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ABSTRACT: Loss-of-function mutations of progranulin are associated with frontotemporal dementia in
humans, and its deficiency in mice is a model for this disease but with normal life expectancy and mild cognitive
decline on aging. The present study shows that aging progranulin deficient mice develop progressive polydipsia
and polyuria under standard housing conditions starting at middle age (6-9 months). They showed high water
licking behavior and doubling of the normal daily drinking volume, associated with increased daily urine output
and a decrease of urine osmolality, all maintained during water restriction. Creatinine clearance, urine urea,
urine albumin and glucose were normal. Hence, there were no signs of osmotic diuresis or overt renal disease,
other than a concentrating defect. In line, the kidney morphology and histology revealed a 50% increase of the
kidney weight, kidney enlargement, mild infiltrations of the medulla with pro-inflammatory cells, widening of
tubules but no overt signs of a glomerular or tubular pathology. Plasma vasopressin levels were on average
about 3-fold higher than normal levels, suggesting that the water loss resulted from unresponsiveness of the
collecting tubules towards vasopressin, and indeed aquaporin-2 immunofluorescence in collecting tubules was
diminished, whereas renal and hypothalamic vasopressin were increased, the latter in spite of substantial
astrogliosis in the hypothalamus. The data suggest that progranulin deficiency causes nephrogenic diabetes
insipidus in mice during aging. Possibly, polydipsia in affected patients - eventually interpreted as psychogenic
polydipsia - may point to a similar concentrating defect.
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Progranulin is a multi-functional secreted neuroprotective
and immune-regulatory  protein.  Loss-of-function
mutations in humans are associated with ubiquitin
positive, tau-negative frontotemporal lobar degeneration
(FTLD) [1, 2], lipofuscinosis [3] and other rare
neurodegenerative diseases [4]. Its deficiency in mice
partly mimics the human disease, in particular the
neuropsychiatric behavioral abnormalities [5], which are
characteristic for FTLD patients whereas learning and

memory are only mildly impaired [6-8]. Progranulin is
expressed in neurons of the peripheral and central nervous
system, but also by activated immune cells including
macrophages and microglia, but knockout models suggest
that the neurodegeneration is rather the origin than
sequela of the neuro-inflammation [9]. It is still under
debate whether progranulin released by immune cells
provides a usable reservoir for neurons, either by being
internalized via a transporter like sortilin [10] or via
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receptor-mediated endocytosis and signaling via EGF
receptors [11], Notch receptors [12] and Ephrin A2 [13],
all recognized as progranulin receptors. Sortilin is likely
dispensable for progranulin’s neurotrophic effects [14]
but in the context of the kidney, it is noteworthy that
progranulin shares sortilin as transporter with the
sphingolipid activating protein, prosaposin [15, 16], a
precursor of saposins, whose deficiency results in renal
pathology [17] and neurodegeneration [18] due to
insufficient degradation of glycosphingolipids [17, 19].

Progranulin's functions in the periphery are still
somewhat enigmatic. It promotes wound healing of the
skin [20], reduces joint inflammation in arthritis [21],
protects the kidney against ischemia-reperfusion injury
[22] and promotes tumor growth [11], all supposed to
result from silencing of an activated immune system [21].
Intracellular progranulin is localized to vesicular
structures, which are endosomes or autophagolysosomes
and it likely promotes the degradation of protein and lipid
waste via the respective pathways [23, 24]. Gene ontology
enrichment analyses suggest that it contributes to the
regulation of vesicular transport of proteins and metals
[23]. In particular, its deficiency is associated with
dysregulations of zinc transporter [5] including Slc30a9,
which has been recently associated with a rare cortico-
renal disease in humans [25].

We have previously observed that aged progranulin
deficient mice, despite their learning deficits, make few
errors in place preference learning tasks, if water was the
provided award [8], suggesting a higher appetitive drive.
Indeed, under standard housing conditions, they drank
more water, which became apparent at 12-15 months of
age. Considering its multiple functions for neuronal and
peripheral-immune homeostasis, polyuria might be due to
primary polydipsia like in saposin D deficient mice [26],
hence reflecting FTLD-like impulsive drinking and
feeding. The polydipsia may also result from
neurodegeneration in hypothalamus or pituitary gland,
resulting in alterations of wvasopressin production,
supported by a previous study showing feeding-dependent
fluctuations of progranulin release in the hypothalamus
[27]. Progranulin deficiency also impairs the development
of sexual dimorphisms [28], suggesting that hormone-
producing neurons are particularly vulnerable. Finally, the
polydipsia may be caused by osmotic glucosuria or a
manifestation of a nephrogenic diabetes insipidus, the
latter due to unresponsiveness towards vasopressin all
resulting in renal water losses. Progranulin indeed
regulates insulin sensitivity [29, 30], possibly by
interfering with glucose transporters of the solute carrier
family [31], is involved in vesicular transport [23] and
glycogen synthase kinase functions [32], which are
essential mechanisms for the insertion of water channels
into membranes [33].

