, a paper was published where the authors describe liver sym
pathetic neuropathy in mice kept on a 20 to 24week highfat diet as 
well as in 12weekold ob/ob and db/db mice, applying volume imag
ing technology (50). While this study of Liu et al. (50) lacks detailed 
qualitative or quantitative characterization of the fiber dystrophy 
and its comparison with the hepatic NAFLD spectrum pathology, 
the authors demonstrate, with a series of elegant experiments, that 
the noticed fiber damage can be reversed by calorie restriction or 
neutralizing TNF antibody treatment in mice previously fed with 
a highfat diet or by recombinant leptin treatment of ob/ob mice.

We demonstrate that the periportal NAergic fibers in mouse 
liver form close contacts with vascular smooth muscle and endothe
lial cells, as well as with biliary epithelial cells. All these cells express 
adrenergic receptors (19, 42, 60). Because of the limited innervation 
in mice and rats, hepatic gap junctions play a crucial role in the 
signal propagation throughout the parenchyma following sympa
thetic stimulation (40, 41). Here, we describe decreased expression 
of 1b and 3 adrenergic receptors and Cx32, the major component 
of mouse liver gap junctions, already at the steatosis level (WT + WD 
mice). These changes may represent a physiological response to a 
chronically high sympathetic nerve tone. The decreased expression 
levels of adrenergic receptors and Cx32 were even more pronounced 
in steatohepatitis (MT + WD), which, together with the nerve 
degeneration, suggests that the entire intrahepatic sympathetic 
nervemediated communication is impaired in these livers. In con
trast, the limited CGRP+ primary sensory innervation, which has an 
otherwise important role in nutrient (including glucose and lipid) 
sensing around the portal vein (52), does not exhibit any morpho
logical signs of degeneration.

Since the sympathetic innervation of human liver is much more 
complex than in rodents (44), it is important to test the translation
al relevance of our mouse data by also investigating human livers. 
Human liver sympathetic innervation was previously studied earlier 
in 2D (43, 47, 61). Here, we show that volume imaging allows, in an 
unparalleled way, a comparative analysis. Current available data 
concerning changes in human liver innervation in pathological 
conditions are sparse. Earlier studies applying S100 and/or neuron 
specific enolase immunostaining described a decrease of intrapa
renchymal nerve fiber density in cirrhosis and increased hepatic 
innervations in hepatitis (21–25, 62). However, these studies do not 
focus on earlier stages of NAFLD, and the applied markers do not 
discriminate between sympathetic and other types of nerves. Here, 
we examined the sympathetic innervation of liver samples with 
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volume imaging from 14 subjects ranging from undetectable steatosis 
to severe steatohepatitis. Samples with liver pathology other than 
NAFLD spectrum were excluded.

Thin intralobular NAergic fibers in the Disse space exhibit 
distinct changes already in moderate steatosis, which become more 
severe in steatohepatitis, reaching the interlobular fibers. Reason
ably, the nerve pathology starts in the thin unmyelinated and often 
unsheathed intralobular, most distal fibers (63) that form neuro 
effector junctions with hepatocytes, stellate cells, sinus endothelial 
cells, and Kuppfer cells (47, 64). These terminal fibers are probably 
particularly exposed and vulnerable to oxidative stress. With more 
advanced stages of NAFLD, the pathology spreads to the thicker 
interlobular fibers. Even if it is more complex in human, the nerve 
fiber pathology detected in human NAFLD is largely similar to what 
was observed in the mouse model. The decrease of intralobular fine 
fiber volume is detectable already in human samples with moderate 
steatosis, which supports the notion that the developing steatosis 
and subsequent lipotoxicity may be a key factor in the sympathetic 
nerve pathology. At the same time, a more widespread degeneration 
is noticed only in steatohepatitic livers, indicating that steatosis and 
inflammation together may cause severe nerve damage. Last, it is 
interesting to note that the most severe nerve degeneration was 
detected in a liver with heavy steatosis and severe inflammation but 
without substantial fibrosis, suggesting that fibrosis per se may not 
be the ultimate determinant in the development of sympathetic 
nerve degeneration in human NAFLD.

