Hormonal and Electrolyte Responses to
Acute Isohemic Volume Expansion in
- Unanesthetized Rats (43543

V. MICHELLE CHENAULT,* MARIANA MoRRis," COLLEEN D. LYNcH,! S. JANE MAULTSBY,*
AND PHiLLIP M. HuTcHINS™!

Winston Salem State University,* and Departments of Physiology and Pharmacology' and Neurology* Bowman Gray
School of Medicine of Wake Forest University, Winston Salem, North Carolina 27157

Abstract. This study was undertaken to explore the time course of the metabolic
response to isohemic blood volume expansion (30%) in normotensive, unanesthetized
Sprague-Dawley rats. Whole blood, drawn from a femoral artery catheter of conscious
donor rats, was infused into the jugular vein of recipient rats. Blood samples were drawn
from a carotid artery of recipient rats at time points beginning immediately post-volume
expansion (IPVE) up through 5 days post-volume expansion (PVE). To characterize the
attendant compensatory mechanisms, the plasma concentrations of electrolytes and
fluid regulatory hormones were determined. Hematocrit began to raise IPVE and was
significantly elevated above control IPVE 20, 30, 40, 60, and 90 min, and 2, 4, 6, 8, 12,
and 24 hr PVE. Consistent with our current understanding of the hormonal response to
excess volume, atrial natriuretic factor was significantly increased above the prevolume
expansion (control) values 0-30 min PVE. Surprisingly, plasma aldosterone levels were
significantly increased above control at 20 and 30 min and 6 hr PVE, whereas plasma
renin activity was significantly decreased 30-40 min PVE. Plasma sodium was not
changed from control values except for a significant increase at 6 hr post-volume
expansion. Plasma potassium, osmolality, and arginine vasopressin levels were not
altered by the volume expansion. These studies delineate the physiologic time scheme
operative in the regulation of fluid volume during acute isohemic volume expansion.
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pressin-thirst-aldosterone system have long been

known to play an integral role in the control of
body fluid composition. In the last 10 years, atrial
natriuretic factor, a powerful blood volume and salt-
regulating hormone, has been added to the scheme. The
typical hormonal response to an expansion of blood
volume includes a decrease in plasma arginine vaso-
pressin (1), plasma renin activity (2), and aldosterone
(3), whereas atrial natriuretic factor increases (4). Vol-
ume expansion with whole blood (5, 6), saline (7), and
albumin (8) induces diuresis and natriuresis. There is a
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consequential decrease in plasma sodium with volume
expansion using saline and albumin. No information is
available on plasma electrolyte values for conscious
isohemic volume-expanded rats.

The majority of the acute volume expansion stud-
ies have been confined to the study of one or two
variables and a limited time scale. This is primarily due
to the volume of blood that could be obtained from
small experimental subjects without prompting physi-
ologic changes that would interfere with the hypervo-
lemic changes under investigation. Furthermore, the
majority of investigators using animals as subjects have
studied the response to volume expansion in anesthe-
tized rats or dogs. Anesthesia has been shown to alter
plasma hormone levels (1, 9). Comprehensive charac-
terization of the compensatory adjustments in the fluid
regulatory processes in acute volume expansion have
not been reported.

The current study investigates the alterations in
plasma electrolytes and volume-sensitive hormones
seen in response to isohemic blood volume expansion.
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The model is one of unanesthetized donor-recipient
infusion of whole blood with collection of blood sam-
ples from the carotid artery immediately after blood
infusion up to and including 5 days post-volume ex-
pansion (PVE). Blood specimens were analyzed for
hematocrit, plasma sodium, potassium, osmolality, ar-
ginine vasopressin (AVP), plasma renin activity (PRA),
aldosterone (ALDO), and atrial natriuretic factor
(ANF).