To dissect out the underlying cause, which may be
clinically relevant for progranulin-deficient patients, we
assessed drinking and feeding behavior, metabolic
functions, plasma vasopressin and other neuropeptides,
morphology of the kidney and hypothalamus and
aquaporins in aged progranulin deficient and control
mice, and in summary, the data reveal a renal water loss
without glucosuria with high vasopressin suggesting a
nephrogenic diabetes insipidus.

MATERIALS AND METHODS
Animals

Progranulin knockout mice (Grn”") [34] were maintained
as homozygous colony. The background is C57BL6J, so
that sex and age matched C57BL6J mice (Charles River
or Envigo, Germany) were used as controls. Mice were
housed three to five per cage and maintained in the same
room during life with constant room temperature (21 =+
1<C), standard diet and a regular light/dark schedule with
light on from 7:00 A.M. to 7:00 P.M. Food and water was
available ad libitum except for some experimental
sessions in the IntelliCage and metabolic cage. Young
mice were 9-12 weeks, aged mice 10-13 months and old
mice 15-18 months. The experiments were approved by
the local Ethics Committee for Animal Research
(Darmstadt, Germany) and adhered to the guidelines of
GV-SOLAS for animal welfare in science and the
ARRIVE guidelines.

IntelliCage Licking behavior

The Intellicage (NewBehavior AG, Zurich, Switzerland)
[8, 35] consists of four operant corners, each with two
water bottles, sensors, light-emitting-diodes (LEDs) and
doors that control the access to the water bottles. The
system fits into a large cage (20 x 55 x 38 cm, Tecniplast,
2000P). Four triangular red shelters (Tecniplast) are
placed in the middle to serve as sleeping quarters and as
stands to reach the food. The floor is covered with thick
bedding. Mice are tagged with radio-frequency
identification (RFID)-transponders, which are read with
an RFID antenna integrated at corner entrance. Inside the
corners, there are two holes with water bottles, which can
be opened and closed by automated doors. Mice have to
make nosepokes (NP) to open the doors for water access.
The numbers and duration of corner visits, nosepokes, and
licks are automatically recorded without the need for any
handling of the mice during the recording times. Sixteen
mice were housed in each cage.

The IntelliCage experiments followed established
protocols [8, 35, 36]. Mice were adapted to the system for
3 days with free access to every corner, with all doors
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open, water and food ad libitum. The free adaptation was
followed by 4-days "nosepoke adaptation”, during which
the doors upon nosepoking at the door. Water was
available for 24h. Mice were then adapted for 7 days to
the "drinking-session™ protocol, in which drinking was
allowed between 11 and 13 a.m. and 4 and 6 p.m. Outside
of these times the doors remained closed. The day-pattern
was used to increase the motivation to learn. The
restricted drinking times were maintained in subsequent
learning tasks. Subsequently, mice returned to their home
cages with free access to food and water.

Phenomaster

The TSE Phenomaster offers an automated metabolic and
behavioral monitoring in home cage environments.
Drinking and feeding behavior were monitored with high-
precision weight sensors for liquid and food dispensers,
which are integrated into the lid of the cage. Mice were
adapted to the drinking bottles for one week in their home
cage and to the Phenomaster® cage for 3 consecutive days
before starting the experiment, which consisted in 24h tap
water and 24h sweetened water (20% sucrose). Drinking
and feeding were recorded for 24 hours.

