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2020; doi:10.1152/ajprenal.00377.2019.—Maintaining water homeo-
stasis is fundamental for cellular function. Many diseases and drugs
affect water balance and plasma osmolality. Water homeostasis stud-
ies in small animals require the use of invasive or terminal methods
that make intracellular fluid volume and extracellular fluid volume
(ECF) monitoring over time stressful and time consuming. We exam-
ined the feasibility of monitoring mouse ECF by a noninvasive
method using time-domain nuclear magnetic resonance (TD-NMR).
This technique allows differentiation of protons in a liquid environ-
ment (free fluid) from protons in soft tissues containing a majority of
either small molecules (lean) or large molecules (fat). Moreover, this
apparatus enables rapid, noninvasive, and repeated measurements on
the same animal. We assessed the feasibility of coupling TD-NMR
analysis to a longitudinal metabolic cage study by monitoring mice
daily. We determined the effect of 24-h water deprivation on mouse
body parameters and detected a sequential and overlapping decrease
in free fluid and lean mass during water deprivation. Finally,
we studied the effect of mineralocorticoids that are known to induce
a transient increase in ECF but for which no direct measurements have
been performed in mice. We showed, for the first time, that miner-
alocorticoids induced a transient ~15% increase in free fluid in
conscious mice. TD-NMR is, therefore, the first method to allow
direct measurement of discrete changes in ECF in conscious small
animals. This method allows analysis of kinetic changes to stimuli
before investigating with terminal methods and will allow further
understanding of fluid disorders.

fluid; dehydration; hydration; mice; nuclear magnetic resonance

INTRODUCTION

Water is the most abundant component of the body and
represents 45 —60% of total body weight in an adult, depending
on race, age, and sex (11). Whereas intracellular fluid (ICF)
accounts for ~40% of body weight, extracellular fluid (ECF)
accounts for ~20% of body weight. ECF is divided into the
interstitial fluid and intravascular fluid, or blood volume, ac-
counting for around 16% and 4% of body weight, respectively.
Many diseases and drugs can disturb water homeostasis, and,
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as a result, fluid disorders are one of the most frequent issues
in clinical medicine (52).

Dehydration is an abnormal decrease in total body water
(TBW) of more than 2% of body weight (1.4 L for 70 kg) (9).
Severe dehydration is defined as a loss of water exceeding 5%
of body weight and is life threatening due to hyperthermia and
hypoperfusion of organs (1). Dehydration occurs when water
intake and water formation from metabolism does not com-
pensate for obligatory water loss, e.g., urine, sweat, and stool
production. Excessive sweating, diarrhea, diabetes insipidus,
diuretic drugs, diabetes mellitus, or age-associated hypodipsia
are major causes of dehydration (26, 39, 45, 52). Moreover,
dehydration is a common condition (15, 48) and poses a high
risk of morbidity and mortality in children, the elderly, and
inpatients (24, 51). Hypertonic dehydration occurs when hy-
potonic fluid is lost, causing an increase in plasma osmolality,
e.g., water restriction or excessive sweating. Thus, a 100-mL
loss of TBW causes approximately a 10-mL loss of plasma
volume, a 30-mL loss of ECF, and a 60-mL loss of ICF (14).
Isotonic dehydration occurs when both water and sodium salts
are lost at the same rate. Under these conditions, ECF volume
depletion accounts for TBW loss, and the plasma volume
decrease can reach 20% of TBW loss (9). An increase greater
than 2% in plasma osmolality or a decrease greater than 10%
in plasma volume trigger compensatory mechanisms through
the release of vasopressin from the posterior pituitary, which
induces water retention by the kidney, thirst, and vasoconstric-
tion to maintain blood osmolality and blood pressure (9).

In contrast, chronic kidney disease (CKD), mineralocorti-
coid excess, heart failure, and cirrhosis commonly induce ECF
expansion. Typically, CKD impairs salt (NaCl) and water
excretion, causing a transient increase in plasma volume after
salt intake (19, 29). Acute exogenous mineralocorticoid admin-
istration induces renal salt retention and causes a transient
increase in ECF and plasma volume in humans (10) and small
animals (22, 53). In high mineralocorticoid states and fre-
quently in CKD, renal excretion of excess salt and fluid is
impaired, causing a sustained increase in systemic arterial
blood pressure. Heart failure, cirrhosis, and nephrotic syn-
drome induce renal water and salt retention. Derangement of
Starling forces will promote fluid accumulation in the intersti-
tial compartment, causing edema and ascites (34, 35, 46, 50).
Many of these pathological conditions produce changes in one
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or more fluid compartments. For example, in the mineralocor-
ticoid/salt model of hypertension, there is a transient retention
of fluid in the intravascular space, which leads to an increase in
cardiac output, and this results in an increase in systemic blood
pressure, an attendant increase in systemic vascular resistance,
and a pressure natriuresis that restores blood volume to normal
but at the expense of an increased systemic blood pressure. The
ability to measure changes in ICF and ECF accurately and
noninvasively is necessary to understand how pathophysiolog-
ical states result in fluid retention.

