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Collagen type III glomerulopathy (Col3GP), also called collagenofibrotic glomerulopathy, is a rare renal disease that has been described in humans, dogs, pigs, non-human primates and two cats [START_REF] Shirota | Renal glomerular fibrosis in two pigs[END_REF][START_REF] Nakamura | Renal glomerular fibrosis in a cat[END_REF][START_REF] Adachi | Collagenofibrotic glomerulonephropathy in a Cynomolgus macaque (Macaca fascicularis)[END_REF][START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF][START_REF] Davis | Diagnosis of collagen type III glomerulopathy using Picrosirius red and PASH/Masson's trichrome stain[END_REF][START_REF] Hilbe | Collagenofibrotic glomerulopathy in a young cat[END_REF]. In dogs, no sex or breed predilection has been established, although geographical distribution and familial onset are suggestive of an autosomal recessive inheritance [START_REF] Rørtveit | A canine autosomal recessive model of collagen type III glomerulopathy[END_REF]. Histological hallmarks of Col3GP include non-congophilic fibrillary glomerular deposition with positive staining by aniline blue of Masson's trichrome (MT) stain, positive immunolabelling with anti-type III collagen antibodies and observation of the atypical fibrillary material by transmission electron microscopy (TEM). More recently, additional techniques, such as staining with a combination of periodic acid-Schiff (PAS) and MT, and Picrosirius red (PR), have been proposed to complete the histological diagnosis of this condition [START_REF] Brodsky | When one plus one equals more than two -a novel stain for renal biopsies is a combination of two classical stains[END_REF][START_REF] Davis | Diagnosis of collagen type III glomerulopathy using Picrosirius red and PASH/Masson's trichrome stain[END_REF].

Using a combination of different methods, including histopathology, immunohistochemistry (IHC), TEM and second harmonic generation (SHG) microscopy, this investigation provides a complete description of a case of feline Col3GP. Urinalysis revealed inappropriately low specific gravity (1.024), suggesting renal azotaemia, and severe proteinuria with a high urine protein-to-creatinine ratio (4.2 [RI <0.4]) with inactive sediment and negative uroculture. On abdominal ultrasound examination, the kidneys were mildly and bilaterally hypertrophic and hyperechoic with irregular bumpy contours.

Overall, these clinical data were suggestive of an end-stage glomerular kidney disease. The cat received intravenous (IV) fluid therapy consisting of Ringer's lactate solution (2 ml/kg/h) with potassium supplementation. Antimicrobial (amoxicillin and clavulanic acid, 60 mg IV, three times a day) was initiated while waiting for the result of uroculture. The cat progressively gained weight (+500 g) and, on the third day of hospitalization, developed peripheral pitting oedema and concomitant systemic hypertension (210 mmHg). Fundus examination revealed retinal oedema and vascular tortuosity. Antihypertensive medication (amlodipine, 0.625 mg once a day) was added and fluid therapy was decreased. Given the lack of clinical and biological improvement, humane euthanasia was performed on the sixth day of hospitalization.

A complete post-mortem examination, performed a few hours after death, revealed poor body condition and generalized mucosal pallor. Both kidneys were enlarged, pale, firm with a cortical granular appearance (Fig. 1). Other lesions included subcutaneous abdominal and limb oedema, 600 ml of peritoneal transudate and acute diffuse pulmonary oedema.

Subacute bilateral symmetrical ventrolateral ulcerative glossitis and cheilitis, and multifocal moderate subacute peripancreatic steatonecrosis were also observed. The pathological findings were consistent with severe chronic bilateral glomerulopathy associated with nephrotic and uraemic syndromes. Tissues samples of selected organs were collected at necropsy, fixed in 10% neutral buffered formalin, embedded in paraffin wax, sectioned at 3 µm and stained with haematoxylin and eosin (HE). In addition, kidney sections were stained with PAS, MT, Congo red (CR), PR and a combination of PAS and MT [START_REF] Brodsky | When one plus one equals more than two -a novel stain for renal biopsies is a combination of two classical stains[END_REF][START_REF] Davis | Diagnosis of collagen type III glomerulopathy using Picrosirius red and PASH/Masson's trichrome stain[END_REF].