Excretion of creatinine, urea, glucose and albumin

Mice were placed in metabolic cages (Tecniplast) for
urine collection with free access to water for 24h followed
by water restriction for 2 x 12h with 1h free drinking in
between. Urine was collected for 24 h in a cooling device.
Body weight and drinking volume were determined daily.
The 24h urine volume, urine specific weight, urine
concentrations of creatinine, urea and glucose were
analyzed by the veterinary laboratory LaboKlin, Bad
Kissingen, Germany. Urinary albumin excretion was
determined by the Bradford method and microalbumin
test stripes (DIMA, Product ID M04S10-25). In addition,
we used an ELISA for mouse albumin. Urinary creatinine
levels were also assessed with the creatinine assay kit
(Labor-Technik, Berlin, Germany) according to the
manufacturer’s instruction.

Serum and plasma analyses

Serum creatinine was determined with a colorimetric
Microplate Assay (Oxford Biomedical Research,
Biotrend, Germany), and serum urea was analyzed with
an Urea Assay Kit (BioCat, Heidelberg, Germany)
following the manufacturer’s instruction. Serum C-
reactive protein, glucose and plasma zinc levels were
analyzed by LaboKlin.

Analysis of vasopressin and other neuropeptides

Plasma levels of vasopressin were measured by a specific
enzyme immunoassays (Arg8-vasopressin EIA kit) from
Enzo (Cat.No ADI-900-017, Enzo Life science GmbH,
Germany) according to the instructions of the supplier. In
addition, we analyzed concentration of agouti related
protein (AGRP, Cat.No LS-F16813, Life Span
Bioscience, USA), visinin-like protein 1 (VILIP, Cat.No
CSB-EL025933MO, CusaBio Biotech, USA) and ghrelin
(Cat.No EZRGRT-91K, Merck Millipore, Germany) in
plasma samples using specific ELISA kits, all according
to instructions of the suppliers. VVasopressin in the kidney
and hypothalamus was analyzed per immune-
histochemistry.

Morphological studies and immunohistochemistry

Mice were terminally anaesthetized with isoflurane and
cardially perfused with cold 1x phosphate buffered saline
(PBS), pH 7.4 followed by 4% paraformaldehyde (PFA)
in PBS for fixation. The kidneys were subsequently
postfixed with 4% PFA in 1xPBS solution for 2h,
dehydrated and embedded in paraffin. Renal sections (3.5
M) were deparaffinized in xylene and graded ethanol and
stained with haematoxylin & eosin (H&E) and periodic
acid Schiff reagent (PAS). The sections were analyzed for
signs of glomerulonephritis, sclerosis or tubulopathy as
reported previously [37] by an investigator blinded to the
genotypes. In addition, sections were processed for
analysis of immune cell infiltration and aquaporin
expression using immunohistology. Antigen retrieval in
citrate buffer and antibody stainings followed standard
procedures. Primary antibodies included rat anti-mouse
F4/80 (Serotec), AQP1, AQP2 and AQP4 (Alamone labs,
Jerusalem, Israel; diluted 1:100 in 1 % BSA in PBS-
Triton) and vasopressin (Serotec). The numbers of
neutrophils, macrophages and T cells were estimated per
field (high-power field 400x, with a minimum of 10 fields
counted per mouse, 3 mice per group; Soft Imaging
System, Olympus, Hamburg, Germany).

For analysis of vasopressin positive neurons in the
hypothalamus brains were excised, postfixed in 4 % PFA
(2 h, RT), cryoprotected in 20 % sucrose (overnight, 4
<C), embedded in tissue molds in cryomedium and stored
at-80 <C. Cryosections of 12 pm were permeabilized with
0.1% Triton-X-100 in 1x PBS (PBST) for 25 min, then
blocked for 30 min with 5% BSA (Roth) in 1x PBS.
Subsequently, sections were incubated overnight with the
respective primary antibody at 4 <C, and subsequent
secondary antibody labelled with Alexa-488 or Cy3 (2h,
RT), followed by 30 min incubation with DAPI (1 g/
in 1 % BSA in PBST). Primary antibodies included
vasopressin (1:500, 48h, Serotec) and GFAP (1:500,
Millipore). Fluorescent sections were imbedded in
Fluoromount (eBioscience). Images were captured with a
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Keyence (BZ-9000, Germany) microscope. For
overviews, tiled images were automatically stitched. An
observer who was not aware of the genotypes performed
the image analyses with FIJI ImageJ for quantification of
aquaporin and vasopressin immunofluorescence. The
Particle Counter was employed after setting of the
threshold (Isodata algorithm) and definition of size
inclusion and circularity criteria. The analysis was done
with sections of 4 mice per group. Results are presented
as number or particles or percentage of area coverage with
positive particles.
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Statistics