Until recently, measurement of the effects of hormones or
drugs on body fluid distribution in small animals has been
laborious and frequently requires a terminal procedure, which
does not allow serial measurements in the same animal. More-
over, measurement of fluid balance in small animals is difficult
because important changes in fluid compartments are close to
the limit of resolution of most methods. TBW, ECF, and
plasma volume are estimated in animals by bioimpedance
(8, 16), the dilution principle (47, 54), or by inference from
measurements of hematocrit, osmolality, Na® concentra-
tion, and renin activity (3). Studies with these techniques
have ascertained that, like humans, mouse ECF volume
represents ~20% of body weight. Unlike in humans, mouse
blood represents ~7.2% of body weight and plasma ~65%
of blood (13, 43).

Time-domain nuclear magnetic resonance (TD-NMR) is a
relaxometry-based method that uses an array of inversion
recovery (encoding T, effects) and echo times (encoding T»
effects) to precisely measure the relative size of the three in
vivo reservoirs. '"H-NMR relaxation times [longitudinal (T))
and transverse (Tz)] vary as a function of the immediate
environment, and the magnitude of the NMR signal is propor-
tional to the mass of protons (40). The free induction decay of
the magnetic resonance signal, which contains signals from
water in different environments, as well as fat, is directly
analyzed. Depending on the water environment (fat, meat, and
saline), signals will be sufficiently different to be separated in
three compartments. The Bruker devices used in this study
were calibrated with a batch of animal fat, chicken breast, and
physiological serum. The T, and T, values obtained are used in
the calibration curves as corresponding to the mixture of
amounts of fat, lean, and saline called “free fluid.” Thereafter,
when an animal is placed in the machine, the signals obtained
are compared with the calibration curve to calculate the
amounts of fat, lean, and free fluid. Colucci et al. (12) have
mathematically transformed the magnetization decay data to
extract the T, signal from mice. They showed that, at the
operating field of 0.15 T, T, of fat-associated water, lean-
associated water, and free water is 50, 250, and 1,500-2,000
ms, respectively (7, 12). Moreover, they showed that a saline
intraperitoneal injection increases the height of only the slow-
est decaying signal (1,500-2,000 ms). The method is nonde-
structive, and, therefore, TD-NMR is a noninvasive and rapid
way to measure body composition in awake mice (6, 21, 30,
36, 42). Researchers have used TD-NMR to monitor body
composition in rodents with metabolic disorders. Most studies
have analyzed lean and fat mass, and only a few studies have
assessed free fluid mass (41, 42). Gordon et al. (17) and
Colucci et al. (12) showed it was possible to measure differ-
ences in free fluid before and after an intraperitoneal saline
injection in rats (17) and mice (12), respectively. However,
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direct measurement of pathophysiological changes in all three
compartments in conscious animals by noninvasive methods
will allow a more precise understanding of the changes during
different physiological or pathophysiological conditions.

Prior to TD-NMR, determining body fluid composition in
mice requires invasive and terminal methods, which makes
longitudinal studies time consuming and expensive. Here, we
show that TD-NMR can be a quantitative tool to estimate water
loss or gain by the extracellular compartment after a drug
treatment or a change in a diet. We first assessed TD-NMR
measurement of body fluid volume variation in whole mice and
in phantoms of diverse composition. Second, we compared the
free fluid of C57BL/6J mice of different weights and in both
sexes and calculated the variability of this parameter in indi-
vidual male mice over time. We used TD-NMR to assess free
fluid under two common mouse husbandry conditions: venti-
lated rack and metabolic caging, and whether daily TD-NMR
measurement in tandem with metabolic caging would induce
stress-related body weight loss. Finally, we monitored lean, fat,
and free fluid during two longitudinal studies: /) the effect of
24-h water deprivation and 2) the effect of treatment with a
long-acting mineralocorticoid [deoxycorticosterone pivalate
(DOCP)] and a high-salt diet (HS/DOCP group).

MATERIAL AND METHODS

Ethical approval. All animal use complied with the American
Physiological Society’s “Guiding Principles in the Care and Use of
Laboratory Animals.” The Institutional Animal Care and Use Com-
mittees of the North Florida/South Georgia Veterans Administration
and the University of Florida approved the animal use protocol
(Animal Component of Research Project no. 0012). All animal use in
France complied with the institutional guidelines and recommenda-
tions for the care and use of laboratory animals put forward by
Directive 2010/63/EU revising Directive 86/609/EEC on the protec-
tion of animals used for scientific purposes. (The project was ap-
proved by a user establishment Ethics Committee and received Project
Authorization no. 97 2289.01.) Adult male and female mice were
studied to test the feasibility of monitoring body compartments in a
strain commonly used in biomedical research: the C57BL/6J strain.

Time-domain nuclear magnetic resonance. TD-NMR is a method
based on the acquisition of radiofrequency signals generated by
hydrogen spins from fluid and soft tissues, such as muscle and
adipose. TD-NMR LF90 (Minispec, LF90, Bruker, Billerica, MA) and
the TD-NMR LF50 (Minispec, LF50, Bruker) function using the
contrast in Ty and T relaxation times of the hydrogen spins associated
with fat, lean tissue, and free water signal to estimate whole body
composition. The Minispec LF90 was calibrated for mice and rats
weighing up to 800 g with phantom samples made of mixes of oil for
“fat,” chicken breast for “lean,” and saline (0.9 g NaCl/L water) for
“free fluid,” as explained elsewhere (17). The calibration of the
Minispec LF50 was specifically adapted to mice ranging from 5 to
60 g. The magnetic field strength of the Minispec LF90 is 0.15 T,
corresponding to a minimum proton frequency of 6.2 MHz, while the
magnetic field strength of the Minispec LF50 is 0.17 T, corresponding
to a minimum proton frequency of 7.5 MHz.