Materials and Methods

Experimental Design. Sprague-Dawley rats were
obtained from Taconic Laboratories (Germantown,
NY) and allowed to recover from the stress of transport
under controlled temperature and humidity conditions
for 2 to 4 days before surgery was performed. All rats
were maintained on a 12:12-hr light:dark cycle, with
the lighted phase beginning at 7 AM. Standard rat chow
and water were available ad libitum throughout the
experiment. The donor animals were cannulated when
they reached a minimum body weight of 460-500 g.
The recipient rats were cannulated when they were a
minimum of 200 g but no more than 315 g.

The metabolic response to acute volume expansion
was studied in conscious male Sprague-Dawley rats via
an infusion of whole blood from matched, compatible,
conscious donor rats representing an increase in blood
volume for the recipient rat of 30%. Blood samples
were drawn (immediately after volume expansion, up
to and including 5 days after volume expansion) at
specified time points for the measurement of plasma
hormone and electrolytes.

Surgery. The rats were anesthetized using KETA-
SET (75 mg/ml, ketamine hydrochloride; Aveco Co.,
Inc., Fort Dodge, IA) and GEMINI (10 mg/ml, xyla-
zine; The Butler Co., Columbus, OH) injected (0.1 ml/
100 g) intramuscularly. The donor rats were cannulated
with a Teflon catheter (i.d. 0.022 in, 0.d. 0.042 in; Cole-
Parmer Instrument Co., Chicago, IL) inserted into the
femoral artery of the right leg, anchored into place with
Mersilene mesh (Carolina Surgical Supply Co., Raleigh,
NC). The catheter was filled with 20% heparinized
saline to maintain patency, plugged, and coiled in a
protective nickel brass button on the animal’s back.
The recipient rats were cannulated with PE-50 catheters
(i.d. 0.023 in, o0.d. 0.038 in; Clay Adams/Becton Dick-
inson & Co., Parsippany, NJ) in the jugular vein and
carotid artery. Each catheter was anchored with 5-0 silk
suture, checked for patency, filled with heparinized
saline, and heat sealed. All catheters were led subcuta-
neously under the skin to emerge from the back of the
neck and coiled in a protective nickel brass button.
Immediately after the surgeries, all rats received DI-
TRIM (0.1 mi/100 g, 24%, trimethoprim sulfadiazim,;
Syntex Animal Health, West Des Moines, IA) subcu-
taneously as a prophylactic agent against infection. The
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rats were individually housed and allowed to recover
5-7 days after the surgery.

Protocol for Volume Expansion and Blood Sam-
ple Collection. At the end of the recovery period, the
catheters of the donor and recipient rats were checked
for patency and blood was obtained for hematocrit and
a major side cross-match. No more than 250 ul of blood
was obtained from the rats for these tests. No incom-
patibilities were detected.

All recipient rats received a volume of donor blood
equal to 30% of their estimated control blood volume
(estimated as 64 ml/kg body wt) (10). The blood for
infusion was drawn as quickly as possible from the
femoral artery of the donor rat using a heparinized
syringe. A previous study demonstrated that up to 8 ml
of blood drawn in less than 100 sec from the femoral
artery of donor rats is comparable with the blood of the
recipient rats and suitable for isohemic volume expan-
sion studies (11). Measurement of levels of vasoactive
and stress hormones (AVP, corticosterone, and cate-
cholamines) showed that these were not elevated when
the sample was obtained quickly. The blood was care-
fully mixed in the syringe and the air bubbles were
removed. The blood was immediately infused into the
jugular vein catheter of the recipient rat at a rate of 1.5
ml/min using a Harvard compact syringe pump (model
975; Harvard Apparatus, South Natick, MA). The ve-
nous catheter was flushed with heparinized saline and
heat sealed at the end of the infusion. Nonspecific
stressful stimuli were avoided and rats exhibiting be-
havioral agitation were excluded from the study (12,
13). The studies were performed between the hours of
9 AM and 3 pM.

