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Na* is shifted from the extracellular to the intracellular
compartment and is not inactivated by
glycosaminoglycans during high salt conditions in rats
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Abstract Recently, studies have emerged suggesting that the skin plays a role as major Na™ reservoir
via regulation of the content of glycosaminoglycans and osmotic gradients. We investigated whether
there were electrolyte gradients in skin and where Na* could be stored to be inactivated from
a fluid balance viewpoint. Na™ accumulation was induced in rats by a high salt diet (HSD) (8%
NaCl and 1% saline to drink) or by implantation of a deoxycorticosterone acetate (DOCA) tablet
(1% saline to drink) using rats on a low salt diet (LSD) (0.1% NaCl) on tap water as control. Na*
and K* were assessed by ion chromatography in tissue eluates, and the extracellular volume by
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equilibration of °'Cr-EDTA. By tangential sectioning of the skin, we found a low Na* content and
extracellular volume in epidermis, both parameters rising by ~30% and 100%, respectively, in LSD
and even more in HSD and DOCA when entering dermis. We found evidence for an extracellular
Na™ gradient from epidermis to dermis shown by an estimated concentration in epidermis ~2 and

4

-5 times that of dermis in HSD and DOCA-salt. There was intracellular storage of Na™ in skin,

muscle, and myocardium without a concomitant increase in hydration. Our data suggest that there
is a hydration-dependent high interstitial fluid Na* concentration that will contribute to the skin
barrier and thus be a mechanism for limiting water loss. Salt stress results in intracellular storage
of Na™ in exchange with K™ in skeletal muscle and myocardium that may have electromechanical
consequences.

(Received 9 December 2021; accepted after revision 1 April 2022; first published online 4 April 2022)
Corresponding author H. Wiig: Department of Biomedicine, Jonas Lies vei 91, N-5009 Bergen, Norway. Email:
helge.wiig@uib.no

Abstract figure legend Sprague-Dawley (SD) rats were given either high salt diet or deoxycorticosterone acetate
(DOCA)-salt diet using SD rats on a low salt diet as a control. After 2 weeks on the diet, the rats were given the
extracellular tracer > Cr-EDTA. Following 120 min of circulation time, the rats were killed, and shaved back skin was
taken to the cryostat where tangential sections of epidermis, dermis, and subcutis were made to determine extracellular
volume (ECV) and Na™ concentration. There was a Na™ gradient in ECV shown by a higher Na* concentration in the
superficial layers of the skin compared to deeper layers. Analysis of skeletal muscle interstitial fluid and tissue showed
that high salt conditions resulted in an increase in intracellular Na™ that was exchanged with K*.

Key points

Studies have suggested that Na™ can be retained or removed without commensurate water
retention or loss, and that the skin plays a role as major Na™ reservoir via regulation of the content
of glycosaminoglycans and osmotic gradients.

In the present study, we investigated whether there were electrolyte gradients in skin and where
Na™ could be stored to be inactivated from a fluid balance viewpoint.

We used two common models for salt-sensitive hypertension: high salt and a deoxycorticosterone
salt diet.

We found a hydration-dependent high interstitial fluid Na* concentration that will contribute to
the skin barrier and thus be a mechanism for limiting water loss.

There was intracellular Na™ storage in muscle and myocardium without a concomitant increase
in hydration, comprising storage that may have electromechanical consequences in salt stress.

Introduction

It is textbook knowledge that body fluid volume and
thereby body Nat content must be maintained within
narrow limits to maintain blood pressure homeostasis
(Guyton et al, 1974). During recent years, however,

