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Abstract 

Background

In academic research and the pharmaceutical industry, in vitro cell 
lines and in vivo animal models are considered as gold standards in 
modelling diseases and assessing therapeutic efficacy. However, both 
models have intrinsic limitations, whilst the use of precision-cut tissue 
slices can bridge the gap between these mainstream models. 
Precision-cut tissue slices combine the advantage of high 
reproducibility, studying all cell sub-types whilst preserving the tissue 
matrix and extracellular architecture, thereby closely mimicking a 
mini-organ. This approach can be used to replicate the biological 
phenotype of liver monogenic diseases using mouse models.

Methods

Here, we describe an optimised and easy-to-implement protocol for 
the culture of sections from mouse livers, enabling its use as a reliable 
ex-vivo model to assess the therapeutic screening of inherited 
metabolic diseases
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Results

We show that precision-cut liver sections can be a reliable model for 
recapitulating the biological phenotype of inherited metabolic 
diseases, exemplified by common urea cycle defects such as 
citrullinemia type 1 and argininosuccinic aciduria, caused by 
argininosuccinic synthase (ASS1) and argininosuccinic lyase (ASL) 
deficiencies respectively.

Conclusions

Therapeutic response to gene therapy such as messenger RNA 
replacement delivered via lipid nanoparticles can be monitored, 
demonstrating that precision-cut liver sections can be used as a 
preclinical screening tool to assess therapeutic response and toxicity 
in monogenic liver diseases.

Keywords 
precision-cut tissue slices, vibratome, liver, urea cycle, 
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mRNA
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Introduction
Isolated primary cells and cell line cultures are usually models of choice for in vitro studies due to their easy access and
low maintenance. However, limitations include the rapid loss of differentiation and lack of a tissue specific microen-
vironment.1,2 This can partially be overcome with three-dimensional systems such as spheroids3 and whole-organ
bioreactors4; however, these techniques can be technically challenging and costly. Transgenic animals present their own
limitations too i.e. high maintenance cost and experimental restrictions for ethical reasons. Precision-cut tissue slices
(PCTS) fill a gap between such in vitro and in vivo models and mimic a mini-organ model whilst preserving the
tissue architecture and extracellular matrix.5,6 The development of tissue slicers, e.g. vibratomes,7 has allowed the
generation of thinner slices with better preserved structural integrity. They can be generated from a wide range of
organs,8–11 tumours12,13 but also human surgical wastes.14,15 Also, one organ can generate multiple PCTS, thereby
reducing drastically the number of animals but also limiting interindividual variations and off-target effects.

Developing liver PCTS is an appealing strategy to model a disease phenotype such as chronic liver diseases and test
preclinical therapeutic effect and potential toxicity.

Here, we present an optimised and easy-to-implement method for the preparation and culture of precision-cut liver slice
(PCLS) with survival of up to five days. As an appealing application for a model of chronic liver disease, we show that
PCLS recapitulate key phenotypic aspects of two rare inherited metabolic diseases affecting the urea cycle, citrullinemia
type 1 and argininosuccinic aciduria (ASA).We also show that PCLS effectively support the proof of concept of non-viral
gene therapy by rescuing the ASA phenotype using hASL mRNA encapsulated in lipid nanoparticles.

Methods
Ethics statement
All animal work was approved following local ethical review by the University College London Animal Welfare and
Ethical Review Board and performed under Home Office project license PP9223137 and in accordance with the Home
Office (Animals) Scientific Procedures Act (1986). Individual Researchers were performing procedure under personal
licences I3906A5FA and I42365670.

All efforts were made to limit harm to animals in accordance to standard practice at the Biological Services Unit at
University College London. Animal procedures were performed under the UKHomeOffice licence PP9223137. Animal
procedures were compliant with ARRIVE guidelines and The ARRIVE checklist is available on Open Science
Framework, DOI: https://osf.io/vz4jp/.16

Animals
The transgenic mouse strains were purchased from Jackson Laboratory (Bar Harbor, ME): AslNeo/Neo (B6.129S7-
Asltm1Brle/J) and Ass1fold (B6EiP-Ass1fold/GrsrJ). The model for citrullinemia type 1, Assfold/fold, contains a single base
pair mutation within the ASS gene, and the model recapitulating Argininosuccinic aciduria (ASA), AslNeo/Neo, contains a
neomycin (Neo) cassette inserted into the ASL gene and disrupting its transcription. Mice were mated as heterozygous
and a total of sixmice per strain were used as parents to generate wild-type and homozygous littermate controls. A total of
15 littermates were used to generate the PCLS. Some of the remaining littermates were used as new breeders. Livers were
harvested between the ages of day 12 and 19. All animal work was carried at the Biological Services Unit of University
College London.Mice had free access to food andwater, housed up to five per cages, in Individually ventilated cageswith
controlled temperature and humidity conditions and with a 12h light cycle.