Supraphysiological pressure in the portal venous system, called 
portal hypertension (PH), is a detrimental complication in liver 
cirrhosis (65). The pathophysiology of PH is complex, involving 
hepatic (increased intrahepatic resistance to portal venous blood 
flow due to tissue remodeling) and/or extrahepatic (splanchnic 
arterial vasodilation) factors (65, 66). Despite the fact that PH has 
mostly been discussed in the context of cirrhosis, elevated portal 
venous pressure has also been detected in experimental or human 
NAFLD, when fibrosis was less advanced and cirrhosis was absent 
(66, 67). Numerous earlier studies reported decreased hepatic blood 
flow and increased hepatic arterial and portal venous pressure after 
electric stimulation of the hepatic nerves in rat (68), dog (69), or cat 
(70). Moreover, electrical stimulation of portal vein–associated 
nerves elicited receptor–mediated constriction of portal venules, 
sinusoids, and hepatic arteries, but no response could be recorded 
from the central vein (60). Together with the wellestablished 
chronically high sympathetic tone in NAFLD, a potential role of 
intrahepatic nerves also in the development of PH is suggested.

Here, we describe and quantitatively characterize a portal vein 
stenotic alteration in the steatohepatitic MT + WD group. Systematic 
3D analysis reveals that this stenosis ends exactly where the degen
erating NAergic innervation terminates, after which the more distal 
parts of the portal veins are again dilated. At the same time, the 
central vein system that virtually lacks innervation does not show 
decreased volume or shrunken morphology. These findings pro
pose that the liver periportal sympathetic nerves could contribute to 
a stenotic portal vein condition in advanced stages of NAFLD, thus 
representing a potentially novel neuronal component in the patho
mechanism underlying PH.

The spatial correlation of the portal vein stenosis and the re
maining NAergic fibers support the notion that these morphologi
cally impaired nerves are still in operation, albeit presumably with 
impaired functionality. Notably, abolishment of the sympathetic 

nerve tone with 6OHDA treatment in healthy control mice did not 
change the volume of the portal veins in our study, which is in line 
with the earlier finding that sympathetic denervation had no signifi
cant influence on hepatic blood flow in control rats (68, 71). Thus, 
sympathetic nerves may only exert a modest tonic influence on 
hepatic blood flow in normal conditions.

Our study has several limitations. First, we studied only 4monthold 
Vav3−/− mice, and SNAP25b–deficient mice and WT littermates 
on 7 weeks of WD. To explore the causal relationship of chronic 
sympathetic overactivation, sympathetic fiber pathology, and liver 
steatosis/steatohepatitis in more detail, further longitudinal studies 
are needed to examine animals of different ages and with a time 
course of WD. Also, the application of genetargeted animal models 
in general has substantial limitations in metabolic research, and the 
analysis of more physiological NAFLD models is necessary, such as 
control mice on extended highfat, highfructose diet or on extended 
WD. More specifically, albeit our experiments concluded that 
SNAP25b deficiency per se does not affect the integrity of the liver 
sympathetic nerves, we cannot totally exclude the possibility that 
during WD (under metabolic challenge), the SNAP25b–deficient 
condition might contribute to the increased vulnerability of the he
patic NAergic innervation. At the same time, our data on human 
livers provide translational relevance of the results with experimental 
NAFLD, and a recently published paper (50) also supports the pres
ence of sympathetic nerve atrophy in the mouse fatty liver.