All mice were habituated to TD-NMR analysis before experimental
measurements. Mice were weighed on a precision scale after empty-
ing their bladder by abdominal massage. Mice were placed in a clear
plastic cylinder (50-mm diameter) and kept in the smallest possible
space allowing free movements by insertion of a tight-fitting plunger
into the cylinder. The tube was then inserted into the Minispec
chamber for 2 min, the duration of the scan process. If the mice
urinated in the cylinder, the cylinder was cleaned and dried before the
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Fig. 1. Linear regression of free fluid (FF) with corresponding phantom water
(O and solid line), urine (A, dotted line), and blood (@, dashed line) volumes
(in mL). Plastic tubes containing increasing amounts of 18.2-M() water, fresh
urine, and heparinized blood were placed in the Minispec LF90 for time-
domain nuclear magnetic resonance analysis.

next measurement. Mice that urinated in the tube were allowed to dry
for 20—30 min and were reweighed and scanned a second time.

Regression curves from phantoms. Different volumes of deionized
water, ranging from 0.2 to 1 mL, were pipetted in plastic Eppendorf
tubes and placed in the Minispec LF-90 for analysis. The amount of
free fluid detected was used to generate a regression curve. Next,
various volumes of urine and heparinized blood, both freshly collected
from anesthetized mice, were analyzed as water phantom samples to
generate regression curves for free fluid.

Saline injection. TD-NMR measurements were made before and
immediately after intraperitoneal injection of normal saline (37°C).
To determine the effective amount of saline injected, mouse body
weight was measured before and after intraperitoneal injection.

Water restriction. Mice were weighed and analyzed by TD-NMR
immediately before and after 5-h and 24-h water deprivation.

DOCP treatments. Mice were habituated to TD-NMR analysis, fed
a control gelled diet [45% TD99191 (0.2% Na), 54% water, and 1%
agar, Teklad, Madison, WI], and had free access to tap water for 4
days. The next day, mice were treated with a long-lasting mineralo-
corticoid analog (DOCP, Novartis, 75 pg/g im) and fed ad libitum a
high-salt (total of 2% Na) diet prepared as a gelled diet as follows:
45% TD99191 (0.2% Na™), 54% water, and 1% agar plus an addi-
tional 1.8% Na™* added as NaCl, and the mice were given 0.9% NaCl
to drink. We have previously shown that a high-salt diet that included
0.9% NaCl to drink with DOCP treatment induced a transient increase
in Na™ and fluid balance in mice (33). Mice were analyzed daily using
the Minispec LF90 for the next 3 days.

DOCP treatment for comparison between Minispecs LF50 and
LF90. Mice were habituated to TD-NMR analysis, fed a standard
laboratory chow (A04, Safe, Epinay, France, and no. 2918, Teklad,
Tampa, FL) and had free access to tap water for 4 days. Mice were
analyzed before and 1 day after DOCP treatment (Novartis, 75
ng/g im).

DOCP treatment for comparison between % free fluid, body
weight, and hematocrit variations. Additional mice fed a standard
laboratory chow (A04, Safe, Epinay, France) with free access to tap
water were habituated to TD-NMR Minispec LF50 analysis for 4
days. Mice were randomly separated into two groups: control and
DOCP treatment (Novartis, 75 ng/g im). The next day, mice were
analyzed by TD-NMR, and a blood sample was collected from the
retroorbital sinus in the next hour. Hematocrit was measured on a
hematocrit centrifuge (Sigma 201m, Meditech Scientifique).

Statistics. Data are shown as means * SD. Calculations were made
using GraphPad Prism (version 8.1.2 for Windows, GraphPad Soft-
ware, La Jolla, CA). Unless specified, a paired, two-tailed Student’s ¢
test was used to determine significance of differences between groups.
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RESULTS

TD-NMR regression curve for water, urine, and blood. In an
initial study, the Minispec LF90 showed that five C57BL/6J
mice weighing 28.53 = 1.78 g had an average of 2.73 = 0.30 g
of free fluid corresponding to ~10% of their body weight. To
clarify what TD-NMR detected as free fluid in a whole animal,
we compared free fluid in phantoms of deionized water, urine,
and heparinized blood samples ranging from 0.2 to 1 mL.
Using the Minispec LF90, we found there was a strong linear
correlation between the different fluid volumes and the amount
of free fluid measured (Fig. 1). Linear regression of the
TD-NMR-generated mass of free fluid versus the phantom
volumes of water, urine, and blood was performed. The slopes
and intercepts for water and urine were similar (P = not
significant), whereas the slope for heparinized blood was
significantly different from the slopes of both water and urine
(P < 0.001). The Minispec LF50 showed five C57BL/6J mice
weighing 28.93 = 0.84 g had an average of 1.57 = 0.06 g of
free fluid corresponding to ~5.4% of their body weight. All of
the following TD-NMR measurements were performed with
the Minispec LF90 apparatus unless stated otherwise.

Linear regression between small saline intraperitoneal in-
Jjection and free fluid in mice. We investigated the capacity of
TD-NMR to detect a small change in free fluid in vivo. We
performed intraperitoneal injections of different amounts of
saline ranging from 0.15 to 0.40 mL in mice (Fig. 2). There
was a good correlation between the body weight change and
TD-NMR-generated mass of free fluid change measured before
and after the saline injection (¥ = 0.53). We found lean values
did not change significantly before and after injection of saline
(P = not significant; data not shown).