Collection of liver and preparation
The mouse had been euthanised by raising CO2 concentration and according to local procedures. The liver was
immediately excised from the mouse and in conditions as sterile as possible and stored directly in ice cold Krebs Buffer.
All further steps were performed on ice at 4°C. Each lobe was isolated from the whole liver and all edges further trimmed

REVISED Amendments from Version 1

We have revised our manuscript to further details some aspect of the protocol (harvest of the liver, timing for weighing the
slices, average number of LNP particles per slice). We have also clarified the length of survival in termof number of days and
different time points. We published and reviewed new histology pictures and indicated in situ the structural and patho-
logical traits of interest. The mutations in each mouse model have now been described more clearly. Finally, we have
explained why some of the biomarkers such as ASA in the media appear at a much lower concentration than in humans.

Any further responses from the reviewers can be found at the end of the article
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to obtain a smaller more manageable lobe with straight edges. This helped remove some of the fibrous Glisson’s capsule
to further facilitate sectioning. This was performed while keeping the liver surfaces wet into ice cold Krebs buffer
(Figure 1A). One litre of Krebs (Merck, Cat. no K3753) buffer was prepared by dissolving one vial of Krebs powder into
1 L of ultrapure water and kept at 4°C before and during use. Each lobe section was embedded into 4% low melting
agarose (ThermoFisher, Cat no 16520050).

Liver slices preparation
Following harvest, the liver should be processed for cutting as quickly as possible and the time between harvest and
culture shouldn’t exceed 3 hours but the shorter this time is, the better with regards to survival. Slicing was performed
using a vibratome (Leica, VT1000 S). The agarose blocks were glued, using standard cyanoacrylate glue, directly onto
the platform (Figure 1B) and the tray filled with ice cold Krebs buffer to completely cover the agarose block. The blades
(Agar Scientific, Cat no T569T)were placed onto the vibratome at an angle of 10 degree downwards and below horizontal
(Figure 1C). The vibratome was set for cutting at a thickness of 250 μm and speed was set at 5 and frequency at 7. The
cutting traywas cooled into the freezer before use and preserved coldwith ice around it (Figure 1C). A spatula was used to
collect the liver slices instead of forceps or brushes to avoid damaging the slices.

Incubation of liver slices
William’s Medium E with GlutaMAXTM (WME) slice incubation medium was prepared by adding 2 mM L-glutamine
supplement (Gibco, Cat no 32551-020), 10% of dialysed FBS (ThermoFisher, Cat no 26400044), 100 U/mL penicillin
and 100 μg/mL streptomycin (Gibco, Cat no 15750045), 10 μg/mL Gentamycin (Gibco, Cat no 15750045), 25 mM
D-Glucose solution (Gibco, Cat no 15384895), 15mMHEPES solution (Gibco, Cat no 15630), stored at 4°C. Slices were
also cultured using porous 8 μm inserts to allow access to both faces of the slice (Strastedt, Cat no 83.3932.800). Media
was also added to the well, enough to slightly cover the slices to create a liquid-air interface while shaking. Plates with
slices were transferred into a humidified incubator set to 37°C, 5% carbon dioxide and 20% oxygen level while
continuously shaking using an orbital shaker with a speed set at 130 rpm. Thereafter the media was changed every 48 h.

Figure 1. Optimised protocol for cutting and culture of PCLS. (A) Schematic summarising the protocol for
generating PCLS. (B) Pre-cut liver lobe embedded in a low-melting agarose block. (C) Agarose block containing
themouse lobe ready for cutting onto vibratome filled with ice and ice-cold Krebs buffer. (D) PCLS following cutting
and ready for culture. (E) A PCLS inside a transwell within a 12 well plate containing culture media.
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MTS Assay
The slices were transferred into a 48 well plate containing 400 μl of prewarmed complete WME media and 80 μl
of MTS (4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent (Abcam,
Cat no ab197010) was added. Following incubation for 1 h at 37°C, 5% CO2 onto a shaker, 200 μl of media was
transferred into a 96 well plate and absorbance was measured at 490 nm. OD raw values were normalised to the fresh
weight of individual slices. Slices wereweighted at the end of the assay. Individual weights varied from 4.6mg to 19.1mg
with an average of 10.6 mg.