Data are presented as mean £SD unless stated otherwise
and were analyzed with SPSS 23 and Graphpad Prism 6.0.
Groups comprised 6-16 mice depending on the
experiment, and numbers are presented in the figures
and/or figure legends Data were submitted to univariate
analysis of variance (ANOVA) or unpaired, 2-tailed
Student's t-tests. In case of significant differences of
ANOVAs, groups were compared with the respective
control groups using t-tests with a correction of alpha
according to Dunnett (one control group) or according to
Sidak (specific control groups). Wildtype young mice
were mostly used as the reference group. The alpha level
was set to 0.05 for all comparisons, and adjusted P-values
are reported.

Figure 1. Body weight, drinking and feeding
behavior of progranulin deficient (Grn’)
and control mice (Grn**). A) Scatter plots
showing the body weight of young and aged
male and female Grn”- and Grn** mice. B)
Organ weights of aged Grn”- and Grn*"* mice.
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RESULTS (Fig. 1A) but aged (12-15 months) female Grn’- mice

Body weight, feeding and drinking behavior

Under standard housing conditions, body weight was
similar in male and female young Grn** and Grn”- mice

were overweight (ANOVA F(3, 62) = 10.40; P < 0.0001,
posthoc adjusted P-values in the figure), which was lost
again at old age (>18 months, not shown). Organ sizes and
weights of the heart and spleen were similar in both
genotypes irrespective of the age, but the kidneys of old
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Grn”’- mice were enlarged with increased weights (2-way  higher relative weights of the livers (ANOVA F(3, 48) =
ANOVA for 'group X organ' F(3, 72) = 4.435; P = 0.0064; 4.906; P = 0.0047; posthoc corrected P-values in the
Fig. 1B), which was also obvious in tissue sections (Fig.  figure).

4). Significance was maintained when kidney weights

were corrected for body weights, which also revealed
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Figure 2. Renal and metabolic functions of progranulin deficient (Grn”-) and control mice (Grn*'*). A)
Scatter plots showing the 24h urine volume, urine osmolality and urine specific gravity of aged Grn”- and
Grn** mice (12-16 months old). B) Concentration of glucose in 24h-urine and plasma of aged Grn”- and
Grn** mice. C) Creatinine concentrations in 24h-urine and plasma, and creatinine clearance of aged Grn*
and Grn** mice. D) Concentrations of urea and albumin in 24h-urine of aged Grn’- and Grn*"* mice. E)
Concentrations of arginine vasopressin (AVP, antidiuretic hormone) in plasma and in crude tissue extracts
of the hypothalamus of aged Grn”- and Grn** mice and immunofluorescence analysis of AVP in the kidney
(bottom, scale bar 50 m). F, G) Plasma concentrations of ghrelin and agouti related protein (Agrp) of aged
Grn”-and Grn*"* mice. For all subpanels each scatter represents one mouse, sexes were matched between
groups, the line is the mean and the whisker show the standard deviation (SD). Asterisks indicate statistically
significant differences between genotypes (unpaired, 2-tailed Student's t-test. * P< 0.05, ** P<0.01, ***
P<0.001).
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Figure 3. Histomorphology of the kidney of aged progranulin deficient (Grn”-) and control mice (Grn**). A)
Immunostaining of myeloid-derived F48/80-positive immune cells (brown), with hematoxylin counterstaining of
nuclei (blue). Immune cells were counted per field of view and averaged (10 fields per mouse of 3 mice per group).
Numbers differed significantly between genotypes (unpaired, 2-tailed Student's t-test). Scale bars 50 m. B) Periodic
acid-Schiff (PAS) staining of polysaccharides and mucous substances. Histomorphometric scores did not differ
between genotypes, except for a higher number of immune cells in Grn” mice. Scale bars 50 pm. C, D)
Concentrations of C-reactive protein (CRP) and zinc in plasma of aged Grn”- and Grn*"* mice. Asterisks indicate
statistically significant differences between genotypes (unpaired, 2-tailed Student's t-test, **** P<0.0001).
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Figure 4. Immunofluorescence analysis of aquaporin 1, 2 and 4 (AQP1, AQP2, AQP4) in the kidney of
aged progranulin deficient (Grn”) and control mice (Grn**). A) Examples of AQP2
immunofluorescence at low (upper panels) and high magnifications (bottom panels and insert). Scale bars as
indicated in the figure. The bottom panel also shows high AQP1 and AQP4 at high magnification, which did
not differ between genotypes. B) Quantification of AQP2 positive particles using stitched full sections of
the kidney of 4 mice per group. Each scatter is a section. Analysis of the tubule lumen as assessed by
measuring the lumen area in 4 sections of 4 mice per group. Each scatter is one AQP2 positive collecting
duct. The images suggest reduced AQP2 expression and widening of AQP2+ collecting ducts. Asterisks
indicate significant differences between genotypes, unpaired 2-tailed Student's t-test *P<0.05, ***P<0.001).
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Daily lickings in IntelliCage experiments of young
and aged Grn”- mice and respective controls showed that
the number of licks was significantly increased in aged
Grn’" mice during both ‘free drinking’ and ‘restricted
drinking’ as compared to controls (ANOVA for 'group' F
(3, 120) = 73.28; P < 0.0001; results of posthoc t-
tests presented in Fig. 1C). In contrast, young mice
behaved normally. Metabolic Cage experiments showed
that polydipsia of aged Grn’- mice was associated with
polyuria (Figure 1D), which was maintained during water
restriction (2x12h with 1h free drinking in between).