In summary, taking advantage of the stateoftheart volume 
imaging technology, we here describe and characterize marked dis
turbances of the sympathetic nerves in steatotic mouse liver and a 
severe and selective degeneration of the same sympathetic neuronal 
network in steatohepatitis. Despite the anatomical differences be
tween human and rodent liver innervations, human fatty livers 
show similar degeneration of sympathetic nerve fibers. Moreover, 
its severity correlates with the level of NAFLD pathology, support
ing the translational relevance of our work and the validity of exper
imental NAFLD mouse models in studies of liver innervation. 
Nerves in the liver have multiple subtle regulatory roles in glucose 
and lipid metabolism, bile secretion, inflammatory reaction, he
modynamics, and regeneration. However, their role may be more 
essential during the fightorflight response or when subjected to 
metabolic challenges (51). Gradual atrophy of liver sympathetic 
nerves and abnormal operation of the remaining arborization in 
NAFLD could compromise all these functions, which may contrib
ute to further aggravation of the disease, as part of a vicious cycle. 
Our study revealed molecular and subtle morphological alterations 
in the liver sympathetic innervation already in early stages of 
NAFLD, which can be interpreted as compensatory mechanisms 
and which lead to increased plasticity of the sympathetic nerve 
system. With progression to steatohepatitis, however, this condi
tion turns to a severe degeneration of the nerves. Combination of 
3D immunoimaging and molecular methods may help to under
stand better how simple steatosis develops to steatohepatitis and 
may open up new important therapeutic approaches in NAFLD in 
the future. Last, our present study provides a powerful approach 
and workflow to comprehensively study liver nerves, vasculature, 
and/or bile ducts, even simultaneously, at high resolution and in 
3D, in experimental animal models and in human tissue. Consider
ing the increasing body of evidence regarding the importance of the 
hepatic innervation, our novel approach contributes to new insights 
into liver biology.
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MATERIALS AND METHODS
Gene-targeted and transgenic mouse lines  
[SNAP-25b–deficient, ChAT(BAC)-eGFP, and Vav3−/−]
The generation, breeding, maintenance, and genotyping of SNAP-25b– 
deficient mice and ChAT(BAC)-eGFP transgenic mice, both back
crossed on C57BL/6Crl, were performed as previously described 
(72, 73). In the SNAP-25b-deficient line, total expression levels of 
SNAP25 proteins did not change, but only SNAP25a is expressed 
(72). MT mice and WT littermates were maintained at the animal 
facility of Karolinska Hospital and housed six per cage in an envi
ronmentally controlled room (22° to 24°C) under a regular 12hour 
light/12hour dark cycle (lights on 7:00 a.m.) with food and water 
ad libitum. All experimental procedures were performed on male 
mice, between 9:00 a.m. and 2:00 p.m., under Ethical Permit 
#N33/14 approved by the Stockholm Northern Animal Experiments 
Ethics Board, and were performed according to standards and 
guidelines in accordance with the Directive 2010/63/EU of the 
European Parliament and of the Council on the Protection of 
Animals Used for Scientific Purposes. Particular care was taken to 
minimize the number of animals and their suffering throughout the 
experiments.

Vav3−/− C57BL/10 mice with chronic sympathetic hyperac
tivity were generated, bred, maintained, and genotyped as described 
earlier (74,  75). The Cincinnati Children’s Hospital Medical 
Center Institutional Animal Care and Use Committee approved 
the protocol.

Human liver biopsy samples
Together, 21 human liver biopsies were collected, but seven were 
excluded from the study based on clinical data and pathological 
evaluations (one infant, one with suboptimal fixation, one with 
genetic metabolic disorder affecting the liver, one portal vein 
embolized subject, and three subjects with hepatitis without ste
atosis). The clinical data of the applied subjects are reported in 
table S1. If the indication for surgery was a liver tumor, the sam
ple used was taken from the healthy (nontumorous) tissue part 
of the organ. The results of the pathological evaluation for the 14 
involved cases are summarized in fig. S6. All procedures were 
approved by the Regional Committee of Science and Research Ethics 
(Etikprövningsmyndigheten, Uppsala, Sweden; ethical permission 
no: 2017/26931 and amendment with no. 202000713) and were 
in agreement with the Declaration of Helsinki. Each involved pa
tient provided written informed consent.

Western diet
The diet intervention started at the age of 5 weeks. Male SNAP-25b 
deficient mice and WT littermates were divided randomly, three 
mice per cage, with a similar average body weight and were assigned 
to either (i) control diet (CoD; Lantmännen, Sweden; R70; 10.5% of 
kilocalories from fat, 17.7% from proteins, and 71.7% from carbo
hydrates) or (ii) highfat/highsucrose WD (Research diets Inc., 
New Brunswick, NJ, USA; D12079B; 40.0% of kilocalories from fat, 
17.0% from proteins, and 43.0% from carbohydrates). Freefeeding 
animals received these diets for 7 weeks.