Nanoparticle transfection
Codon optimized hASL encoding mRNA encapsulated in lipid nanoparticles (LNP-hASL mRNA) were provided by
Moderna Therapeutics using their proprietary technology. A total of 2 μg of LNP-hASL in a 10 μL volumewere added to
the upper side of the slice. This is comparable to an average of 0.19 mg of nanoparticles per gram of liver.

Citrulline and argininosuccinic acid analysis
Liquid chromatography-Mass spectrometry (LC-MS/MS) was used from dried bloodspots using the hydrophilic
interaction liquid chromatography (HILIC) separation of metabolites, method. Briefly, 40 μl of whole blood was spotted
onGuthrie blood spot card, dried at room temperature for 24 h and stored in -20°C in a foil bagwith desiccant. 3mmblood
spot punchwas extracted in 100 μl methanol containing stable isotopes (2 nmol/l, L-citrulline-d7, CDN isotopes, Pomite-
Claire, Quebec), used as internal standards, for 15 min in sonicating waterbath at room temperature. The supernatant was
collected and dried using Eppendorf® Concentrator Plus and resuspended in 80 μl of 0.05 M HCl, topped with 280 μl of
Solvent A (10 mM ammonium formiate+85% Acetonitrile (ACN)+0.15%Formic acid (FA)), centrifuged at 16,000 rpm
for 5 min and supernatant taken for analysis.

Acquity UltraPure Liquid Chromatography (UPLC)-system (Waters, Manchester, UK) using Acquity UPLC BEH
Amide column (2.1�100 mm, 1.7 μm particle size) and Van GuardTM UPLC BEH Amide pre-column (2.1�5 mm,
1.7 μmparticle size) (Waters Limited, UK)was used for amino acid chromatography. Themobile phaseswere (A) 10mM
ammonium formiate in 85%ACN and 0.15% FA and (B) 15 mM ammonium formiate containing 0.15% formic acid, pH
3.0. Detection was performed using a tandem mass spectrometer Xevo TQ-S (Waters, Manchester, UK) using multiple
reaction monitoring in positive ion mode. The dwell time was set automatically with MRM-transition of 291.2>70.2,
273.2>70.2 and 176.1>159 respectively for ASA, ASA-anhydrides and L-citrulline. L-Citrulline-d7 (183.15>166.05)
was used as internal standard control. Argininosuccinate data were analysed using Masslynx 4.2 software (Micromass
UK Ltd, Cheshire, UK).

ASL enzymatic activity
20-30mg of liver was homogenised in 400 μl of cold homogenising buffer (50mMphosphate buffer pH 7.5 and 1xRoche
EDTA-free protease inhibitor (Roche, Switzerland)) using Precellys homogeniser tube (VWR, UK) and Precellys
24 tissue homogeniser (Bertin Instruments, France), centrifuged at 10000 g for 20 min at 4°C and protein levels
measured from the supernatant using BCA kit (Thermo Fisher Scientific, UK). 60 μg of protein lysate was incubated with
3.6 mMASA in final volume of 50 μl, incubated at 37°C for 1h followed by reaction termination at 80°C for 20 min. The
mixture was centrifuged at 10000 g for 5 min and 5 μl of the supernatant was used to measure fumarate levels per
instruction from the commercial fumarate kit (Abcam, Cambridge, UK).

Statistical analyses
GraphPad Prism 9.0 software (San Diego, CA, USA) was used for performing data analysis and generating graphs.
The statistics for this research could be reproduced using the open-source graphical program for statistical analysis JASP.