Free fluid in C57BL/6J male and female mice. We measured
free fluid in 5 female mice at 8 wk of age (body weight:
20.06 = 0.90 g, free fluid: 2.02 = 0.13 g), 5 male mice at 6 wk
of age (body weight: 20.44 * 0.68 g, free fluid: 2.13 *= 0.20 g),
and 13 male mice at 11 wk of age (body weight: 28.84 = 1.41
g, free fluid: 2.80 = 0.23 g; Fig. 3). When taking into account
all mice, there was a good correlation between body weight
and free fluid (+* = 0.90). C57BL/6J mice gain weight rapidly,
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Fig. 2. Linear regression for body weight (BW) gain and free fluid (FF) change
after an intraperitoneal injection of saline in male (n = 6) and female (n = 5)
mice. BW was measured before and after injection, and 0.1 g of BW gain was
assumed to correspond to 0.1 mL of injected saline. Some animals showed the
same change in BW after injection and were pooled. SDs are shown for
multiple animals that were injected with the same injection volume (0.2 mL,
n =5, and 0.4 mL, n = 2). Mice were analyzed by the Minispec LF90 for
time-domain nuclear magnetic resonance analysis.
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Fig. 3. Body weight (BW) and free fluid mass (FF) in a heterogeneous
population of C57BL/6J mice. A\, female mice at 8 wk of age (n = 5), B, male
mice at 6 wk of age (n = 5); @, male mice at 11 wk of age (n = 13).

and male C57BL/6J mice at 6 wk of age were significantly
smaller than male mice at 11 wk of age. The larger male mice
had a significantly smaller amount of free fluid percentage than
smaller male mice (free fluid percentage: 9.71 £ 0.43% in
larger male mice and 10.42 * 0.72% in smaller male mice,
P < 0.03). These observations are in accordance with others
showing that smaller and/or younger animals have larger
plasma volume-to-body weight ratios (5). To avoid any bias
due to the difference in body mass, we compared weight-
matched female and male mice (male mice at 6 wk of age vs.
female mice at 8 wk of age). Weight-matched female and male
mice had similar amounts of free fluid when adjusted for body
weight (free fluid percentage: 10.07 = 0.24% in female mice
and10.42 * 0.72% in male mice). For simplification, all sub-
sequently described experiments were performed in male mice.

Evolution of body weight and free fluid percentage in mice.
The individual variability in free fluid percentage in mice is
unknown, as well as the effect of housing or type of feeding on
free fluid percentage. We measured the evolution in body
weight and free fluid percentage at a 3-day interval in nine
male mice (body weight: 28.52 * 1.34 g, free fluid percentage:
9.52 * 0.34%) equilibrated to regular housing and feeding. We
observed that mouse body weight did not vary significantly
over time (Fig. 4A), which is normal for male C57BL/6J mice
at 13 wk of age (https://www.jax.org), nor did the free fluid
percentage change (Fig. 4B). Next, we monitored body weight
and free fluid percentage in the same mice during the first 3
days of housing in metabolic cages with access to a gel diet and
tap water ad libitum. Body weight did not vary significantly
during this period (Fig. 4C), but free fluid percentage increased
significantly from 9.37 = 0.50% to 10.17 = 0.59% (P <
0.0005, Fig. 4D). During the 3 days in normal housing, the
intramouse variation was 1.15% for body weight and 3.59% for
free fluid. The intermouse variation averaged 4.33% for body
weight and 4.45% for free fluid.

Effect of water deprivation on free fluid, lean, and fat in
mice. Water deprivation induces hypertonicity of ECF and, as
a consequence, a contraction of ICF. Thus, water deprivation
causes ICF and ECF water loss (52). We used the Minispec
LF90 to follow the effect of water deprivation on the three
compartments: /) free fluid, which reflects ECF; 2) lean, which
represents protein-rich soft tissue; and 3) fat, which approxi-
mates fat mass. Five male C57BL/6 mice at 13 wk of age (body
weight: 29.82 + 1.76 g, free fluid mass: 2.96 = 0.30 g, lean
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Fig. 4. A and B: evolution of mouse individual body weight (BW; A) and free
fluid as a percentage of BW [free fluid percentage (FF%); B] during 3 days of
normal housing. C and D: evolution of mouse individual BW (C) and %FF (D)
during 3 days of metabolic cages. n = 9. Student’s paired ¢ test was used for
statistical analysis. **P < 0.0005.

mass: 22.30 * 1.02 g, and fat mass: 1.23 * 0.53 g) were water
deprived for 24 h (Fig. 5, t = 0). Our results showed that 5 h
of water deprivation did not induce a significant change in
mouse body weight, free fluid, lean mass, or fat mass. Never-
theless, when normalized to body weight, there was a tendency
for free fluid percentage to decrease during this period (r = 0
free fluid percentage: 9.87 = 0.52% of body weight; 5-h free
fluid percentage: 9.50 £ 0.27% of body weight, P < 0.08).
After 24 h of water deprivation, mice showed a significant
decrease in body weight of 2.06 = 1.03 g (P < 0.05), which

A * .
34
24
32 —_
@ 30 ‘:’
; g 22
m 2s -
20
26
0 5 24 0 5 24
Time in hours Time in hours
B s D
2.5
3.5
e . 20
CEY =2
(TR - 1.5
w &
2.5 1.0
20 T T T 0.5