6-OHDA treatment on mice
The experiment was performed in male mice (strain C57Bl/6J, 
Charles River, Sulzfeld, Germany; average weight was 22.9 ± 0.18 g 
at the beginning of the experiments). Mice were housed six per cage 

and were kept under controlled conditions in the animal facility 
(12hour light/12hour dark cycle, lights on at 7:00 a.m.; tempera
ture, 22° ± 2°C; humidity, 55 ± 10%) with free access to tap water 
and standard pelleted chow. All experimental procedures were per
formed between 8:00 a.m. and 1:00 p.m., with all external noise or 
any other stimuli stressful to the animals being strictly avoided. 
All experimental procedures were approved by the Animal Care 
Committee of the Institute of Experimental Endocrinology, Bio
medical Research Center, Slovak Academy of Sciences, Bratislava, 
Slovakia and State Veterinary and Food Administration of the 
Slovak Republic (Approval No. Ro 1314/18221). The mice received 
care in compliance with the Guide for the Care and Use of Laboratory 
Animals published by the U.S. National Institutes of Health.

Mice were randomly divided into four experimental groups: (i) 
control mice with intact sympathetic nervous system euthanized 
7 days after vehicle injection (VEH 7; n = 3); (ii) control mice with 
intact sympathetic nervous system euthanized 28 days after vehicle 
injection (VEH 28; n = 3); (iii) sympathectomized mice euthanized 
7 days after neurotoxin injection (6OHDA 7; n = 6); and (iv) sym
pathectomized mice euthanized 28 days after neurotoxin injection 
(6OHDA 7; n = 6).

Chemical sympathectomy was carried out in 12 mice by intra
peritoneal injection of the neurotoxin 6OHDA hydrobromide 
[body weight (100 mg/kg), SigmaAldrich, Darmstadt, Germany] in 
conscious mice over two consecutive days as was previously de
scribed (76). Briefly, the 6OHDA was dissolved in a solution of 
sterile saline containing 0.1% of the antioxidant ascorbic acid 
(SigmaAldrich). Mice of the VEH 7 and VEH 28 groups were 
intraperitoneally injected with vehicle (solution of sterile saline 
containing 0.1% of the antioxidant ascorbic acid). The efficiency of 
the sympathectomy was confirmed in the sympathectomized mice 
immediately after application of 6OHDA by the presence of ptosis 
(Claude Bernard–Horner’s syndrome), as well as the presence of 
reddish urine indicating the presence of 6OHDA metabolites 
in urine.

Mouse tissue preparation
For morphological examinations (iDISCO+ volume imaging and 
histochemical and immunohistochemical staining), mice were deeply 
anesthetized using sodium pentobarbital (60 mg/kg,  i.p.). They 
were perfused via the ascending aorta with 40 ml of Tyrode’s buffer 
(37°C), followed by 20 ml of warm modified Zamboni fixative (mix
ture of 4% paraformaldehyde and 0.2% picric acid, diluted in phos
phate buffer, pH 7.4) and 50  ml of the same fixative at 4°C. The 
entire livers were dissected out and postfixed in the same fixative for 
3 hours at 4°C. The left lateral lobe planned for volume imaging was 
then immersed and kept in 1× phosphatebuffered saline (PBS; 
pH 7.4; Ambion), containing 0.1% sodium azide, pending analysis. 
Another piece of liver was reserved for histochemistry and immu
nohistochemistry and was immersed in 10% sucrose in PBS (pH 7.4), 
containing 0.01% sodium azide (SigmaAldrich) and 0.02% bacitracin 
(SigmaAldrich), for 48 hours. Tissue blocks were then snapfrozen 
with CO2 and sectioned at 20 m in a cryostat (Microm, Heidelberg, 
Germany). The sections were mounted on SuperFrost Plus slides 
(VWR international, Leuven, Belgium). In some animals, brains, 
pancreas, and soleus muscles were also dissected and further pro
cessed for 3D and 2D morphological examination.

For biochemical examinations [HPLC, radioimmunoassay, and 
quantitative polymerase chain reaction (qPCR)], mice were decapitated, 
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and the livers were rapidly dissected out. The left lateral lobes were 
further dissected to four pieces, following the scheme in Fig. 1B. All 
pieces were collected in separated Eppendorf tubes, quickly frozen 
on dry ice, and kept at −80°C, pending analysis.

A few animals from each treatment group were decapitated, and 
the livers were fixed by immersion in modified Zamboni fixative for 
72 hours at 4°C, washed in 1× PBS, put into 70% ethanol, and rou
tinely processed and paraffinembedded. Fourmicrometer sections 
were cut on a rotary microtome (Microm HM355s, Thermo Fisher 
Scientific), and sections from each block were routinely stained 
with hematoxylineosin.