Results
Key aspects of PCLS culture to allow viability over five days
Protocols for PCLS preparation and culture vary significantly in the literature with a lack of standardisation, especially for
slicing equipment, culture media, and engineering system. Optimisation is always key and varies noticeably depending
on the tissue of interest. Here, we recapitulate a rapid and optimised protocol to generate PCLS (Figure 1). We observed
that a minimal volume of culture medium was essential to sustain viability. A reduced volume in 24-well plate showed a
significant reduction of viability (p=0.02) compared to 12-well and six-well plates (Figure 2A, Underlying data16).
In agreement with others,17 the use of 12-well plates appears as the best option for optimal survival providing more
nutrients and diluting toxic bile acid products. Approximately fifty percent reduction of PCLS viability was also observed
without continuous shaking (Figure 2B, Underlying data16). Shaking creates a critical air-liquid interface, a constant
flow, and combined with the use of transwells, increases access to nutrients and oxygen.
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With these modifications, viability was assessed and remained constant before observing a significant decrease (p=0.05)
at day six (Figure 2C, Underlying data16). A survival of 5 days refers to an experimental design from day 0 (day of animal
harvest, organ slicing and first day of incubation) up to day 4 (5th day of incubation). The PCLS morphology showed no
change of bile ducts and architecture up to five days post-incubation (Figures 2D–G). Only nuclear hyperchromasia, mild
inflammatory infiltrates and vacuolisation were observed at day five (Figure 2G). Taken together, we showed that our
optimised PCLS culture protocol enabled viability for five days.

PCLS recapitulate the disease phenotype of argininosuccinic synthase (ASS) and ASL deficiencies and
show proof of concept of mRNA replacement therapy ex vivo
Citrullinemia type 1 and ASA are caused by deficiency of the hepatic urea cycle enzymes argininosuccinic synthetase
(ASS1) andASL, respectively (Figure 3A, Underlying data16). Patients suffering from these urea cycle disorders develop
recurrent hyperammonaemia and subsequent neurological symptoms such as developmental delay, coma and death.
Despite best-accepted standard of care combining ammonia scavenger drugs and protein-restricted diet, patients present
with high rates of mortality and poor quality of life,18 highlighting high unmet needs. The ex vivomodels rely on induced
pluripotent stem cells (iPSC)-derived hepatocytes with a relative inaccuracy in modelling the disease phenotype partially
due to sub-optimal differentiation.3 We therefore established a PCLS model using two hypomorphic mouse models:
Assfold/fold, for citrullinemia type I and AslNeo/Neo for ASA. Both models reproduce the clinical phenotype, characterised
by impaired growth, abnormal fur, hyperammonaemia and abnormal plasma amino acid profiles.19,20

As key biomarker for ASS deficiency, citrulline levels showed a significant eight-fold increase in the media of Assfold/fold

PCLS compared to that of wild-type littermates (p = 0.01) (Figure 3B, Underlying data16). No significant difference was
observed in argininosuccinate levels (Figure 3C, Underlying data16). Arginosuccinate levels remain low compare to
levels observed in patients, we believe this is due to the high level of dilution using a liver slice with a small superficie and
a thickness of only 250 μm within a relatively high volume of culture.

mRNA encapsulated in lipid nanoparticles is an emerging therapeutic strategy for rare liver inherited metabolic
diseases21,22 and PCLS present themselves as an attractive model to assess such therapies. PCLS generated from
AslNeo/Neo mice were therefore treated with either hASL mRNA or phosphate buffer saline (PBS). We assessed efficacy
by testing argininosuccinate levels in PCLS culture media, ASL protein expression and enzymatic function at 48h post-
transfection. An eight-fold increase in ASL protein levels was observed in hASL mRNA-treated PCLS compared to
untreated (Figures 3D, 3E, Underlying data16). ASL activity, assessed by fumarate production, was also restored in hASL
mRNA versus PBS-treated PCLS to supraphysiological levels (Figure 3F, Underlying data16). Argininosuccinate levels
were more than two-fold higher in the media of AslNeo/Neo PCLS that of WT controls and were corrected to that of WT
levels after hASLmRNA incubation (Figure 3G,Underlying data16). Taken together, these results demonstrate that PCLS
culture can replicate the disease phenotype and subsequently be used to assess therapeutic response to gene therapy.

Figure 2. An optimised protocol of PCLS culture shows satisfactory viability for 5 days. (A) Effect of well size on
cell viability (n=3). (B) Effect of shaking on cell viability (n=6 per condition). (C) MTS cell viability assay from liver
sections frombaseline until 6 days of incubation (n=5 per timepoint). OD: arbitrary unit of optical density, normalised
to slice fresh weight. Graphs show mean�SD. Unpaired 2-tailed Student’s t test, ns=not significant, *p<0.05,
**p<0.01. (D-G) Representative images of histology of liver PCTS following H&E staining (n=3). Scale bar=100 μM.
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Discussion
We demonstrate that PCLS can be an appealing ex vivo model to assess biological phenotype and therapeutic efficacy,
whilst combining the advantage of respecting the complex liver architecture and reducing the use of animals.