The rats were randomly given a code designating
the blood collection time. At the designated time, the
heparinized saline solution filling the catheter was re-
moved (approximately 0.25 ml) and the blood speci-
mens were rapidly drawn in a clean, dry 3 ml syringe.
The maximum volume of blood drawn at one time
from a recipient rat for the hormone and electrolyte
determinations was 3 ml. A sample (0.75 ml) was drawn
at a time point soon after volume expansion (i.e., 10,
20, 30, or 40 min) and then 3 ml were drawn at one of
the later time points (no less than 24 hr later). Approx-
imately 100 ul were used for the hematocrit determi-
nation and the remaining portion of the specimen was
added to the appropriate microsample tube for the
hormone (ALDO, AVP, ANF, or PRA) assays. For the
determination of ALDO and AVP, the blood was mixed
with ammonium heparin (MICROTAINER tube with
ammonium heparin; Becton Dickinson & Co., Ruth-
erford, NJ). For the determination of PRA and ANF,
the blood samples were mixed with EDTA (MICRO-
TAINER tube with EDTA; Becton Dickinson). The
blood was immediately centrifuged (900g) at 4°C. The
plasma samples were removed from the red cells and



frozen in separate microcentrifuge tubes at —20°C until
assayed.

Laboratory Procedures. Hematocrit was deter-
mined immediately after collection using the microhe-
matocrit procedure (14). Plasma sodium and potassium
concentrations were determined by flame photometry

(15) and plasma osmolality by freezing point depression -

(osmometer model 110; Fiske Osmometer, Needham,
MA) (16). AVP was measured by radioimmunoassay.
Heparinized plasma samples (1 ml) were extracted with
acetone and petroleum ether prior to radioimmuno-
assay, lyophilized, and stored frozen (—70°C) until as-
sayed (17). The antiserum (final dilution of 1/180,000)
was supplied by Dr. R. A. Eskay (NIAA, Bethesda,
MD). The '*’I-labeled hormone was purchased from
Dupont, Inc., Wilmington, DE. The 80% and 50%
mean effective doses (EDg and EDs, respectively) were
1.21 and 4.31 pg/tube, respectively. ALDO was meas-
ured using 200 ul of heparinized plasma by a solid-
phase radioimmunoassay that did not require extrac-
tion (DPC Coat-A-Count aldosterone procedure;
Diagnostics Products Corp., Los Angeles, CA). The
aldosterone procedure detects as little as 1.6 ng/dl. PRA
was quantitated using 1.0 ml of EDTA plasma by the
radioimmunoassay of generated angiotensin I
(GammaCoat; Baxter Healthcare Corp., Cambridge,
MA). The calculated sensitivity for PRA was 0.18 ng/
tube. ANF was assayed by a double-antibody precipi-
tation radioimmunoassay method (18, 19). Plasma
samples (500 ul of EDTA plasma) were extracted using
a Sep-Pak C,; cartridge (Waters Associates, Milford,
MA) activated with methanol and distilled water. The
sample was applied and washed with 4% acetic acid
followed by distilled water. ANF was eluted from the
column with 75% acetonitrile and 25% acetic acid
(4%). Atriopeptin III (Peninsula Laboratories, Belmont,
CA) was the standard used. The antiserum (final dilu-
tion of 1/180,000) was made in rabbits against a-rat/
(r) ANF (5-28)-coupled thyroglobulin (Dr. R. L. Es-
kay). The *I-labeled hormone was purchased from
Dupont, Inc. The EDgy and EDso were 8.10 and 36.38
pg/tube, respectively. The antisera were highly specific
for each of the respective hormones, with little or no
cross-reactivity to other compounds that might be pres-
ent in the samples.

Statistical Analysis. Average values of ANF, PRA,
ALDO, AVP, sodium, potassium, and osmolality after
volume expansion were compared with baseline values
using Student’s ¢ tests, with Bonferroni’s adjustment of
P-values to control the experiment-wise error rate (for
each value) at P = 0.05 (20). Values at each time point
were assumed to be independent of baseline values,
although this assumption was not valid in all compari-
sons.

Results
Intravascular volume expansion by 30% with
whole blood increased hematocrit from the control

value of 44% to a peak value of 54.4% at 6 hr after
volume expansion (Fig. 1).