Time in hours

Time in hours

Fig. 5. Effect of water deprivation on body weight (BW; A), free fluid mass
(FF; B), lean mass (C), and fat mass (D) of mice deprived of water for 24 h.
Mice were monitored before [time (f) = 0] and after Sh (r = 5) and 24 h (t =
24) of water deprivation. Data are shown as individual values (dotted line) and
averages (solid line). n = 5. Data were analyzed using a Student’s paired 7 test.
#P < 0.05 and **P < 0.01 between 24 h of water deprivation and control.
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Days

Fig. 6. Effect of long-acting mineralocorticoid treatment and high salt loading
on body weight (BW; A), free fluid mass (FF; B), lean mass (C), and fat mass
(D). Mice were monitored during 2 days on a control gelled diet (control day -1
and day 0). On day 0, mice received deoxycorticosterone pivalate (DOCP) and
a high-salt diet [2% Na* diet and saline (0.9% NaCl) to drink] and were
monitored for the next 3 days. Data are shown as individual results (dotted
lines) and mean values (full line). n = 5. Data were analyzed using a Student’s
paired ¢ test. *P < 0.03 compared with day 1.

corresponds to ~7% of body weight (Fig. 5A). This is in
accordance with previous observations (44). Loss in body
weight could be attributed to a significant decrease in free fluid
of 0.57 = 0.24 g (P < 0.01) or 19% of free fluid (Fig. 5B) and
a decrease in lean mass of 1.41 = 0.76 g (P < 0.05) or 6% of
lean mass (Fig. 5C). No significant decrease in fat mass was
observed during the experiment (Fig. 5D). Thus, dehydration
induced a proportional decrease in lean mass compared with
body weight (7% body weight loss and 6% lean mass loss) but
a relatively greater proportional decrease in free fluid mass
(19% of free fluid loss).

Effect of a mineralocorticoid excess and high salt intake on
free fluid, lean mass, and fat mass in mice. Mineralocorticoid
excess associated with a high salt intake induced a transient
increase in Na™ and water retention and, thereby, a transient
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increase in ECF (18, 20, 28, 39, 49, 53). We have previously
shown that a high-salt diet associated with a DOCP treatment
(HS/DOCP) induced a transient increase in Na® and fluid
balance in mice (33). Here, we determined whether TD-NMR
could detect an acute effect of HS/DOCP on mouse ECF.
Using the Minispec LF90, we monitored body weight, free
fluid mass, fat mass, and lean mass in five male mice (body
weight: 29.72 = 1.73 g, free fluid mass: 3.11 = 0.34 g, fat
mass: 1.34 = 0.74 g, and lean mass: 21.72 = 0.96 g) before
and after HS/DOCP treatment. One day after DOCP/HS, we
observed a significant and striking increase in free fluid mass of
0.42 = 0.23 g (P < 0.02) that corresponded to an increase of
14.48 = 8.30% in free fluid. The increase in free fluid was very
brief, as it returned to baseline on the next day (Fig. 6B). In
contrast, we did not observe a significant change in body
weight (Fig. 6A), lean mass (Fig. 6C), or fat mass (Fig. 6D).

Intramouse and intermouse variation in body weight and
free fluid percentage using the Minispec LF50. We measured
body weight and free fluid in five male mice (body weight:
31.48 = 1.95 g, free fluid percentage: 5.58 % 0.75%) with the
Minispec LF50 during 2 consecutive days. We calculated an
intramouse variation of 0.68% for body weight and 3.43% for
free fluid. These values were equivalent to those observed with
the Minispec LF90. The intermouse variation averaged 7.44%
for body weight and 12.77% for free fluid. Here, the variation
in mouse body weight was greater than in the mice tested with
the Minispec LF90 and explains the greater variation observed
in free fluid.

Capacity of the Minispec LF50 to detect an increase in ECF
induced by mineralocorticoid excess. Next, we compared the
effect of DOCP treatment on body weight and free fluid in two
groups of weight-matched male mice fed a normal-salt diet
(n = 5 mice/group, age: 14—39 wk old). The group tested on
the Minispec LF90 (body weight: 29.24 * 1.26 g, free fluid
mass: 2.68 = 0.16 g, fat mass: 0.57 = 0.36 g, lean mass:
22.65 = 1.30 g) and the group tested on the Minispec LF50
(body weight: 28.60 = 1.70 g, free fluid mass: 1.61 = 0.28 g,
fat mass: 3.07 = 0.60 g, lean mass: 20.34 = 1.24 g) were
analyzed before treatment with DOCP and again the next day.
We found that both mouse groups showed no significant
change in body weight but a dramatic increase in free fluid
mass (Fig. 7, A and B). The Minispec LF90 group showed a
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Fig. 7. Effect of long-acting mineralocorticoid treatment [deoxycorticosterone pivalate (DOCP); day 1] on body weight (BW; A), free fluid mass (FF; B), and
FF as a percentage of BW (%FF; C). Two mouse groups matched for BW were analyzed by Minispec LF90 or LF50 before (circles) and 1 day after DOCP
treatment (squares) for time-domain nuclear magnetic resonance analysis. Data are shown as individual results. n = 5. Data were analyzed using a Student’s

paired ¢ test. *P < 0.05, control vs. day I DOCP.
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Fig. 8. Indexes of plasma expansion measured with the Minispec LD50 after
long-acting mineralocorticoid treatment [deoxycorticosterone pivalate (DOCP)].
A—D: comparisons of the evolution of body weight (BW; A) in the control group
(n = 5) on day I and day 2 (CT DI and CT D2, respectively), BW in the
DOCP-treated group (n = 5) before injection and 1 day after injection (CT D1 and
DOCP, respectively), free fluid mass (FF; C) in the control group on day 1 and day
2 (CT DI and CT D2, respectively), and FF (D) in the DOCP-treated group before
injection and 1 day after (CTD1 and DOCP, respectively). Data are shown as
individual results. n = 5. Data were analyzed using a Student’s paired 7 test. *P <
0.05 vs. CT D1; **P < 0.005 vs. CT DI.