Whilst keeping a simple and easy set-up, our setting optimisation emphasizes key aspects to increase PCLS viability, such
as volume of media, a dynamic system and agarose embedding for optimal cutting. Such models can be replicated in a
standard cell culture laboratory, which has access to an animal facility and a vibratome. This optimisation allowed a
viability maintained for 5 days, within the range of 48h to 10 days as previously described.23

Some previously published protocols required complex settings whilst using oxygen concentration at a rate higher than
80%which theoretically should provide longer viability.8 However, such oxygen concentration is likely to generate toxic
reactive oxygen species and subsequent antioxidant responses.24 Technical and safety limitations have also made it
difficult to use oxygen-enriched media for culturing PCLS.24,25 Even if there is no consensus on the level of oxygen for
culturing PCLS, a comparison between hyperoxic versus physiological models remains difficult.

The PCLS model is a relatively common model but has not been used previously in modelling liver monogenic diseases
and assessing therapeutic response to gene therapy. Our work thereby expands the use of this model for these applications
and replicates some key characteristics of Citrullinemia type 1 and ASA confirming the use of PCLS as an ex-vivomodel
for preclinical studies. Our approach could benefit other rare or common liver diseases, non-alcoholic fatty liver disease
(NAFLD),26 liver cancer27 or even Fah-/- Rag2-/- Il2rg-/- (FRG) mice with a chimeric humanised liver.28 Whilst human
material is difficult to obtain for technical and ethical reasons and additional variability due to genotyping i.e. residual
activity and subsequent disease severity, quality of hepatocytes and age of patient at collection; makes such FRG mice,
repopulated with primary human hepatocytes ideally from a single donor affected by the disease of interest, an ideal
application as a preclinical human liver model for application of PCLS modelling. Such a model would also limit the
mentioned variability of studying samples from human donors.

The main limitation associated with PCLS is the inability to maintain a sustained model longer than few days.
The transduction of the therapeutic agent in inner cell layers of the PCLS has also been questioned.23 Additionally,
the need for larger culture volume to increase PCLS viability is a trade-off for high-throughput screening. This variable

Figure 3. PCLS recapitulatekeyaspects of thediseasephenotypeofASS1 andASLdeficiencies and showsproof
of concept of mRNA therapy ex vivo. (A) ASL and ASS1 enzymes enable ammonia detoxification in the liver-based
urea cycle. (B) Citrulline levels in media after 48 h of incubation in WT and ASS1-deficient PCLS. (C) Arginosuccininic
acid levels inmedia after 48h of incubation inWT and ASS-deficient PCLS. (D) ASLwestern blot at 48 hours (cropped).
(E) Quantification of ASL immunoblot normalised to GAPDH. (F) Liver ASL activity fromWT, untreated ASLNeo/Neo and
hASLmRNA. (G) Arginosuccininic acid levels inmedia after 48h of incubation inWT and ASS-deficient PCLS. (B-C) n=2
per group; (D-G) n=3 per group. Graphs show mean�SD. Unpaired 2-tailed Student’s t test, *p<0.05, **p<0.01,
***p<0.005.
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also adds an important dilution factor and various biomarkers become below the limit of detection and/or quantification,
even for accurate and sensitive methods such as tandem mass spectrometry.

Although this warrants further validation, our experience shows that a target engagement with well-selected efficacy
endpoints can be reliably tested in thin PCLS, thus enabling supraphysiological correction with potent therapeutic agents.

Conclusions
To conclude, we present key steps of a PCLS protocol to use as a reliable ex vivomodel for liver monogenic diseases such
as urea cycle defects. We show proof of concept that this model is successful in assessing therapeutic efficacy of gene
therapy. We therefore believe this model should become a more recognised tool for preclinical studies in rare and
common liver diseases.