We performed Phenomaster experiments (24h
observation time) to quantify water and food consumption
precisely. Drinking and feeding behavior was normal in
young Grn”’- mice, but increased in aged Grn’- mice as
compared to the respective controls (ANOVA for 'age X
genotype' for drinking F (1, 94) = 28.28; P < 0.0001, for
feeding F (1, 86) = 16.45; P = 0.0001; posthoc in Fig. 1E).
Polydipsia of Grn”- was obvious at old age irrespective of
tap water or sweetened water was presented, amounting
to daily drinking volumes of about 7 and 18 ml/d in Grn”
mice for tap and sweet water as compared to 3 and 10 ml/d
in controls (Fig. 1E). Tap water polydipsia was
accompanied with overfeeding, whereas feeding dropped
to a minimum in both genotypes when sweetened water
was presented (Fig. 1F).

Renal and metabolic functions

The increased drinking behavior was confirmed in an
independent experiment in Metabolic Cages in a second
set of aged Grn”- and Grn*/* mice. Again, the 24h-drinking
volume was almost doubled and was associated with an
increase of the daily urine volume and a decrease of the
urine osmolality and specific urine gravity, which was
maintained during water restriction suggesting a renal
water loss (Fig. 2A, results of unpaired, 2-sided t-tests in
the figure). Urine and plasma glucose concentrations were
in the normal range (Fig. 2B), hence excluding osmotic
polyuria. Plasma creatinine and creatinine clearance (Fig.
2C), urea excretion and urine albumin (Fig. 2D) were all
in the normal range, suggesting an isolated concentration
defect without major glomerular or tubular dysfunctions
due to a renal diabetes insipidus, which is normally
associated with an increase of vasopressin release. Indeed,
plasma vasopressin levels in progranulin deficient mice
were on average about 3-fold higher than normal levels
(Fig. 2E), associated with increased vasopressin levels in
the hypothalamus and in the kidney, as revealed by
immunofluorescence analyses. Hence, the hypothalamic
counter-regulatory loop appeared to be intact, allowing
for exclusion of psychogenic polydipsia, which would
suppress vasopressin production, and excluding a
hypophyseal secretory defect, which would also result in

low plasma vasopressin levels. But alterations of feeding-
regulating hormones, ghrelin and AgRP (Fig.2F, G),
which were oppositely regulated, suggest that progranulin
deficiency may cause hypothalamic hormonal dys-
balances, which may account for the increase of appetite.

Kidney morphology and aquaporin water channels

The kidney function tests suggested that the renal water
loss was caused by a defect of water reabsorption in
tubules or collecting ducts. The histomorphology of the
kidneys showed mildly widened tubules but no overt
tubulopathy (Fig. 3A, B). The kidneys of aged Grn”- mice
showed significantly higher numbers of F4/80+
macrophages within the interstitium and perivascular
regions (Fig. 3A,; renal cortex P 0.039; renal medulla P =
0.0031), but H&E and PAS stainings (Fig. 3B) did not
reveal signs of glomerulonephritis, tubulonephritis or
tubulosclerosis. Overall, the kidney morphology agreed
with the higher urine turnover [38], possibly owing to a
vasopressin un-responsiveness, but without structural
changes or diseases of the kidney that may result in renal
water losses such as amyloidosis. Immune cell infiltration
of the kidneys was not associated with higher plasma
levels of the pro-inflammation markers, C-reactive
protein (Fig. 3C) and euhydrated Grn”- mice had no
derangement of serum electrolytes or serum osmolality
(Table 1). Urine creatinine, potassium and magnesium
were reduced likely owing to secretion of diluted urine
(Table 1), and levels of the trace element, zinc were
reduced is plasma (Fig. 3D) confirming our previous
studies [5].