Histopathological examination revealed bilateral diffuse global enlargement of glomeruli due to massive deposition of an extracellular pale, eosinophilic, amorphous to delicately fibrillary material (Fig. 2A). This material was deposited within the mesangium and capillary loops, and appeared occasionally associated with mild mesangial hypercellularity, multifocal hyperplasia of podocytes, synechiae and periglomerular fibrosis. Abundant proteinaceous material was found in ectatic tubules, with flattened epithelium, suggesting proteinuria, as well as multifocal moderate tubular mineralization, moderate interstitial fibrosis and mild multifocal lymphoplasmacytic infiltration. Multifocal mild lesions of acute tubular injury were also found, including tubular epithelial sloughing, simplification and necrosis, with occasional granular cast formation. The overall lesions were consistent with acute kidney injury following chronic kidney disease.

The biochemical nature of the glomerular deposition was first investigated with special stains, resulting in non-congophilic, deep blue and fibrillary staining with MT, and negative to weakly positive reactivity with PAS. The combined PAS/MT stain enabled differentiation of the blue material of the mesangium from purple-stained glomerular basement membranes (Fig. 2B). The material was bright red with PR stain (Fig. 2C) and had a yellow-red and green birefringence under polarized light (Fig. 2D).

To confirm the presence of type III collagen, immunohistochemistry was performed on kidney sections using rabbit polyclonal antibody against type III collagen (1:100, overnight incubation at 4°C; NB600-594SS, Novus Biologicals, Centennial, Colorado, USA), enzymatic antigen retrieval (pronase 0.05% 10 min at 37°C; Sigma-Aldrich, St. Louis, Missouri, USA ), EnVision+ Dual Link System-HRP (Agilent, Santa Clara, California, USA) and 3,3'diaminobenzidine chromogenic reaction (Diagomics, Blagnac, France) according to manufacturer's recommendations. Negative controls included a section incubated without specific primary antibody and a section incubated with normal rabbit serum. Human skin was used as positive control tissue. The homogeneous glomerular material stained positively with antibody against type III collagen (Fig. 2E).

In order to better characterize the presence of collagen within the glomeruli, we used two different direct microscopic methods: ultrastructural examination and SHG microscopy.

The SHG method is based on a second-order, non-linear optical process produced by noncentrosymmetric structures such as fibrillary collagen [START_REF] Chen | Second harmonic generation microscopy for quantitative analysis of collagen fibrillar structure[END_REF][START_REF] Bueno | Second harmonic generation microscopy: a tool for quantitative analysis of tissues[END_REF]. SHG microscopy has emerged as a label-free method for detecting and imaging fibrillary collagen in normal and pathological tissues (Vuillemin et al, 2016). For our case, paraffin-embedded tissues were sectioned at 10 µm, rehydrated, stored in phosphate buffered saline solution and then submitted to SHG analysis using an Ultima 2Pplus biphotonic microscope (Bruker Corporation, Billerica, Massachusetts, USA). A positive heterogeneous SHG signal was observed within the interstitium and the glomerular mesangium, the latter being slightly weaker and more diffuse (Fig. 2F). To compare the SHG signal, sections from a case of feline normal kidney, as well as cases of canine renal amyloidosis and feline end-stage kidney, were concurrently analysed. No glomerular SHG signal was seen in the normal tissue nor in the dog with amyloidosis. However, a SHG signal was observed in the cat with end-stage kidney, specifically within the fibrotic lesions of renal interstitium, capsule and synechiae of obsolescent atrophic glomeruli (Supplementary Fig. 1). For TEM the paraffin-embedded renal tissue was deparaffinized in xylene, stained in a 0.01% toluidine blue/absolute ethanol solution, infiltrated in a propylene oxide/resin mixture and embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate and observed under a transmission electron microscope. By TEM, randomly arranged amorphous to fibrillary material was observed in the mesangial and subendothelial areas, with expansion of the mesangium and subendothelial space. On longitudinal sections, the fibrils had a periodicity characteristic of collagen fibrils. Podocyte foot process effacement was occasionally observed (Fig. 3).