Data availability
Underlying data
Open Science Framework: Underlying data for ‘Ex vivo precision-cut liver slices model disease phenotype and monitor
therapeutic response for liver monogenic diseases’, https://www.doi.org/osf.io/vz4jp.16

This project contains the following underlying data:

• ASA levels in ASL PCLS

• ASL Activity

• Citrulline and ASA levels in ASS PCLS

• ASL Western blot quantification

• MTA Assay data

• Original Picture Western Blot

Reporting guidelines
Open Science Framework: ARRIVE checklist for ‘Ex vivo precision-cut liver slices model disease phenotype and
monitor therapeutic response for liver monogenic diseases’, https://www.doi.org/osf.io/vz4jp.16

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0)
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The paper is fine but there is a number of technical details that should be given to allow others 
reproduce the approach as well as for proper description and understanding. 
1. The concept of liver excision requires indication of how was the animal at the time of excision, 
Presumably the excision was done on anesthetized animals and was followed by death of the 
animal by exsanguination or by other procedure. Alternatively, the animal could have been killed 
humanely and the liver excised. In the first case give full detail on the procedure and anesthetic 
drug. In the second also give killing procedure and the time from death when the liver was 
excised. 
2. Data are referred to liver weight. Please indicate in the paper when were the  slices weighted 
and how was the procedure performed to avoid heating them during weighting. In the eventuality 
that weighting was done at room temperature at the end of the entire procedure, it would be 
important to indicate this, and if possible please indicate if weight of the slice changes with days of 
incubation. In any case, it would be good to give, too the average or range of weights of the 
individual slices 
3. In the figures data are given for days four and six, and since the data at six are inadequate and 
those at day 4 are found adequate, it is concluded that up to day five is fine. Please give data for 
day five too, to prove that these data were fine. 
4. I am not a pathologist but from the size of the nuclei in the first slide and in the other slides, I 
think that the magnification is higher in the first slide (Fig. 2d) than in the other slides (Fig. 2e an 
subsequent ones). Therefore, please do review and correct the reference horizontal size bars. 
5. On the same question, you mention the preservation of the liver architecture and also mention 
structural traits like biliary ducts and vacuoles. Please indicate all the traits mentioned using 
arrows pointing to the structures in the slides. 
6. Also on the same subject, nuclei appear to be within a white non-stained vacuum that may be 
disrupted cytoplasm or a large aggregate of non-stainable material (glycogen?) Please explain in 
the figure caption. 
7. Please give the amount of nanoparticles administered per gram of liver. 
8, Please describe the mutations carried by the hypomorphic mice for the two diseases. 
9. Please explain or at least discuss why the ASA levels are so low in the medium for the slices of 
the ASL deficiency mouse. 
10. Please review the text for correctness as I have found some slips like missing particles or 
articles.
 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
No source data required
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Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Urea cycle disorders.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 26 Mar 2024
Dany Perocheau 

We are grateful to the reviewer for his very helpful comments. Please find below specific 
answers to each of the comments. 
 
1. The concept of liver excision requires indication of how was the animal at the time of excision, 
Presumably the excision was done on anesthetized animals and was followed by death of the 
animal by exsanguination or by other procedure. Alternatively, the animal could have been killed 
humanely and the liver excised. In the first case give full detail on the procedure and anesthetic 
drug. In the second also give killing procedure and the time from death when the liver was 
excised. 
We thank the reviewer for this comment. The mouse was euthanised by raising CO2 
concentration and according to local procedures and the liver quickly excised and store in 
ice cold Krebs buffer. The liver should then be processed for cutting as quickly as possible 
and the time between harvest and culture shouldn’t exceed 3 hours but the shorter this 
time is, the better with regards to survival. We have updated the manuscript accordingly to 
make details regarding harvest of the liver more informative. 
 
2. Data are referred to liver weight. Please indicate in the paper when were the  slices weighted 
and how was the procedure performed to avoid heating them during weighting. In the 
eventuality that weighting was done at room temperature at the end of the entire procedure, it 
would be important to indicate this, and if possible please indicate if weight of the slice changes 
with days of incubation. In any case, it would be good to give, too the average or range of 
weights of the individual slices. 
We thank the reviewer for this comment. Indeed, the slices were weighted at the end of 
each experiment and following the MTS assay. We have updated the manuscript and also 
added the average range of weights of individual slices. 
 