Human tissue preparation and pathological characterization
Approximately 1cm3 human liver biopsy samples were washed in 
warm 1× PBS and were fixed by immersion in modified Zamboni 
fixative for 72 h at 4°C right after the surgical removal. Most of the 
tissue from each block was reserved for later volume imaging. After 
fixation, these tissue pieces were then immersed and kept in 1× PBS, 
containing 0.1% sodium azide, pending analysis. One smaller piece 
(ca. 5 mm by 5 mm by 3 mm) from each biopsy sample was reserved 
for histochemistry and immunohistochemistry. These pieces were 
cryoprotected in 10% sucrose for 48 hours, were snapfrozen with 
CO2, and were sectioned at 20 m in a cryostat, as described earlier. 
Another piece with the same size was transferred to 70% ethanol, 
routinely processed, and paraffinembedded. Fourmicrometer 
sections were cut on a rotary microtome (Microm HM355s, 
Thermo Fisher Scientific) and routinely stained with hematoxylin 
eosin. Semiquantitative assessments of lipid content, inflamma
tion status, and ballooning (activity), as well as fibrosis, were 
evaluated by two expert human liver pathologists, according to a 
widely accepted integrative histopathological algorithm scoring 
system (77).

ORO staining and its quantification
Frozen sections from fixed human and mouse liver tissue blocks 
were equilibrated for 1 hour at room temperature, washed 2 × 5 min 
in 1× PBS, 1 min in distilled water (DW), and 1 min in isopropyl 
alcohol (IPA). Then, sections were incubated in ORO working 
solution for 15 min [working solution: 30 ml of stock solution and 
20 ml of DW, after filtering; stock solution: 0.5% ORO dye (Sigma 
Aldrich, O062525G) in IPA]. Sections were then immersed in 60% IPA 
for 10 min, in DW for 1 min, and in 1× PBS for 2 × 5 min and were 
mounted with coverslip using 2.5% DABCO (1,4diazabicyclo[2.2.2]
octane) in glycerol (SigmaAldrich).

To quantify the ORO signal in sections, three to five 1388 × 1040 pixel 
micrographs (mouse and human liver, respectively) were taken 
with 20×/0.6 objective from randomly selected regions with a Zeiss 
Axiophot microscope equipped with objective lenses 2.5×/0.12, 
5×/0.25, 10×/0.45, and 20×/0.6, and an AxioCam HRc3 color 
camera, using the AxioVision 4.8 (Zeiss) software. Then, the micro
graphs were opened by the Image J 1.52q software and converted to 
8bit grayscale, brightness/contrast and threshold values were proper
ly adjusted, and the “raw integrated density” (sum of values of the 
pixels in the image) and “area fraction” (percentage of pixels in the 
image) were determined.

Picro Sirius Red staining
Frozen sections from fixed human and mouse liver tissue blocks were 
dried for 1 hour at room temperature, washed in 1× PBS for 

2 × 5 min and in DW for 1 min, and immersed in 0.1% Picro Sirius 
Red solution (prepared with: SigmaAldrich, 365548) for 15 min. 
Then, the sections were immersed in 0.5% acetic acid for 2 × 1 min, 
washed in DW for 1 min, dehydrated in 3 × 100% ethanol, and 
mounted with coverslip using Entellan (Merck, Darmstadt, Germany). 
The sections were examined and photographed in a Zeiss Axio
phot microscope (see above), using 2.5×, 5×, 10×, or 20× objectives.

Immunohistochemistry with TSA+ signal amplification 
and fluorescence microscopy
For single immunostaining and for the first step of double/triple 
stainings, sections were washed in PBS and were incubated for two 
nights at 4°C with primary antibodies in 0.01 M (1×) PBS contain
ing 0.3% Triton X100, 0.02% bacitracin, and 0.01% sodium azide. 
(The list and specifications of all used primary antibodies are re
ported in table S2.) To visualize the immunoreactivity, the sections 
were processed using a commercial kit (PerkinElmer Life Science, 
Boston, MA) based on tyramide signal amplification (TSA). The 
sections were examined and photographed using a Nikon Eclipse 
E600 fluorescence microscope with objective lenses of 4×, 10×, and 
20× (Nikon, Tokyo, Japan) equipped with appropriate filters and an 
ORCAER, C474280 digital camera using Hamamatsu Photonics 
Wasabi 150 software (Hamamatsu Photonics K.K., System Division, 
Hamamatsu City, Japan).