several long-term studies in humans have shown that Na*
can be retained or removed from the subjects’ bodies
without commensurate water retention or loss (Heer
et al., 2000; Palacios et al, 2004; Rakova et al,, 2013;
Titze et al., 2002), suggesting that Na® could be stored
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somewhere in the body and thereby be ‘inactive’ from a
fluid balance viewpoint (Titze et al., 2003). Such storage
would require ‘new’ extrarenal, tissue-specific regulatory
mechanisms that control the release and storage of
Na' from a kidney independent reservoir. Studies have
suggested that the skin interstitium, with its high content
of glycosaminoglycans (GAGs), plays a major role as
Na* reservoir (Machnik et al., 2009; Schafflhuber et al.,
2007; Titze et al., 2006), again implicating that there is
not a strict isotonicity of all body fluids and that skin
and plasma electrolyte concentrations do not necessarily
equilibrate. This observation might have been part of the
explanation for our finding that rats on a high salt diet
(HSD) resulting in Na™ accumulation in skin have a tissue
that is hyperosmotic relative to plasma (Wiig et al., 2013).
Even though the skin was hyperosmotic, we found no
osmotic gradient between plasma and lymph assumed
equal to interstitial fluid in salt accumulation induced
by HSD and deoxycorticosterone acetate (DOCA)-salt
(Nikpey et al., 2017). We could, however, not exclude that
there were local gradients in major osmolytes between
the most superficial layer next to the keratinocytes
and the deeper dermis, which would have supported a
hypothesis a functional counter-current system in the
skin (Hofmeister et al., 2015) enabling differential control
of its own microenvironment. Although quantitatively
not so important, our finding of an increased epidermal
to dermal osmolyte gradient for urea in rat skin that
was increased in salt accumulation supports differential
microenvironmental control. Surprisingly, a lower content
of Na* in epidermis-dermis than in the deeper dermis
indicated that Na™ does not contribute to this gradient
(Nikpey et al., 2017). As we pointed out, however, Na™
will predominantly distribute in the extracellular space,
resulting in a higher concentration in its available space
in the more cell rich epidermis than in dermis, and may
thereby contribute to the osmotic gradient in vivo.

Although the electrolyte content has been measured
across epidermis with electron probe analysis in human
(Warner et al., 1988), as well as guinea-pig skin (Wei
et al., 1982), these studies could not account for the
electrolyte distribution volume. Because of its potential
functional importance, we decided to test the hypothesis
that there is a gradient in Na® in skin such that there is
an increasing concentration closer to the surface, with this
gradient being a consequence of a counter-current effect
resembling the one used for electrolyte gradient formation
in the kidney medulla.

Methods
Ethics statement

All animal experiments were conducted in accordance
with the regulations of the Norwegian State Commission
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for Laboratory Animals, which are consistent with the
European Convention for the Protection of Vertebrate
Animals used for Experiments and Other Scientific
Purpose. Experiments were performed with the approval
from the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) International
accredited Animal Care and Use Program at the University
of Bergen and the Norwegian Food and Safety Authority
(licenses FOTS ID 10508 and 26248).

Animal protocols

The experiments were performed in  male
Sprague-Dawley rats (n = 96), 11—15 weeks old with
a body weight of 350—450 g. The animals were housed
in a humidity and temperature-controlled environment
under a 12:12 h light/dark photocycle. Anaesthesia was
induced with 3% and maintained with 1.5-2% isoflurane
(IsoFlo®Vet 100%; Abbott Laboratories Ltd, Sittingbourne,
UK) in 100% O,. This procedure was used during both
acute terminal experiments and during DOCA-tablet
implantation (see below). Under isoflurane anaesthesia,
the animals were kept on a heating pad supplemented
with a heating lamp when necessary, and their body
temperature was monitored and maintained at 37—38°C.
The rats were randomly assigned to either a low salt
diet (LSD) with <0.1% NaCl in the chow and tap water
to drink (n = 41), HSD with 8% NaCl in the chow and
1% saline to drink (n = 31) or DOCA-salt, where a
50 mg week ' prolonged-release DOCA pellet (150 mg;
Innovative Research of America, Sarasota, FL, USA) was
implanted s.c. in the neck region and the rats given 1%
saline to drink (n = 24). The animals were killed at the
end of experiment under deep isoflurane anaesthesia by a
terminal cardiac blood sample before excision of the heart,
except for the multiphoton experiments, where cardiac
arrest was induced by an 1.v. injection of saturated KCL.
The blood samples were left in room temperature
for 30 min before being centrifuged at 2000 g for
10 min. Immediately after death of the rats, tissue
samples were harvested and either prepared for ion
chromatography by weighing and then drying the samples
(see below) or stored at —20°C until further analysis.
Skin for multiphoton microscopy was fixed in 4%
paraformaldehyde for 3 days before further processing.

lon chromatography analyses

All samples to be analysed by ion chromatography were
weighed directly after harvesting to determine the wet
weight of the sample and then dried in a heating chamber
at 50°C until a stable weight was attained. The dried tissue
samples were eluted in ultrapure water (MilliQ; Millipore
Corp., Burlington, MA, USA) for 1 week for equilibration.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Samples from skin, skeletal muscle, apex of the heart, and
40 uL of serum were eluted in 5 mL of ultrapure water.
The tangential skin sections (see below) were eluted in 500
uL of ultrapure water. During elution, the samples were
placed on a platform rocker in a cold room at 4°C.