Congenital nephrogenic diabetes insipidus in
humans is mostly caused by loss-of-function mutations of
the renal vasopressin receptor, which is required for
insertion of aquaporin water channels into the outer
membrane of collecting duct cells [39], or more rarely the
defect is caused by mutations of aquaporin 2 [40]. To
address these potential mechanisms, we performed
immunofluorescence studies of aquaporin 1, 2 and 4
(AQP1, AQP2, AQP4) in the kidneys (Fig. 4). AQP1 and
AQP4 immunoreactivity were similar in both genotypes.
However, AQP2 immunofluorescence clearly shows the
enlargement of the Grn” kidney and widening of the
tubules associated with an apparent reduction of AQP2
immunofluorescence intensity, particularly in the inner
medulla. High magnification shows that AQP2 is inserted
in the apical membrane but somewhat weaker than in
controls, suggesting that an AQP2 deficit in the collecting
tubules may account for the water loss.
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Figure 5. Immunofluorescence analysis of arginine vasopressin (AVP), glial fibrillary
acidic protein (GFAP) of astrocytes and DAPI counterstain of nuclei in the hypothalamus
of aged progranulin deficient (Grn”) and control mice (Grn**). The Gensat images in the
right give an overview of the localization of the paraventricular nucleus (PVVN) and the nucleus
supraopticus (SON), which are the major sites for vasopressin producing neurons. The upper
panels show AVP, GFAP and DAPI in the PVN as overview and zoom-in images, and the
lower panels show the SON. AVP immunofluorescence was more intense in Grn”- and AVP
positive neurons appear to be enlarged. GFAP staining reveals astrogliosis in Grn"~. Scale bars
300 pm for overviews and 100 pm for zoom-in images.
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Table 1. Serum and urine electrolytes in progranulin knockout (Grn™) and wildtype (Grn**) female mice.

Wks mli24h ¢ Urine (mmol/l) Serum (mmol/l)

Genotype  Age  Drink BW | Crea Ca Cl K Mg Na P Glc  Urea Ca Cl K Mg Na P mosmol/kg
Grn-/- 423 7.5 255 1768 41 506 1057 3.4 37 117 | 131 10 23 111 43 0.9 146 2.0 315.1
Grn-/- 42.3 9.0 266 |1800 34 55.1 96.2 3.5 42 125 | 145 9.6 2.3 111 4.9 11 145 2.0 314.1
Grn-/- 423 3.3 252 1774 26 291 749 0.8 31 101 | 127 97 23 112 49 1.0 149 1.8 320.4
Grn-/- 42.3 3.8 254 11298 3.2 41.9 85.4 3.0 40 12.4 | 14.0 8.9 2.3 108 3.8 1.0 143 2.0 308.9
Grn-/- 423 2.7 260 1544 51 559 878 33 61 20 | 130 92 24 110 41 11 147 23 316.2
Grn-/- 46.4 8.7 248 [0413 04 172 282 0.6 16 92 | 163 7.3 23 112 41 0.9 146 2.0 315.6
Grn-/- 51.1 6.0 272 (1091 21 45.2 74.6 0.3 41 10.9 | 156 7.2 2.4 114 4.0 0.9 149 2.0 320.8
Grn+/+ 50.7 2.6 240 |3400 63 389 1542 34 38 144 | 149 71 24 111 37 1.0 147 2.0 316.0
Grn+/+ 48.6 11 237 |2831 32 372 1202 34 45 147 | 131 102 24 112 42 1.0 150 2.0 3233
Grn+/+ 48.6 1.2 242 | 1475 43 578 1149 34 56 138 | 88 121 24 112 52 0.9 148 14 316.9
Grn+/+ 447 0.8 240 |1581 56 404 98.0 34 47 6.1 | 114 6.8 23 112 43 0.9 149 1.6 316.2
Grn+/+ 436 0.3 233 |2288 26 482 2159 35 35 99 | 135 74 24 109 43 0.9 146 18 312.9
Grn+/+ 437 4.7 241 |1704 35 396 881 33 28 133 - 8.8 24 112 39 1.0 148 2.0 -
Means
Grn-/- 441 5.9 258 | 1384 3.0 42.1 78.9 2.1 38.3 9.8 14.2 8.8 2.3 111.1 43 1.0 1464 20 315.9
Grn+/+ 46.6 1.8 239 |2213 42 437 1319 34 415 12.0 [ 123 87 24 1113 43 10 1480 18 317.1