Double/triple immunolabeling and confocal microscopy
For double/triple labeling, immunostained sections were extensively 
washed in 0.01 M PBS and were incubated again for two nights at 
4°C with new primary antibodies in 0.01 M PBS (table S2). After 
washing in 0.01 M PBS, the sections were incubated with Alexa 
Fluor–conjugated antirabbit, antimouse, antirat, antichicken, or 
antigoat immunoglobulin G secondary antibodies (table S3) at a 
dilution of 1:500 in 0.01 M PBS for 2 hours. Sections were mounted 
with coverslip using 2.5% DABCO in glycerol (SigmaAldrich) and 
examined with a Zeiss LSM 800 airy confocalsystem installed on a 
Zeiss Axio Observer Z1 microscope equipped with 5×/0.25, 10×/0.3, 
20×/0.8, and 63×/1.4 objectives; 488, 561, and 640nm lasers; and 
appropriate emission filters. Digital images from the microscopy 
were slightly modified to optimize for brightness and contrast using 
ZEN Lite 2.3 (blue edition; Carl Zeiss Microimaging GmbH, Jena, 
Germany) and Adobe Photoshop CS6 software (Adobe Systems, 
San Jose, CA), to best represent the immunohistochemistry ob
served at the microscope.

Quantification of macrophage density and inflammatory foci
To quantify the density of macrophages in mouse liver sections, 
F4/80 and Iba1 immunostaining were applied. Three micrographs 
were taken from each section from randomly selected regions, 
using a Nikon Eclipse E600 fluorescence microscope with 20× ob
jective, an ORCAER C474280 digital camera and the Hamamatsu 
Photonics Wasabi 150 software (details above). Then, the micro
graphs were opened by the Image J 1.52q software, brightness/
contrast and threshold values were properly adjusted, and the raw 
integrated density (sum of values of the pixels in the image) and 
area fraction (percentage of pixels in the image) were determined.

To determine the number of inflammatory foci, sections double 
immunostained for F4/80 + myeloperoxidase (MPO; neutrophil 
granulocyte marker) were captured on a Vslide slide scanning micro
scope (Metasystems, Alltlussheim, Germany) with 10× objective and 
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filter sets for fluorescein isothiocyanate (FITC; EX493/16–EM527/30) 
and Cy3 (EX546/10–EM580/30). Whole microscope slides were 
scanned at 2.5×, and tissue was detected on the basis of the FITC 
signal. After generating a position map, entire liver sections were 
scanned using 10× objective and FITC and Cy3 filters for F4/80 and 
MPO staining, respectively. Individual fields of view images were 
stitched, and images with high resolution were extracted (35,000 × 
20,000 pixels). The large stitched files were further managed by the 
MetaViewer software (version V2.0104.3; Meta System GmbH). 
To count the inflammatory foci, the area of the entire sections was 
outlined, and the full section areas (m2, converted to mm2) were 
determined for each case. The average outlined area was 21.65 mm2 
per section. The brightness/contrast of pictures was slightly adjusted, 
and the number of inflammatory foci (clusters of F4/80 and MPO 
positive cells; Fig.  3H) was determined on screen by the same 
observer. The treatment groups/animal numbers were coded and 
were unknown by the observer during the counting process.

iDISCO+ volume immunostaining on mouse and human 
liver samples
A total of 57 mice were processed for volume immunostaining 
[5 SNAP-25b–deficient on normal chow (control) diet, MT + CoD; 
8 + 5 SNAP-25b WT littermate on control diet, WT + CoD; 7 SNAP-25b 
WT on WD (WT + WD); 6 SNAP-25b–deficient on WD (MT + WD); 
5 controls for 6OHDA experiment; 5 6OHDA 7 days; 5 6OHDA 
28 days; 4 Vav+/+; 4 Vav−/−; and 3 ChAT(BAC)-eGFP mice]. The left 
lateral lobe of each mouse liver was dissected further into four equal 
pieces, according to the scheme shown in Fig. 1B, and these pieces 
(ca. 5 mm by 5 mm by 4 mm) were further processed for volume 
imaging experiments. In addition, in the case of ChAT(BAC)-eGFP 
mice, the soleus muscle was also removed and studied. For some 
WT + CoD (control) mice, the entire left lateral lobe, as one sample, 
was processed for volume imaging.