Na® and K" in the eluted tissue solutions were base-
line separated in a 10 min 7.5-60 mmol/LMSA gradient
at a flow rate of 0.2 mL min~! by a Dionex IonPac
CS 16-4 pm RFIC analytical column (2 x 250 mm,
P/N 088582) and guard (2 x 50 mm P/N 088583)
using a Dionex Integrion HPLC System equipped with
a CDRS 600 (2 mm) Cation Electrolytic Suppressor and
a high pressure EGC 500 methane sulphonic acid eluent
generator cartridge (Thermo Fisher Scientific, Waltham,
MA, USA). Thereafter, ion content was related to tissue
wet weight, dry weight, and water content.

In a separate series of experiments, we assessed whether
Na® and K* are released to the solvent and not bound
to tissue elements by digesting the skin in nitric acid.
Following weighing, the samples were eluted for 1 week
in 50 mL of ultrapure water when placed on a platform
rocker at 4°C. The samples were then removed, and the
eluates analysed in the ion chromatograph. The samples
were reweighed before being dried in a heating chamber
at 50°C until a stable weight was attained, and dissolved
in 200 wL of nitric acid (Nitric acid ROTIPURANSupra
69%; Carl Roth, Karlsruhe, Germany) for 1-2 h in a
heating chamber at 70°C. When the tissue was completely
dissolved and the solution was clear, 120 uL of hydro-
gen peroxide and 20 mL of ultrapure H,O was added and
mixed well. Thereafter, 100 L of this solution was diluted
further in 100 pL of ultrapure water and analysed in the
ion chromatograph.

Tangential sectioning of skin

Frozen sections of skin were stained by haematoxylin
and eosin in accordance with the standard protocol.
The thickness of the different layers of the skin was
measured, including the whole skin from the outer part
of epidermis to muscle based on the morphological
hallmarks, comprising epidermis stretches from stratum
corneum to the basal layer, as well as dermis from the
basal layer to the loose connective tissue and adipose
tissue in the hypodermis. A minimum of four repeated
measurements were carried out for each layer and
averaged.

Shaved back skin was harvested directly after the
animals were killed. Sequential tangential sections of
epidermis (40 pum) and dermis and subcutis (100 pm)
were made in a cryostat taking care to avoid evaporation.
After being weighed and counted in the gamma counter
(see below), the samples were placed in a heating chamber
at 50°C until a stable weight was attained. Thereafter, the
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samples were eluted in 500 pL of ultrapure water (MilliQ).
The eluate was analysed in the ion chromatograph to
determine ion content as described above.

Measurements of extracellular volume

Measurement of extracellular volume was performed in
two separate series, where HSD (n = 7) was compared
with LSD (n = 7), and DOCA-salt (n = 8) was compared
with another LSD (n = 8) group. Two weeks into the diet
regimen, the rats were anaesthetised with isoflurane and
a catheter placed in the jugular vein for 1.v. injection of
extracellular tracer. Both kidney pedicles were ligated to
prevent escape of tracer and fluid through the kidneys
during the experiment. After i.v. injection, the ° Cr-EDTA
tracer (0.25 MBq in 0.15 mL of saline; PerkinElmer,
Groningen, The Netherlands) was allowed 120 min of
circulation time to ensure uniform distribution in the
extracellular space before drawing a terminal cardiac
blood sample and killing the rat by excising the heart.
Directly thereafter, we harvested shaved full back skin for
tangential skin sectioning (see above), hindlimb skeletal
muscle, and heart. The samples were weighed and counted
in a gamma counter (Packard-Cobra II Auto-Gamma;
Perkin Elmer, Waltham, MA, USA). Extracellular volume
was considered as the plasma equivalent space of
SICr-EDTA [i.e. (cpm/ g tissue)/(cpm/mL plasma)].