This report provides a complete description of a case of Col3GP in a cat based on a combination of histopathology, IHC, TEM and SHG microscopy. Col3GP is a rare disease in humans, with less than 50 reported cases worldwide, mostly originating from Asian countries, especially in Japan, which possibly suggests an aetiological role for ethnic or genetic factors [START_REF] Alchi | Collagenofibrotic glomerulopathy: clinicopathologic overview of a rare glomerular disease[END_REF][START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF]. This disease can be divided into two different types depending on the age of onset: an adult-onset type and a paediatric type [START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF], with most reported paediatric cases originating from France [START_REF] Gubler | Collagen type III glomerulopathy: a new type of hereditary nephropathy[END_REF]. In dogs, the disease is clinically and morphologically similar to the paediatric human type. Almost all affected dogs developed signs of chronic kidney disease within a year of birth and, in some cases, several puppies originating from the same litter developed signs early in life, suggesting a hereditary basis [START_REF] Rørtveit | A clinical study of canine collagen type III glomerulopathy[END_REF][START_REF] Rørtveit | Glomerular collagen V codeposition and hepatic perisinusoidal collagen III accumulation in canine collagen type III glomerulopathy[END_REF][START_REF] Davis | Diagnosis of collagen type III glomerulopathy using Picrosirius red and PASH/Masson's trichrome stain[END_REF]. In cats, only two cases have been documented: a 1-year-old neutered female Japanese cat [START_REF] Nakamura | Renal glomerular fibrosis in a cat[END_REF] and an 11-month-old neutered male European Shorthair cat with concurrent angiostrongylosis [START_REF] Hilbe | Collagenofibrotic glomerulopathy in a young cat[END_REF]. No information regarding siblings and ancestors was available for the present case; however, the paediatric onset and the absence of major concurrent diseases could presumably suggest a genetic basis, similar to canine cases.

The morphological hallmark of Col3GP is the accumulation of atypical type III collagen within mesangial and subendothelial areas. Definitive diagnosis relies on TEM [START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF] or immunohistochemical detection of type III collagen deposition [START_REF] Rørtveit | Glomerular collagen V codeposition and hepatic perisinusoidal collagen III accumulation in canine collagen type III glomerulopathy[END_REF]. In our case, renal amyloidosis, which is the main differential diagnosis, was excluded through CR staining, while collagen deposition was confirmed on the basis of the results of special staining and the characteristic appearance of fibres on TEM and IHC. In addition to those methods, we report the possibility of directly confirming atypical collagen deposition through biphotonic microscopy using SHG. When available, this technique is label-free, relatively fast and only requires rehydrated unstained slides to directly image fibrillary collagen. In our case, SHG signal was detected in the expanded mesangium and was not detected in any glomeruli of control cases. Interestingly, the signal intensity was slightly weaker and more diffuse compared with that found in the intertubular interstitium.

Considering that type I collagen is known to produce a stronger SHG signal than type III collagen and that, in our case, glomerular collagen deposition had the morphological appearance of a combination of amorphous and fibrillary collagen, this could presumably explain the difference in terms of intensity and distribution pattern compared with the tubular interstitium [START_REF] Cox | Second-harmonic imaging of collagen[END_REF].