iDISCO+ volume immunostaining and clearing processes of 
mouse liver samples were performed as described earlier (78). Briefly, 
the samples were washed in 0.01 M (1×) PBS three times in 5ml 
Eppendorf tubes and then were dehydrated in rinsing methanol/
water series (20%40%60%80%100%100%), 1 hour each. The 
samples were bleached with 5% hydrogen peroxide in 100% metha
nol overnight at +4°C. Then, they were rehydrated in downgrading 
serials of methanol/water (80%60%40%20%PBS), incubated in 
permeabilization solution for 2 days and then in blocking solution 
for 2 days, both at 37°C [0.2% Triton X100/20% dimethyl sulfoxide 
(DMSO)/0.3 M glycine in 0.01 M PBS + 0.02% sodium azide, 0.2% 
Triton X100/10% DMSO/6% normal donkey serum in 0.01 M 
PBS  +  0.02% sodium azide, permeabilization and blocking solu
tions, respectively]. The samples were then incubated with primary 
antibodies or mixtures of primary antibodies (table S2) for 5 days at 
37°C [antibody diluent: 0.2% Tween20/heparin (10 g/ml)/5% 
DMSO/3% normal donkey serum in 0.01 M PBS + 0.02% sodium 
azide]. After extensive washing overnight, the blocks were incubated 
in secondary antibody or mixtures of appropriate secondary antibodies 
(table S3) for another 5 days [diluent: 0.2% Tween20/heparin 
(10 g/ml)/3% normal donkey serum in 0.01 M PBS + 0.02% sodium 
azide]. Then, the blocks were dehydrated in rinsing methanol/water 
series (see above), incubated in 66% dichloromethane/33% metha
nol for 3 hours and in 100% dichloromethane for 2 × 30 min, trans
ferred to tubes filled with 100% dibenzyl ether, and were stored in 
this solution.

Regarding the human liver, typically 5 mm by 5 mm by 2 mm 
tissue samples were cut for volume immunostaining. The samples 
were washed 3× in 0.01 M PBS and processed for iDISCO+ reaction 
as it was described for mouse tissue above, but with some modifica
tions: (i) Before H2O2 bleaching, samples were incubated overnight 
in 66% dichloromethane/33% methanol and washed 2 × 1 hour in 
100% methanol, for more extensive delipidation; (ii) the permeabi
lization step was applied for 4 to 5 days; and (iii) both the primary 
and the secondary antibody incubation steps were extended to 
14 days.

Light sheet fluorescence microscopy and 3D  
image reconstruction
A light sheet microscope (Ultramicroscope II, Lavision Biotec, 
Bielefeld, Germany) and the ImSpector 347 software were used. The 
microscope was equipped with an Olympus 2×/0.5 objective lens, 
an Olympus MVX10 0.63 to 6.3× zoom body, a 6.5mm working 
distance spherical aberration–corrected dipping cap, an sCMOS 
(semiconductor complementary metal oxide semiconductors)  
camera (Andor Neo; pixel size: 2560 × 2160), and Coherent OBIS 
lasers (488100 LX, 488 nm; 561100 LS, 561 nm; 640100 LX, 640 nm) 
with appropriate filters. Detailed scanning parameters for various 
blocks are reported in the Supplementary Materials. The serials of 
16bit uncompressed tif images (ca. 2000 to 2500 Zlevels, ca. 20 GB; 
raw data) were then converted to an IMS file, using the Imaris File 
Converter 8.4.2 or 9.2.1 programs (Bitplane, UK), and the 3D vision 
of acquisitions was reconstructed in the Imaris 8.4.2 or 9.2.1 
(Bitplane, UK). For the illustrations, snapshot images (1200 dpi) 
were taken from the actual light sheet scans in perspective mode 
(Imaris). Background subtraction (Imaris) was routinely used for 
the light sheet scans, and brightness/contrast was slightly adjusted 
for the snapshots using Photoshop CS6.