3. In the figures data are given for days four and six, and since the data at six are inadequate 
and those at day 4 are found adequate, it is concluded that up to day five is fine. Please give data 
for day five too, to prove that these data were fine. 
We thank the reviewer for this comment. We do not have data for day 5. When we refer to 
the slices surviving for 5 days, this refers to an experimental design from day 0 (day of 
animal harvest, organ slicing and first day of incubation) up to day 4 (5th day of incubation). 
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4. I am not a pathologist but from the size of the nuclei in the first slide and in the other slides, I 
think that the magnification is higher in the first slide (Fig. 2d) than in the other slides (Fig. 2e an 
subsequent ones). Therefore, please do review and correct the reference horizontal size bars. 
We thank the reviewer for this comment. We have checked the slices at day 0 and took new 
pictures and updated the horizontal size bar. The nuclei still appears relatively slightly large 
on average. We believe this could be an artefact following tissue fixation or staining. 
 
5. On the same question, you mention the preservation of the liver architecture and also mention 
structural traits like biliary ducts and vacuoles. Please indicate all the traits mentioned using 
arrows pointing to the structures in the slides. 
We thank the reviewer for this comment. We have taken new pictures and more indicated in 
a clear manner with arrows as suggested the traits mentioned in figure 2. 
 
6. Also on the same subject, nuclei appear to be within a white non-stained vacuum that may be 
disrupted cytoplasm or a large aggregate of non-stainable material (glycogen?) Please explain in 
the figure caption. 
We thank the reviewer for this comment. We have checked with our pathology department, 
and we believe this is an artefact due to fixation and processing. 
  
7. Please give the amount of nanoparticles administered per gram of liver. 
We thank the reviewer for this comment. The amount of LNP per gram of liver averages to 
0.19mg of LNP per gram of liver. We have updated the manuscript accordingly. 
 
8, Please describe the mutations carried by the hypomorphic mice for the two diseases. 
We thank the reviewer for this comment. The model for citrullinemia type 1, Assfold/fold, 
contains a single base pair mutation within the ASS gene, and the model recapitulating 
Argininosuccinic aciduria (ASA), AslNeo/Neo, contains a neomycin (Neo) cassette inserted into 
the ASL gene and disrupting its transcription. We have amended the manuscript 
accordingly. 
 
9. Please explain or at least discuss why the ASA levels are so low in the medium for the slices of 
the ASL deficiency mouse. We thank the reviewer for this comment.  The levels of ASA does 
appear quite low compare to levels observed in patients. Based on the low thickness of 250 
mm and the small superficie of about 0.14 cm2 within a relatively high volume of 700 ml, the 
rate of dilution for biomarkers such as ASA becomes quite high which explains why their 
levels seem low compare to patients for instance. We have amended the results section. 
 
10. Please review the text for correctness as I have found some slips like missing particles or 
articles. 
We thank the reviewer for his comment. We have reviewed the manuscript and corrected it 
accordingly.  

Competing Interests: No competing interests were disclosed.
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The authors describe an optimised and easy-to-implement protocol for the culture of precision-cut 
tissue slices (PCTS) from mouse liver, enabling its use as a reliable ex-vivo model to assess the 
therapeutic screening of inherited metabolic diseases. 
 
They show that PCTS can be a reliable model for recapitulating some key aspects of the phenotype 
of two inherited metabolic diseases - citrullinemia type 1 and argininosuccinic aciduria, caused by 
argininosuccinic synthase (ASS1) and argininosuccinic lyase (ASL) deficiencies respectively. 
 
They also provide ex vivo proof of concept data for the use of mRNA therapy in this context. 
 
Overall this is a simple, clear and helpful piece of work for people working in the field and expands 
the literature on PCTS.
 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

 
Page 15 of 16

F1000Research 2024, 12:1580 Last updated: 27 JAN 2026

https://doi.org/10.5256/f1000research.155506.r232090
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Author Response 26 Mar 2024
Dany Perocheau 

We would like to thank the reviewer for the comments and for his time. 
Best wishes 
Dany Perocheau and co authors  

Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

Your article is published within days, with no editorial bias•

You can publish traditional articles, null/negative results, case reports, data notes and more•

The peer review process is transparent and collaborative•

Your article is indexed in PubMed after passing peer review•

Dedicated customer support at every stage•

For pre-submission enquiries, contact research@f1000.com

 
Page 16 of 16

F1000Research 2024, 12:1580 Last updated: 27 JAN 2026

mailto:research@f1000.com