significant increase of 0.41 = 0.23 g of free fluid mass (P <
0.02) corresponding to a 16.42% significant increase in free
fluid percentage (P < 0.008; Fig. 7C). The Minispec LF50
group showed a significant increase of 0.36 = 0.15 g, corre-
sponding to a 22.2% increase of free fluid percentage (P <
0.006; Fig. 7C).

Comparison of different indexes of plasma expansion with
TD-NMR free fluid values, body weight, and hematocrit. He-
matocrit measurements are used as an index of fluid retention
and plasma expansion with treatments that do not affect eryth-
ropoiesis (32, 55). Moreover, DOCP-induced body weight gain
has been interpreted as fluid and Na™ retention increase when
these observations occurred during comparative studies in
mice. Using the Minispec LF50, we compared free fluid
percentage, body weight, and hematocrit in two groups of
weight-matched male mice (age: 18—27 wk old) during basal
or DOCP treatment. One day after DOCP treatment, we ob-
served a significant increase in body weight in the DOCP-
treated group of 0.83 = 0.37 g (P < 0.007) when there was no
significant change in body weight of the control group (Fig. 8,
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A and B). TD-NMR analysis showed that this increase was due
primarily to a significant increase in free fluid of 0.60 = 0.37
g (P < 0.02). This corresponded to an increase of 33.44 =+
16.8% in free fluid percentage when there was no significant
change in free fluid in the control group (Fig. 8, C and D).
There was no significant change in lean or fat mass in either
group (see Supplemental Fig. S1, available online at https://
doi.org/10.6084/m9.figshare.12283886.v1).

Hematocrit measurements could not be made 2 days in a row
without risking a significant change in mouse plasma volume
and/or a stress-induced body weight change (38). Therefore,
the groups shown in Fig. 8 were immediately tested for
hematocrit by retroorbital puncture. We compared body
weight, TD-NMR values, and hematocrit by an unpaired com-
parison obtained in untreated mice and mice 1 day after DOCP
injection. Our results showed that neither body weight nor
hematocrit allowed differentiation between the control and
DOCP-treated groups (Fig. 9, A and B), but free fluid values
were significantly greater in the DOCP-treated group compared
with the control group (P < 0.022; Fig. 9C). Once normalized
to body weight, free fluid percentages were also significantly
greater in DOCP-treated mice compared with control mice
(P < 0.03; Fig. 9D). Lean and fat mass were not significantly
different between the control and DOCP-treated groups (data
not shown).
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Fig. 9. Effect of long-acting mineralocorticoid treatment [deoxycorticosterone
pivalate (DOCP) day 1] on body weight (BW; A), hematocrit as a percentage
of blood volume (%HCT; B), free fluid (FF; C), free fluid as a percentage of
BW (%FF; D). Two weight-matched mouse groups were analyzed by the
Minispec LF50 for time-domain nuclear magnetic resonance analysis. @,
Control (CT); l, DOCP treatment. Data are shown as individual results with
means shown as bars. Data were analyzed using a Student’s unpaired ¢ test.
*P < 0.05, control (n = 6) vs. DOCP day I (n = 5).
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DISCUSSION

Our aim was to determine the ability of TD-NMR models
(Minispec LF90 and LF50) to detect a difference in free fluid
in mice that would correspond to a physiological change in
ECF. Our study shows that TD-NMR can detect small amounts
of free fluid without distinction between small volumes
(0.15—1.5 mL) of deionized water, urine, or saline and gives
the mass of free fluid in heparinized blood samples. We found
that the Minispec LF90 detected free fluid averaging 10% of
body weight in C57BL/6J mice of both sexes. The Minispec
LF50 detected free fluid averaging 5.6% in male C57BL/6J
mice. The differential between these two measures could arise
from multiple factors, including the calibration of the TD-
NMR apparatus with oil, chicken, and saline. Therefore, we
conclude that free fluid values correspond to an index of ECF.

To our knowledge, our results are the first to show the
change in free fluid in response to mineralocorticoid treatment
and that monitoring mice daily by TD-NMR is feasible without
causing stress-induced body weight loss, even when mice are
placed in individual metabolic cages. Heterogeneity in free
fluid mass, lean mass, and fat mass by age and sex could be
demonstrated by TD-NMR as well as variability in response to
environmental and hormonal changes. We determined that the
intramouse variation of free fluid was small (<5%), even when
between-subject variations of body weight and free fluid were
greater than 5%. By TD-NMR, 24-h water deprivation induced
a decrease of 7% of body weight, 6% in lean mass, and 19% in
free fluid, whereas fat mass was not affected. Of significant
importance was our novel observation that a transient increase
in free fluid induced by mineralocorticoids associated with a
high-salt diet could be detected when no significant change in
body weight was observed. Moreover, we showed that DOCP
treatment alone induced a significant increase in free fluid that
was consistently detectable. Finally, hematocrit measurements
were not sufficient to distinguish mineralocorticoid-treated
mice from control mice. Thus, TD-NMR analysis is more
accurate than hematocrit measurements when investigating
changes in blood volume.