Grn-/-SD 35 2.6 0.8 [0506 15 143 250 15 135 36 14 11 0.0 19 04 01 21 0.1 4.0

Grn+/+SD 3.0 1.6 03 (0775 1.4 7.9 47.0 0.1 99 34 23 21 0.0 1.2 0.5 0.1 1.4 0.3 3.8
t-test P 0.196  0.007 0.0003| 0.041 0.154 0.820 0.025 0.057 0.640 0.290| 0.118 0.907 0.053 0.835 0.902 0.416 0.155 0.083  0.6178

Abbreviations: Wks, weeks; BW, body weight; Crea, creatinine; Ca, calcium;

phosphate, Glc, glucose; SD, standard deviation; t-test 2 sided unpaired

Vasopressin neurons in the hypothalamus

High vasopressin plasma levels in combination with
polyuria suggested a counter-regulatory increase of
vasopression production in the hypothalamus. In addition,
the hypothalamus may be target of the neurodegenerative
disease caused by progranulin deficiency. Therefore, we
assessed putative signs of hypothalamic gliosis, and
number and distribution of vasopression-positive neurons
(Fig. 5). Vasopressin (AVP; arginine vasopressin)
immunofluorescence was stronger in progranulin
deficient brains in the paraventricular (PVN) and
supraoptical nuclei (SON), and GFAP immunoreactivity
of astrocytes revealed a strong gliosis within these regions
in Grn”~ mice, which is in line with the inherent
neurodegenerative disease. In controls, AVP staining was
finely distributed to fibers, particularly, in SON. In Grn”
mice”, AVP-positive neurons appeared to be enlarged but
rather reduced in numbers as revealed by DAPI
counterstaining of the nuclei.

DISCUSSION

We show that aged progranulin deficient mice eat and
particularly, drink considerable more than controls, about
twice the normal volume. Considering that progranulin
knockout is a model of frontotemporal dementia, which
is predominated in humans by behavioral abnormalities
including compulsive eating and drinking, one may
hypothesize that the observed phenotype is a
manifestation of the frontotemporal neurodegeneration,
possibly contributed by dysfunctions of hypothalamic
neurons that show comparably high expression of

Cl, chloride; K, potassium; Mg, magnesium; Na, sodium; P, anorganic

progranulin  [41]. Indeed, progranulin's plasma levels
fluctuate with the feeding conditions [27], and the
observed inverse dysregulations of ghrelin and agouti
related protein in the knockouts point to losses of
progranulin-mediated anti-orexigenic effects [27] that
may explain overfeeding.

Hence, polydipsia and polyuria could be signs of
psychogenic primary polydipsia or central diabetes
insipidus due to vasopressin deficiency or mal-processing
[42], but both was not the case. Instead, vasopressin levels
were increased, and polyuria maintained during water
restriction. Except for the water loss, renal functions of
progranulin deficient mice were in the normal range
agreeing with previous studies [6, 34], and histo-
morphometric readouts of chronic renal diseases were
negative. There was also no sign of osmotic diuresis due
to excretion of glucose. Hence, the results point to a
resistance of collecting tubules towards vasopressin
resulting in a loss of aquaporin-2 expression and adaptive
hypertrophy to handle the increased rates of glomerular
filtration and tubular reabsorption that occur in models of
central or nephrogenic diabetes insipidus [38, 43].