HPLC measurement for liver NA content
Dissected and weighed tissue samples (average sample wet weight: 
80.08 mg) were mixed at a ratio of 1:10 (w/v) with 0.2 M perchloric 
acid including 100 M EDTA2Na and homogenized at 0°C in a 
glasspestle microhomogenizer. After standing for 30 min on ice, 
the homogenates were centrifuged for 15 min at 3000g at 4°C. The 
supernatants were carefully aspirated and mixed with 0.4 M Na 
acetate buffer (pH 3) at a ratio of 5:1 (v/v) and filtered through a 
0.22m centrifugal filter for 4 min at 14,000g at 4°C. The filtrates 
were stored at −80°C before HPLC analysis.

NA was determined by HPLC with electrochemical detection 
following minor modifications, as described elsewhere (79). Briefly, 
the HPLC System (HTEC500, Eicom, Kyoto, Japan) included a 
degasser, a microflow pump, and an electrochemical detector. The 
potential of the glassy carbon working electrode was set to +450 mV 
versus the Ag/AgCl reference electrode. The supernatant or the 
standard was injected by using a CMA/200 Refrigerated Microsampler 
(CMA Microdialysis, Stockholm, Sweden) equipped with 20l loop 
and operating at +4°C. The separation was achieved on a 200 mm 
by 2.0 mm I.D. Eicompak CAX column (Eicom, Kyoto, Japan). The 
mobile phase was a mixture of methanol and 0.1 M phosphate buffer 
(pH 6.0) (30:70, v/v) containing 40 mM potassium chloride and 
0.13 mM EDTA2Na. The data were recorded and integrated using 
a computerized data acquisition system clarity (DataApex, Prague, 
Czech Republic). The limit of detection (defined as signaltonoise 
ratio > 2) was 0.55 fmol/15 l.
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Radioimmunoassay for galanin peptide in mouse liver
Mouse liver galanin (1 to 29) was analyzed using antiserum RatGala4 
raised against conjugated synthetic rat galanin as described before 
(80). Briefly, galanin (129) was labeled using the chloramineT 
method, followed by purification on a reversephase (C18) column 
using a 20 to 50% gradient of acetonitrile in water with 0.1% trifluoro
acetic acid. The RatGala4 antiserum does not crossreact with 
neurokinin A, neuropeptide K, substance P, neurokinin B, NPY, 
gastrin, pancreatic polypeptide, glucagon, or NT. HPLCpurified 
125I rat galanin was used as radioligand and rat galanin was used as 
standard. The detection limit of the assay was 5 pM. Intra and 
interassay coefficients of variation were 6 and 10%, respectively.

Liver RNA extraction and quantitative PCR
Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, 
Dusseldorf, Germany). RNA integrity was controlled on QIAExcel 
(Qiagen), and concentration was measured by using Qubit (Applied 
Biosystems) and NanoDrop (Thermo Fisher Scientific, Massachusetts, 
USA). Two micrograms of RNA was reversetranscribed using the 
HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, 
Carlsbad, CA, USA). Five nanograms of cDNA was used for real 
time quantitative PCR by using primers specific for the different 
markers (see table S4) and Maxima SYBR green qPCR master mix 
(Thermo Fisher Scientific) on an Applied Biosystems 7000 Real 
Time PCR System. Relative fold changes were calculated using the 
comparative CT method (2−CT).

Statistical analyses
Student’s t test for independent samples was applied for the evaluation 
of fine intralobular TH+ immunostaining volume measurements in 
human livers. Twoway analysis of variance (ANOVA) and Tukey’s 
post hoc tests were used for the detailed evaluation of branching angles 
in mouse liver major filaments. For the statistical evaluation of all 
other measurements, oneway ANOVA and Tukey post hoc tests 
were applied. All data were represented and evaluated with acceptable 
levels of significance set at P < 0.05 using GraphPad Prism 6 software.

Movie production
Raw movies were prepared in mp4 format, using Imaris 9.2.1 “video 
creation” function with 24 frame/s, 16:9 aspect ratio, 720 kbps bitrate, 
and H.264 codec. Movies S1 to S5 were edited and further annotated 
by using iMovie maker v10.1.8 (Apple, Cupertino, CA, USA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/30/eabg5733/DC1

View/request a protocol for this paper from Bio-protocol.
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