Proton T, and T, vary as a function of their immediate
environment. Water hydrogens close to large molecules have
shortened T». For instance, hydrogens in water contained in the
intracellular and extracellular space of the muscle have T,
values of 50—800 ms, whereas hydrogens in body water not
associated muscle or fat have T, values ranging from 1,000 to
3,000 ms. Colucci et al. (12) previously reported that TD-NMR
allowed the detection of intraperitoneal injection of saline in
mice (2% of body weight or 0.4—0.6 mL for 20-g mice) that
mimics ascites. Gordon et al. (17) recently followed the rate of
fluid clearance after an intraperitoneal injection of saline or
hypertonic solution in different rat strains by TD-NMR by
measuring free fluid percentage at multiple time points in the
same animal. We determined the capacity of TD-NMR to
differentiate fluids containing different concentrations of ions,
proteins, and cells. We compared free fluid amounts obtained
with small samples (0.15—1.0 mL) of deionized water, urine,
and blood. Of note, the slopes of the three linear regressions of
free fluid with deionized water phantoms, urine phantoms, or
saline injected in the peritoneal space were not significantly
different. This indicates that TD-NMR accurately detects water
content independent of ionic strength. In contrast, the linear
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regression curve obtained for free fluid in heparinized blood
samples showed an extremely different slope compared with
the slopes obtained for deionized water or urine (Fig. 1) and
compared with injected saline (Fig. 2). Interestingly, our re-
sults showed that 1 mL of blood contained 0.6 g of free fluid.
We speculate that the TD-NMR device detects plasma free
fluid, which forms 65.6% of total blood and contains 93%
water (2).

In the whole mouse, Minispec LF90 detected 10% of body
weight as free fluid. This amount is more than the fluid
contained in plasma (7.2% of body weight in C57BL/6J mice)
and less than total ECF (20% of body weight) as reported by
other methods (3, 8, 47, 54). Colucci et al. (12) and Hazlewood
et al. (23) reported that free fluid corresponds to water in blood
or urine as well as smaller amounts that remain in the gut or
lymphatic system. According to Bertram et al. (7), the missing
part of ECF could correspond to water in blood vessels and in
the interstitial space contained in muscle that would be counted
as lean by TD-NMR. The Minispec LF50 detected free fluid
averaging 5.6% in male C57BL/6J mice, which is much closer
to plasma values reported for that strain. Minispec LF90 and
LF50 have nominally the same field strength, which should be
readily accounted for by the calibration step. Therefore, we
find a difference in hardware unlikely as a source of variance.
Instead, we attribute the absolute differences to the use of raw
chicken breast as part of the calibration routine. Chicken breast
is likely not an optimal solution for “lean” sample calibration,
as intracellular deposits of fat cannot be excluded as being
present. These results indicate free fluid estimates by these
systems is only an index of ECF, and the absolute value
measured depends on the calibration curve. In the future, we
suggest that an agar phantom of known composition could
be used to approximate chicken breast and could then be added
to the calibration scheme. This would have the advantage that
a calibration phantom could be shared at multiple laboratories
with different instrumentation.

We conclude that free fluid is an index of ECF, and its value
depends on the calibration curves obtained with phantoms and
the TD-NMR software algorithm. Therefore, researchers must
be aware that free fluid values correspond to an index of mouse
ECF and should be considered as a close approximation of
fluid that is not contained in muscle or fat.

Our data showed that TD-NMR analysis can be coupled with
metabolic cage experiments and allow for simultaneous mon-
itoring of three body components: free fluid, fat mass, and lean
mass. These parameters bring valuable information concerning
general health and animal variability. Our experiment showed
that mice housed in ventilated cages with access to dry chow
had stable free fluid values and that intermouse or intramouse
variations were less than 5%. Mice gained free fluid between
day 1 and day 3 of being housed in individual metabolic cages
with access to a gel diet and water. Therefore, investigators
should be aware of the existence of differences in mouse ECF
volume when comparing the water balance of mice maintained
in different environments.