Vasopressin enhances water reabsorption in the
renal collecting duct by vasopressin V2 receptor-mediated
activation of adenylylcyclase (AC) [44], CAMP-mediated
phosphorylation of aquaporin-2 (AQP2), and increased
insertion of AQP2 into the apical membrane [45].
Vasopressin also determines aquaporin-2 transcription via
CAMP response elements [46]. In mouse models of
nephrogenic diabetes insipidus, collecting ducts are
resistant towards vasopressin owing to V2 mutations [47],
exaggerated phosphodiesterase-mediated AC degradation
[48], interference with AC activity [49], or AQP2
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deficiency or malfunction [43, 50, 51]. In particular, age-
associated nephrogenic diabetes insipidus in some inbred
mouse strains [52, 53] and WAG/RIj rats [54] are caused
by an age-progressive decline of AQP2 suggesting that
progranulin deficiency may lead to similar but premature
AQP2 losses and hence, early manifestations of kidney
aging. Considering progranulin's multi-faceted functions
a number of mechanisms may contribute to the DI
phenotype.

The observed renal immune cell infiltration in Grn”-
kidney may result from a general pro-inflammatory state
in consequence of the loss of immune silencing provided
by progranulin, which is expressed in immune cells of
myeloid origin and suppressor T-cells and promotes the
clearance of pathogens [34, 55]. Permanent immune
over-activation in the absence of progranulin may not
only affect the kidney, but possibly also lung, liver and
brain [34] and may contribute to the observed liver
enlargement, possibly a sign of liver steatosis. Hence,
although the immune infiltrates do not explain the water
loss they may be representatives of the overall pro-
inflammatory state.

Intracellular progranulin is localized to "membrane-
bounded organelles” which are vesicles of altering
destination, including endosomes, autophagosomes and
lysosomes. Gene ontology analyses suggest that
progranulin is involved in vesicle transport and vesicular
transmembrane transport of ions and proteins [23]. Hence,
its deficiency may impair vesicular uptake and release of
ions and transport of water channels to and from the apical
membrane of the collecting tubules. In line with this idea,
gene regulation studies in postmortem brain of PGRN-
associated FTLD-U patients show deregulations of
aquaporin-1 and AQP4 among the top 100 deregulated
genes (Geo data sets GDS3459, GSE13162 [56]), raising
the intriguing possibility that patients with PGRN-
associated frontotemporal lobar degeneration may
eventually develop symptoms of polyuria. However so
far, diabetes insipidus has not been described as clinical
problem in these patients, possibly owing to the early
onset and fatal course of the disease and/or interpretation
of subtle manifestations as psychogenic polydipsia.

Secreted progranulin binds to and activates a number
receptors including epidermal growth factor receptor [57],
Ephrin A2 [13] and Notch receptors [12]. Ephrin and
Notch signaling is mainly recognized for their pro-fibrotic
effects in the kidney, hence not explaining the
progranulin-provided benefit, but inactivation of Notch
signaling in the renal collecting duct causes nephrogenic
diabetes insipidus [58] similar to that seen in our
progranulin-deficient mice. Similar phenotypes of
nephrogenic DI were observed in aldose reductase
deficient mice [51] and calcineurin deficient mice [59] all
converging on losses of AQP2 expression, transport or

phosphorylation, however without known interconnection
with progranulin.

The increase of vasopressin plasma levels likely
reflects an intact adaptation of the hypothalamic-
hypophyseal axis in response to the renal water loss and
argues against a substantial degeneration of hormone
producing neurons at that age. However, AVP positive
neurons appear to be enlarged and are surrounded by
astrogliosis suggesting that the hypothalamus is affected
by progranulin deficiency. In line, the observed changes
of hormones regulating appetite and feeding show that
progranulin is involved in hormone homeostasis.
Hypothalamic dysfunctions have been observed in some
other mouse models of neurodegenerative diseases [60,
61], and primary polydipsia was found in saposin D
deficient mice [26], the latter important because its
precursor, prosaposin and progranulin converge on
sortilin-mediated  transport, interaction at the
autophagolysosomal interface [16] and lysosomal
functions [18, 62]. In contrast to our mice, saposin D
deficient mice had reduced vasopressin levels, and water
restriction resulted in a normalization of kidney
morphology and functions [26], suggesting different
mechanisms of the polydipsia-polyuria phenotype.

In summary, we show that progranulin deficient
mice develop a nephrogenic diabetes insipidus, which
becomes manifest at about 6-9 month of age with a
cumulative incidence of about 70-80%. Polyuria and
polydipsia lead to a doubling of drinking volume and
urine output but the dysfunction does not lead to extreme
water losses, kidney damage or premature death.
Nevertheless, the data show a relevant function of
progranulin for the maintenance of water homeostasis and
osmolality.
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