The pathogenesis of Col3GP is unknown. Two hypotheses are currently being considered concerning the origin of the type III collagen: local synthesis in mesangial cells that are able to produce both type III and type IV collagen fibres, particularly in the case of myofibroblastic transformation indicated by a α-smooth muscle actin (α-SMA)-positive phenotype [START_REF] Naruse | Mesangial cell activation in the collagenofibrotic glomerulonephropathy. Case report and review of the literature[END_REF][START_REF] Alchi | Collagenofibrotic glomerulopathy: clinicopathologic overview of a rare glomerular disease[END_REF], or a systemic origin [START_REF] Alchi | Collagenofibrotic glomerulopathy: clinicopathologic overview of a rare glomerular disease[END_REF][START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF]. Evidence of local collagen type III synthesis by mesangial cells has been described in affected dogs using in-situ hybridization analysis [START_REF] Rørtveit | A canine autosomal recessive model of collagen type III glomerulopathy[END_REF]. Another possible mechanism is the occurrence of systemic alterations in collagen metabolism, leading to the release of type III collagen precursors into the circulation; this hypothesis is supported by the fact that, in humans, elevated serum concentrations of amino-terminal pro-collagen type III peptide (PIIINP), a type III collagen precursor, could be considered as a suitable marker for this disease in the appropriate clinicopathological context [START_REF] Alchi | Collagenofibrotic glomerulopathy: clinicopathologic overview of a rare glomerular disease[END_REF][START_REF] Duggal | Collagenofibrotic glomerulopathy: a review[END_REF]. Only one study has been conducted (in seven affected puppies) and it showed significantly higher serum PIIINP concentrations in these animals compared with healthy puppies. However, those results require confirmation through further investigations, considering the use of a human test kit that has not been validated in domestic animals, the fact that serum PIIINP concentration is naturally higher in young animals, and the much more subtle increase in PIIINP than in affected humans [START_REF] Rørtveit | A clinical study of canine collagen type III glomerulopathy[END_REF].

In our case, α-SMA IHC did not reveal any substantial increase in intensity or cell density of α-SMA-positive cells within affected glomeruli (data not shown), but the accumulated collagen fibrils were located both in the mesangium and the subendothelial space, as described by [START_REF] Rørtveit | A canine autosomal recessive model of collagen type III glomerulopathy[END_REF]. Therefore, a definitive conclusion about the origin of the fibrils cannot be made in the present case. 

CRediT Statement

Legends to Figures

  A 1.5-year-old neutered female Domestic Shorthair cat was admitted to the Teaching Hospital of the Veterinary School of Toulouse with a vague complaint of listlessness. The animal was calm and responsive but in poor body condition (body condition score of 3/9). Physical examination revealed mild hypothermia (37.4°C), pale mucous membranes and a grade 3/6 left sternal systolic murmur. The cat was normotensive at admission, with a mean systolic blood pressure of 140 mmHg, obtained with the Doppler technique. Haematological analysis revealed: moderate normocytic, normochromic, non-regenerative anaemia (haematocrit 20.5%, reference interval [RI] 29-48; haemoglobin concentration 5.8 g/dl, RI 9.3-15.9); corrected reticulocyte index 0.18%; severe azotaemia (913 µmol/l [RI 80-229]); hyperphosphataemia (9.8 mmol/l [RI 0.8-3.0]); ionized hypocalcaemia (0.7 mmol/l [RI 1.1-1.4]); mild hypokalaemia (3.3 mmol/l [RI 3.5-5.1]); normal total CO2 (18 mmol/l [RI 16-25]); moderate hypoproteinaemia (50 g/l [RI 55-71]); and hypoalbuminaemia (21 g/l [RI 27-9]).

Fig. 1 .

 1 Fig. 1. Collagen type III glomerulopathy, kidneys, cat. Diffuse pallor, swelling and granularity on cortical surface and a sagittal section.

Fig. 2 .

 2 Fig. 2. Collagen type III glomerulopathy, kidney, cat. (A) Glomeruli markedly expanded by pale eosinophilic, homogeneous to fibrillary material. HE. (B) Material stains deep blue with MT and is demarcated from basement membranes (purple). Combined PAS/MT stain. (C) Material stains bright red with PR. (D) Material has orange-yellow and green birefringence under polarized light. (E) Immunohistochemical labelling of type III collagen in mesangium. IHC. (F) Material (red) and endogenous two-photon excited fluorescence (dark green).Second harmonic generation microscopic imaging. Bar, 50 µm.

Fig. 3 .

 3 Fig. 3. Collagen type III glomerulopathy, kidney, cat. Deposition of amorphous to fibrillary electronlucent material, composed of bundles of atypical collagen fibres ( ) within mesangium in upper part of electron micrograph and in subendothelial space. Narrowed capillary lumen (L). Partially fused podocyte foot processes (arrowheads). Inset: details of collagen fibrils with distinctive periodicity. Bar, 7 µm.
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