In a separate experiment, mice were water deprived for 24 h.
Our results showed that 5 h of water deprivation did not induce
a significant change in mouse body weight, free fluid, lean
mass, or fat mass. Other experiments have shown that 12 h of
water restriction induced an increase in blood osmolality and
Na™ concentration in mice (4). After 24 h of water restriction,
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our mice lost 7% of body weight, which TD-NMR revealed to
be a decrease of 19% of free fluid and 6% of lean mass. By
TD-NMR, Li et al. (31) showed that mouse lean and fat mass
decreased significantly during a severe dehydration induced by
keeping mice in a hot environment for 7.5 h. They found a
body weight loss of 13% but no significant change in free fluid.
This severe dehydration could have overlooked ECF contrac-
tion, as at this degree of water loss, the intracellular fluid might
have been mobilized to keep ECF stable. Li et al. (31) hypoth-
esized that lean weight loss during dehydration was due to
water loss and not to catabolism or metabolism. Conversely,
Kitada et al. (27) suggested that mice used muscle catabolism
to increase the production of urea. Increases in plasma and
renal urea concentrations help the body to increase the renal
urine concentration ability necessary for water conservation.
We did not address this issue in our study. Complementary
terminal studies, such as measurements of mouse muscle dry
mass or measurement of muscle metabolism, catabolism, or
apoptosis frequency could help determine the processes en-
gaged in muscle cells to battle water deprivation in mice.
We monitored fluid in mice subjected to HS/DOCP. Cho-
banian et al. (10) found treatment of normal human study
participants with an excess of mineralocorticoid and a salt-
enriched diet induced a transient increase in ECF volume of
14.6%, measured by the dilution technique as 3*SO4>~ space.
Mineralocorticoid treatment induces a transient increase in
Na™ balance in pigs (18), rats (20, 53), and mice (25, 33). The
transient positive Na™* balance precedes the rise in blood
pressure and the development of hypertension in hyperaldoste-
ronism (53), as reviewed by Hamlyn et al. (22). In these
studies, the authors determined either ECF, blood, or plasma
volume by indirect methods, e.g., the dilution technique (inulin
space), hematocrit measurements, and Na* or water balance.
However, the effect of HS/DOCP on free fluid, lean mass, and
fat mass was not measured. Our findings are in accordance
with Chobanian et al.’s study, showing the HS/DOCP protocol
induced an increase of 14.48 = 9.28% of free fluid in mice
without altering lean or fat mass. Chobanian et al. (10) and
others (37) have shown by the dilution method that the increase
in ECF induced by mineralocorticoids correlated with an in-
crease in the efficient arterial blood volume and does not
induce ascites. In our set of experiments, we were not capable
of differentiating between the interstitial milieu and plasma.
We would need other methods to determine the compartment
involved in the ECF volume expansion. The dilution technique,
for instance, uses Evans blue to measure plasma volume in
mice (54). This method is terminal and cannot be used repeat-
edly in small animals. Another technique is bioimpedance
spectroscopy, which measures the resistance of the body to an
electrical current and allows to dissociate TBW from ECF
volume and can calculate the ICF volume by subtracting ECF
volume from TBW. Chapman et al. (8) adapted the bioimped-
ance spectroscopy technique from the rat to the mouse and
showed that this technique gave results in accordance with the
dilution technique using *H for TBW and *3S for ECF volume.
Moreover, bioimpedance spectroscopy showed intramouse and
intermouse variations of less than 5%. Recently, this method
allowed Fu et al. (16) to show that thiazolidinediones (used in
the treatment of diabetes) induced an increase in TBW of 8.4%
and an increase of ECF of 10% in normal mice. This method
requires more technical expertise than TD-NMR, as measure-
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ments are performed under anesthesia through electrodes (nee-
dles) placed under the shaved skin at very precise places of the
mouse body. Therefore, bioimpedance spectroscopy, the dilu-
tion technique or other terminal investigations, should be used
after a TD-NMR study to draw kinetics of body compartment
behaviors following stimuli. In our experiment, the results
indicated that the best time to investigate the DOCP effect in
mice is 24 h after DOCP injection. In fact, TD-NMR could
explore even more precisely the kinetics of DOCP actions by
analyzing animals every hour.

We demonstrate that the significant increase in body weight
resulting from DOCP treatment corresponded to an increase in
free fluid. Furthermore, we showed that TD-NMR measure-
ment provides a more accurate assessment of ECF variation
than hematocrit measurement.

In our experiments, DOCP or HS/DOCP treatment did not
consistently induce an increase in body weight. However, free
fluid was always increased in mouse groups treated with
DOCP. One explanation could be that the increase in free fluid
is small compared with body weight. In our experiment, the
mouse SD for the change in body weight before and after
mineralocorticoid injection was greater than the change in free
fluid content: 0.80 vs. 0.26 g, respectively. In fact, according to
paired-sample size calculators (samplesize.net), one would
need to treat 24 mice to see a difference of 0.4-g increase in
body weight with such a standard variation. Therefore, we
believe that the TD-NMR method is more reliable in detecting
small variations in ECF than body weight measurements.
Moreover, TD-NMR allows measurement of three components
of the body at the same time. Thereby, it is possible to
determine how different body compartments and their ratio
(fat/lean mass) interfere with the body response to different
stresses. Thus, TD-NMR could allow comparison of the re-
sponse of obese versus lean mice to water balance perturbation.

In summary, TD-NMR allows the detection of not only fat
and lean mass in small rodents but also free fluid as an index
of ECF. This tool is compatible with longitudinal studies using
individual metabolic cages. As such, it provides valuable
information on the heterogeneity of body fluid composition.
TD-NMR showed low intramouse and intermouse variability
for free fluid reported to body weight that permitted the
detection of a physiological change in ECF. For the first time,
we showed that mineralocorticoids in mice fed a high-salt diet
or normal-salt diet induced a transient increase in mouse ECF
volume without an obligatory increase in body weight or
decrease in hematocrit. TD-NMR can be used before terminal
or invasive methods to define the best moment to investigate
hormonal or drug-mediated effects. This tool should further
our understanding of water homeostasis during states of ECF
expansion or contraction that may occur without detectable
changes in body weight or total body water. Moreover, TD-
NMR will bring valuable data in studies on water balance
maintenance during aging and in metabolic disorders. Finally,
TD-NMR can reveal new body component changes relevant to
fluid disorders.
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