Isolation of interstitial fluid from muscle

Rats were assigned to LSD (n = 6), HSD (n = 6), and
DOCA-salt (n = 7) 2 weeks prior to implantation of
nylon wicks in the muscle interstitium. Under isoflurane
anaesthesia, multifilamentous nylon wicks, prewashed in
acetone, ethanol, and distilled water, were implanted in
the muscle interstitium as described in detail previously
(Wiig et al., 1991). Briefly, the wicks were soaked in iso-
tonic saline before implantation and were threaded into
an 8-10 cm long PE-160 catheter. Wick implantation was
through a small cut in the skin and muscle fascia at two
locations in each hind limb, laterally along the gastro-
cnemius muscle, and medially along the gracilis muscle.
After placing the catheter, the wick was pushed out with
a PE-50 catheter. The skin incision was closed with a
forceps and the wicks were left in for 90 min before being
removed in a humidity chamber to avoid evaporation,
prior to killing the animals. The wick ends and any blood-
stained parts were cut off, and the wick transferred to a
pre-weighed vial for reweighing and elution. The amount
of interstitial fluid was calculated, and the eluate was
analysed in the ion chromatograph. In this series, samples
of serum, skin, muscle, and heart were also harvested for
ion content analyses in the ion chromatograph.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Sulphated glycosaminoglycans

The amount of sulphated glycosaminoglycans (sGAG)
was measured by a quantitative dye-binding method
in two separate series. Freeze-dried skin samples were
digested as described in detail previously by Sagstad
et al. (2015), before the concentration of sGAGs was
measured using the Blyscan sGAG assay kit (BC-B1000
or B-1000; Biocolor, Carrickfergus, UK) in accordance
with the manufacturer’s instructions. The procedure
is based on 1.9-dimethylmethylene blue that provides
a specific binding of the sulphated polysaccharide
component of proteoglycans or the protein free sulphated
glycosaminoglycan chains. Before analysis, the skin
samples were defatted using a chloroform and methanol
mixture (400 L of chloroform and 200 L of methanol),
left in a gentle shaker for 24 h, then 150 1L of chloroform
and 150 pL of ultrapure water were added for 2—4 h,
followed by drying until a stable weight was attained
before being used in the assay. The absorbance values
at a wavelength of 650 nm were calculated using the
SPECTRAmax® Spectrophotometer and SoftMax Pro
(Molecular Devices, San Jose, CA, USA).

Collagen

The same method as for sGAGs was used for obtaining
defatted dry weight in skin samples in the collagen assay.
Collagen was measured by the Sircol™ Insoluble Collagen
Assay (Biocolor) in accordance with the manufacturer’s
instructions using a SPECTRAmax® Spectrophotometer
and SoftMax Pro to calculate absorbance values at a wave-
length 550 nm. In another series, collagen was measured
in LSD and HSD rats using a method based on the
determination of hydroxyproline content as described by
Sagstad et al. (2015) assuming a conversion factor of 6.94
ug of hydroxyproline per 1 mg of collagen as originally
performed by Woessner (1961).

Hyaluronic acid

Hyaluronic acid (HA) in digested skin samples (see above)
was determined using a hyaluronic acid test kit (Catalog
number 029-001; Corgenix, Broomsfield, CO, USA) in
accordance with the manufacturer’s instructions.

Multiphoton microscopy

Under isoflurane anaesthesia, a catheter was inserted into
the jugular vein and secured. Subsequently, 300 uL of
Lycopersicon Esculentum (Tomato) Lectin (LEL, TL),
DyLight® 649 (DL-1178-1) (Vector Labs, Burlingame, CA,
USA) was injected 1.v. and allowed a circulation time of
~7 min. After killing the rat, hair was removed by hair

Na™ storage in high salt conditions

2297

removal cream, and skin samples were harvested from
paw, back, thigh, and tail and fixed flat on a Sylgard
plate in 4% paraformaldehyde for 3 days. Then, the skin
was dehydrated by incubating in increasing ethanol/PBS
concentrations (30%, 50%, 70%, 90%, and two times 100%
for 12 h each.)