ANF increased dramatically by 156% at 30 min
PVE (Fig. 2). This increase was short-lived and ANF
returned to control levels within 40 min PVE. ALDO,
depicted in Figure 3, was significantly increased above
control at 20 and 30 min and 6 hr PVE (P < 0.01).
The ALDO values were not different from control
values by 24 hr PVE. Using the limited amount of
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Figure 1. Response of hematocrit to 30% acute isohemic volume
expansion. Values are mean + SE. *P < 0.05; **P < 0.001; ***P <
0.0001.
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Figure 2. Response of plasma atrial natriuretic peptide to 30% acute
isohemic volume expansion. Values are mean + SE. *P < 0.02.

ISOHEMIC HYPERVOLEMIC CONSCIOUS RATS 333



400

350 | n=s
3
S 300
a
2
o 250/
o)
[2]
B 200
S |
[1+
£
& 150
o
100
er\ofle Blood 5
nfusion n=
lem L,

Ctrl 0 20 30 40 6 24 48 3 5

—— minutes —— +— hours —4 +days-

Time of Sample

Figure 3. Response of plasma aldosterone to 30% acute isohemic
volume expansion. Values are mean + SE. *P < 0.01; **P < 0.001;
***P < 0.0001.

plasma remaining from the ANP determinations, PRA
levels were determined on three groups of rats (control,
0-30 min, and 3-5 days PVE). PRA control values
were 30.2 + 2.85 ng/ml (n = 3) and PRA values 0-30
min PVE (12.0 £ 0.88 ng/ml, n = 7) were significantly
decreased below control levels (P < 0.05). The PRA
levels were not different from control levels at 3 days
PVE.

Plasma sodium, potassium, and OSM were not
significantly different from the control values at any of
the time points after volume expansion (Fig. 4), with
the exception of sodium at 6 hr PVE (P < 0.01).

AVP, depicted in Figure 5, was not significantly
changed at any time point after volume expansion.

Discussion

Complete characterization of fluid control proc-
esses from the onset of an imbalance (such as hyper-
volemia) and an integrated understanding of the oper-
ative metabolic pathways in unanesthetized animals
have not been possible to date.

The use of anesthesia in most of the early studies
is a problem, since anesthesia itself can cause an aber-
ration of the adaptation processes, thereby making these
observations difficult to interpret. Plasma hormone lev-
els are affected by anesthetics (1, 9) and the method of
sample collection (21). One must also consider the time
course of the changes in response to volume expansion.
Although fluid exchange processes between the intra-
vascular and extravascular portions of the extracellular
fluid space begin to occur in minutes (22), interstitial
pressure requires hours (23) and total body sodium
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Figure 5. Response of plasma arginine vasopressin to 30% acute
isohemic volume expansion. Values are mean * SE.

regulation may require days for complete homeostasis
(22).

In the current studies, volume expansion using
whole blood caused a significant increase in hematocrit.
There was a 22% increase at 20 min and the hematocrit
remained elevated until 24 hr PVE. This is consistent
with the results of other volume expansion studies in
rats utilizing whole blood (24). This hemoconcentration
is probably the result of renal excretion of sodium and
water and transcapillary extracellular fluid flux.

ANF has been shown to be a potent diuretic,
natriuretic, and vasodilator that increases immediately
after blood volume expansion with saline or blood (4,
19, 25, 26). Many of the studies conducted to charac-
terize the response of ANF to acute volume expansion
have been confounded by the use of anesthetics that
elevate the basal ANF levels (4, 7, 13). Volume expan-
sion studies in intact conscious rats using whole blood
demonstrated a 265% increase in plasma ANF 5 min
after a 20% volume expansion (26). The current studies
support these findings in that there was a significant
increase in ANF at 30 min PVE.