For refractory index matching, the tissue was trans-
ferred to a customised aluminium chamber in methyl
salicylate. A second chamber with a large glass cover-slide
bottom was placed on the tissue and air bubbles were
removed. The second chamber was filled to a height of
2 mm with water to use the 25 x 0.95 NA WD 2.5 mm
water dipping objective of our customised 2P microscope
(Leica Microsystems, Wetzlar, Germany).

Images were collected using a customised Leica
SP8 two-photon microscope (Leica Microsystems)
equipped with a 25 x 0.95 NA WD 2.5 mm water
immersion objective, and two femtosecond-pulsing
tunable Ti:Sapphir lasers (Mai Tai HP DeepSee and
InSight DS+), both from Spectra-Physics (Mountain
View, CA, USA). The sample was excited at 820 nm and
the fluorescence emission was guided directly to four
external detectors in dendritic arrangement (two hybrid
and two classical photomultiplier tubes). For signal
separation, three dichroic beam splitters (458, 505, and
605 nm; Semrock, Rochester, NY, USA) were used. The
SHG (second-harmonic generation) was collected below
458 nm, autofluorescence was collected between 505 and
605 nm, and the emission of DyLight® 649 was collected
between 605 nm and 700 nm. Images were processed
and rendered with Imaris cell imaging software (Oxford
Instruments, Abingdon, UK).

Statistical analysis

Statistical analyses and graphs were constructed using
PRISM, version 8.0 (GraphPad Software Inc., San Diego,
CA, USA). Outliers identified by ROUT with Q = 1%
were excluded. Normality was tested by the D’Agostino &
Pearson test when n > 8. When n < 8, a Shapiro-Wilk test
was used. ANOVA or mixed-effects analyses followed by
Sidak’s multiple comparisons test was used when assessing
three or more groups. Unpaired Student’s ¢ tests were
used when comparing two groups. Values are given as
the mean £ SD. P < 0.05 was considered statistically
significant.

Results

Tissue electrolyte concentration measured by ion
chromatography

We first assessed Na't and K' content with ion
chromatography after elution in ultrapure water in
whole back skin, as well as after separation in dermis

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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and subcutis by blunt dissection (Reed et al., 1989). As
shown in Fig. 1A, there was a significant accumulation of
Na™ expressed on a dry weight (DW) basis in both HSD
(n = 6) (mean + SD) (Na© 203.6 £+ 13.0 mmol kg™*
DW, P 0.0004) and DOCA-salt (n 7) (Na*t
206.7 + 18.0 mmol kg~! DW, P = 0.0002) compared
to LSD (n = 6) (Na™ 156.1 + 17.9 mmol kg~! DW)
in whole skin. Moreover, the skin water content was
slightly increased in HSD, but not DOCA-salt, compared
to LSD. Na™ related to water content also increased,
in both HSD and DOCA-salt, compared to LSD. In
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dermis, there was an increase in Na™ in HSD (n = 6)
(Na™ 1982 £ 9.3 mmol kg~! DW, P = 0.0002) and
DOCA-salt (n = 7) (Na* 192.6 & 12.8 mmol kg~' DW,
P =0.0004) compared to LSD (n = 3) (Na* 145.7 & 5.8)
(Fig. 1B). Interestingly, (Na™+K™) increased from ~140
in LSD to ~160 mmol L~! H,O in dermis in HSD and
DOCA-salt (Fig. 1B), a difference that was not detected
when analysing total skin, thus showing electrolyte
accumulation in the dermal layer.

Serum concentrations of Na* both in HSD (n = 5) (Na™
146.8 £+ 3.2 mmol L7!) and DOCA-salt (n = 7) (Na™
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Figure 1. Na* and K* content in whole skin and dermis, and concentrations in serum

Individual values of water content related to dry weight (DW), Na™ related to dry weight (DW) and water, Na™+K*
related to water in whole skin (LSD, n = 6; HSD, n = 6; DOCA, n = 7) (A) and dermis [LSD, n = 3 (except for water
content LSD, n=4); HSD, n = 6; DOCA, n = 7] (B), individual values of Na* and K* in serum (LSD, n=5; HSD, n = 6;
DOCA, n=7)(Q), allisolated from rats after a low salt diet (LSD) (e), high salt diet (HSD) (o), and deoxycorticosterone
(DOCA)-salt diet (DOCA) (). Also shown are the mean =+ SD. In serum, there was a significant increase in Na*t
in rats on HSD and DOCA-salt diet, as well as a significant corresponding decrease of Na* in the DOCA-salt diet
group. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001 compared to ANOVA followed by Sidak’s multiple

comparisons test.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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146.6 & 1.6 mmol L™!) increased (P < 0.0001) compared
to LSD (n = 5) (Nat 137.4 + 2.1 mmol L™!) (Fig. 10),
with a corresponding decrease (P < 0.0001) in potassium
in DOCA-salt (n="7) (K" 1.4 0.2 mmol L™ ') compared
to LSD (n = 5) (KT 4.4 £+ 0.6 mmol L1).

We next tested whether Nat and K™ were bound to
tissue elements by comparing Na™ and K* in whole skin
after elution in ultrapure water with the values from the
same skin sample following complete digestion of tissue
elements in nitric acid. Compared to background signal,
we found that no Na® and K remained in skin in LSD
and HSD conditions. Thus, the Na* content following
digestion was —0.3 £ 0.8% (n = 10) and —0.3 £ 0.6%
(n = 5) of the content after elution in skin from LSD and
HSD rats, respectively. Similar numbers were found for
K*. The cation binding to the extracellular matrix was
thus negligible.

Extracellular matrix components in high salt
conditions

We assessed the components of the extracellular matrix,
that is, collagen and GAGs. GAGs consist of hyaluronan
and sulphated GAGs (sGAGs), the latter being proposed
to play a role in salt storage (Schafflhuber et al., 2007; Titze
et al., 2004).

In whole skin, sGAGs averaged (mean =+ SD)
7.0 £ 1.5 mg per g fat free dry weight (DW) in LSD
(n = 14), with a corresponding value for HSD (n = 10)
of 75 £ 0.9 mg g~! (P = 0.975). Interestingly, after
DOCA-salt (n = 6), we found a mean sGAG concentration
of 49 + 04 mg g! DW, which was significantly
lower than the corresponding concentration in LSD
(P =10.0031) and HSD (P = 0.0004) conditions (Fig. 2A).
A similar pattern and similar numbers were found for
sGAGs in dermis: LSD 6.7 + 1.2 mg g~! DW (n = 15),
HSD 6.7 + 1.5 mg g~ ! DW (n = 10), and DOCA-salt
4.9 £ 0.4mgg ! DW (n = 6), with the latter value lower
than LSD (P = 0.0238), as well as HSD (P = 0.0349)
(Fig. 2A). There was no difference in sGAGs between the
groups in subcutis: LSD 5.8 £ 1.4, HSD 6.0 & 0.7, and
DOCA-salt 4.9 &+ 0.9 mg g~! DW) (Fig. 2A).

We also determined hyaluronan, another major GAG
component in LSD (n = 10) and HSD (n = 10) rats and
found no effect of the diet. Thus, whole skin LSD had a
mean content of HA of 0.65 & 0.27 mg g~ fat free DW in
LSD and 0.79 & 0.37 mg g~ ! DW in HSD (P = 0.8529). In
dermis, the respective numbers were 1.03 £+ 0.17 mg g~
DW and 1.06 £0.33 mg g~ ! DW (P =0.9991), whereas, in
subcutis, HA averaged 1.55 & 0.61 and 1.60 & 0.57 mg g~
DW, in LSD and HSD (P = 0.9919), respectively (Fig. 2B).
Interestingly, the reduced sGAG in the DOCA-salt group
implies that the degree of GAG sulphation was reduced in
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the DOCA-salt group that retained most salt and thus that
the capacity for ‘inactive’ Na™ storage was reduced.

Next, we analysed collagen, the major structural
component of the interstitium. In whole skin, the mean
collagen content per fat free dry weight was 0.51 & 0.05,
0.58 +0.01,and 0.60 & 0.07 mg mg " fat free DW for LSD
(n=1>5),HSD (n =5, P = 0.5724), and DOCA-salt (n = 6,
P = 0.2407), respectively (Fig. 2C). The corresponding
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Figure 2. Extracellular matrix components in high salt
conditions