In agreement with the currently held hypotheses
regarding the mechanisms controlling renin release,
PRA was significantly decreased by volume expansion.
Studies in which central blood volume expansion is
induced by head-down tilt or water immersion have
reported decreased PRA (27). The renin-angiotensin
system has been shown to stimulate aldosterone secre-
tion from the adrenal cortex (2). Thus, the paradox in
the present studies is that, despite a significantly de-
creased PRA, ALDO was increased.

Aldosterone’s role in the control of blood volume

is to modify sodium and potassium homeostasis (28),
thereby increasing the excretion of potassium and hy-
drogen ions, raising arterial pressure, and decreasing
renin release (29). Contrary to our current understand-
ing of the mechanisms controlling plasma aldosterone
secretion, when blood volume was increased in our rats,
ALDO secretion was stimulated. Interestingly, in-
creased plasma aldosterone levels have been observed
in head-down suspension studies in rats (30) and bed
rest studies using human subjects (27, 31). These inves-
tigators have no explanation for these divergent find-
ings.

A number of factors have been shown to stimulate
aldosterone secretion, including the angiotensins (I and
III), renin, potassium, ACTH, and neurotransmitters.
ANP is the only factor known to inhibit aldosterone
secretion (32). Himathongkam et al.’s (33) study sug-
gests that plasma aldosterone is sensitive to small
changes in plasma potassium concentrations within the
physiologic range. A significant increase in ALDO was
produced by a 0.1- to 0.5-mEq/liter potassium infusion
without a statistically significant rise in plasma potas-
sium levels (33). Small changes in plasma potassium
could not be detected in the current studies. Increased
biosynthesis of aldosterone has also been associated
with increased adrenocortical potassium that may be
mediated by ACTH (33). Furthermore, ACTH has been
shown to stimulate aldosterone secretion (33). Al-
though, the effect of ACTH on aldosterone stimulation
is reputedly short lived, the aldosterone response may
be modulated synergistically by intracellular and extra-
cellular electrolytes (sodium and/or potassium) or other
hormones (cortisol, renin, and ANF) (29, 33, 34). Dis-
sociation of the renin-angiotensin-aldosterone axis has
been reported in other studies (35) and observed in
space flight (36) and thus warrants further investigation.

Saline volume expansion studies in dogs (1), water
immersion studies (27, 37), and some head-down tilt
studies in humans (38) have demonstrated decreased
AVP in response to volume expansion. Other studies
have shown little or no change in AVP after volume
expansion (39, 40). Morris et al. (41) speculated that
AVP responds more quickly and dramatically to hem-
orrhage, whereas ANF is more responsive to volume
expansion. The lack of change in AVP observed in the
current studies may be due to a number of factors,
including the basal hydration level and dietary sodium
intake, the expansion solution, and the rate of the
expansion. The use of solutions for expansion other
than whole blood results in hemodilution, and hemo-
dilution may be the stimulus for the inhibition of AVP
release (42).

The findings observed in the current studies are
evidence of the complexity of the interactions among
and between the renin-angiotensin-aldosterone axis, the
renal-arginine vasopressin system, and ANF, and serve
to characterize the volume regulatory hormone and

ISOHEMIC HYPERVOLEMIC CONSCIOUS RATS 335



plasma electrolyte response to acute isohemic volume
expansion in the conscious animal.

The response of the fluid regulatory hormones
(ALDO, AVP, PRA, and ANF) to 30% acute isohemic
volume expansion corresponds, in part, to the conven-
tional theories regarding control of blood volume. How-
ever, ALDO was increased and AVP was not changed
by volume expansion. The responses observed in the
current studies may reflect a dissociation of the renin-
angiotensin-aldosterone system and the renal-AVP sys-
tem. The changes may also be explained by the inter-
action of ANF and plasma electrolytes with the other
volume regulatory hormones (AVP, ALDQO, and PRA).
Additional studies are needed to delineate more thor-
oughly the complete time scheme in hypervolemia and
elucidate the attendant compensatory adjustments, in-
corporating fluid consumption and the thirst mecha-
nism, intracellular electrolyte levels, and urine excre-
tion.
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