A, individual values for sulphated GAGs (sGAGs) in whole skin,
dermis, and subcutis in low salt diet (LSD) (n = 14) (e), high salt diet
(HSD) (n = 10) (o), and deoxycorticosterone (DOCA)-salt diet (DOCA)
(n = 6) (A). Also shown are the mean £ SD. *P < 0.05, **P < 0.01,
%P < 0.001 compared to ANOVA followed by Sidak’s multiple
comparisons test. B, individual values for hyaluronan (HA) in whole
skin, dermis and subcutis LSD (n = 10) (e) and HSD (n = 10) (o). C,
individual values for collagen in whole skin, dermis and subcutis in
LSD (n = 5) (e), HSD (n = 6) (o), and DOCA-salt diet (n = 6) (A).
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numbers for dermis were 0.63 = 0.13, 0.70 £ 0.05, and
0.76 £ 0.03 mg mg’1 fat free DW, and, in subcutis,
0.35 & 0.11, 0.34 + 0.08, and 0.39 & 0.10 mg mg~" fat
free DW (Fig. 2C).

Thickness of skin assessed by histology

We then measured the thickness of epidermis, dermis and
subcutis in back skin from LSD, HSD, and DOCA-salt
treated rats that was needed to determine thickness of
tangential sections. High salt diets resulted in a reduction
in whole skin, as well as epidermis and dermis, a
reduction in thickness that was statistically significant for
DOCA-salt only. The thickness of whole skin averaged
(mean £+ SD) 897 £+ 149 um (n = 9) in LSD and
497 + 62 um (n = 5) in DOCA-salt (P = 0.0001). The
respective numbers for epidermis were 43 + 8 um (LSD)
(n=9)and 30 = 8 um (DOCA-salt) (n = 4) (P = 0.020).
The respective numbers for epidermis were 43 + 8 um
(LSD) (n = 9) and 30 £ 8 um (DOCA-salt) (n = 4)
(P < 0.05).

Electrolyte and extracellular volume gradients in skin

To investigate whether there were gradients in Na®
and K from the surface to deeper layers of the ,
we made tangential (i.e. horizontal) sections of frozen
tissue in a cryostat and eluted samples followed by ion
chromatography for electrolyte determination. Because
of technical challenges related to sectioning, we used 40
um sections for LSD, HSD, and DOCA-salt even if the
epidermis in the latter was thinner than this.

The analysis of Na™ and K in different skin depths
was performed in two separate series of animals. First,
LSD was compared to HSD, and, as shown in Fig. 34,
the curves for water content were not different for these
two groups. If, however, we normalise the hydration at
various depths to that of epidermis there was a significant
difference between the diet regimens. Thus, hydration
in deeper layers in HSD increased by 42—105%, with
a corresponding range for LSD of 16—37% (P = 0.044,
two-way ANOVA; mixed effects model). Na™ relative
to dry weight in HSD was about twice that of LSD in
deeper layers of dermis reflecting different Na™ storage
dependent on diet regimen. When comparing Na® and
(Nat+K") related to water content in the samples,
however, the corresponding data points for two groups
were not different. It should be noted that the mean Na*
concentration over water was higher in HSD than in LSD
except for one skin depth, thus reflecting the overall shape
of the Na™ relative to dry weight curve.

Because it has been proposed that Na® is
up-concentrated in the superficial part of the skin
(Hofmeister et al., 2015), we focused on the trans-
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ition zone between epidermis and dermis. By contrast
to what has been proposed, there was a tendency to a
lower mean Na® content in epidermis (mean + SD)
(1004 + 21.3 mmol kg~! DW) than in dermis at
40—140 pum depth (128.9 & 20.0 mmol kg~' DW) in
LSD (n = 7) (P = 0.1052), whereas, in HSD (n = 6), a
significantly lower mean Na®™ was found in epidermis
compared to superficial dermis (97.5 &+ 25.1 and
160.4 + 24.0 mmol kg~' DW, respectively) (P = 0.0003)
(Fig. 3C). As for HSD, the Na™ content was also higher in
some layers of dermis when comparing DOCA-salt
with the LSD group (Fig. 3B), and this applies to
both Na™ related to dry weight and to water content.
(Nat4+K™) curves for this series were overlapping,
with exception of one point in in the deepest layer
of dermis. When considering water content in this
second series of experiments, it became apparent that
both LSD and DOCA-salt groups had a much lower
water content in epidermis than the first LSD and HSD
series, although values were similar in dermis in the two
series. As for the first series, there was no e