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IMPAIRED RENAL FUNCTION IN OWL MONKEYS (AOTUS NANCYMA) INFECTED
WITH PLASMODIUM FALCIPARUM
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Impaired renal function was observed in sixteen Aotus nancymai 25 and 3 months following
infection with the Uganda Palo Alto strain of Plasmodium falciparum. Decrease were noted in
the clearance of endogenous crealinine, creatinine excretion, and urine volume while increases
were observed in serum urea nitrogen, urine protein, urine potassium, fractional excretion of
phosphorus and potassium, and activities of urinary enzymes. The results were suggestive of
glomerulonephropathy and chronic renal disease.
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It 1s generally accepted that the effects of
Plasmodium falciparum infection on the kid-
ney can vary considerably from individual to
individual. Some "patients will evidence no
adverse or only transient clinical effects, while
others may progress to glomerulonephropathy,
chronic interstitial nephritis, nephrotic syn-
drome, and end-stage renal disease.

A number of studies in human subjects and
monkeys have focused on the histopathological
changes 1n the kidney associated with acute or

chronic P. falciparum infection (Jervis et al,,
1972; Stone et al., 1972; Hutt et al., 1975;

Boonpucknavig & Sitpryya, 1979; Ehrich &
Horstmann, 1984; Chugh & Sakhuja, 1986;
Alkawa et al., 1988a; Aikawa et al., 1988b;
[seki et al., 1990). There is, however, little data
available regarding alterations in the indices of
renal function as sequelae to malaria infection.
[Impaired renal function has only been reported
in human subjects with P. falciparum with
nephrotic syndrome secondary to acute
glomerulonephritis or renal failure but not in
patients without sings or symptoms of renal
manifestations (Areekul, 1987).

The purpose of this study was to determine
the chronic effect(s) of P. falciparum infection
on diagnostic indices of renal function in the
owl monkey.

MATERIALS AND METHODS

Animals — Quantitative urinalysis measure-

ments used for calculating mean, standard de-
viation, range for each variable, and correla-
tion coefficients were obtained from the records
of 16 owl monkeys (Aofus nancymai) main-
tained by Battelle, Pacific Northwest Labora-
tories (BNW). They were part of an original
group of fifty-four animals that had been em-
ployed in immunization studies at the Centers
for Disease Control (CDC) to determine the
safety, immunogenicity, and efficacy of vac-
cines against P. falciparum (Collins et al.,
1991). Critenia for inclusion in the study were
that the monkey was an adult, had no signs or
symptoms of disease, and a history of infec-
tion with P. falciparum. At the time of sample
collection, the animals had been in BNW fa-
cilities for at least 18 months and were be-
lieved to be well acclimated to their
surroudings. Following their return to BNW,
the monkeys were housed in male: female pairs,
the accepted method for housing owl monkeys,
and maintained according to specified guide-
lines (USAID, 1980; NIH, 1985). Animals were
fed a balanced commercial primatie diet (Purina
5040 New World Primate Chow, Ralston-Purina
Co., St. Lowis, MO) supplemented with fresh
fruit three times a week, with water provide ad
libitum through an automatic watering system.

Parasite — The Uganda Palo Alto (FUP)
strain of P. falciparum was used to induce in-
fections in A. nancymai. Heparinized blood was
diluted in sterile saline to give 10° parasites/
ml. One ml of inoculum was injected intrave-
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nously into each test animal. Daily thick and
thin blood films were made according to the
method or Earle and Perez and stained with
Giemsa stain (Collins et al., 1991). Parasite
counts were recorded per mm?’ of blood; when
the percentage of red blood cells (RBCs) in-
fected was very high, the parasite count per
mm® was determined by counting the percent-
age of RBCs infected (1% of the RBCs in-
fected = 40,000 parasites per mm?®). Maximum
parasite density was designated as the primary
outcome of the trial. Chemotherapeutic studies
had indicated that the parasite was susceptible
to chloroquine and quinine (Schmudt, 1978).

Parasitological outcome — Daily parasite
counts were made for a 28 day period follow-
Ing inocuiation. In the sixteen animals described
in this study, maximum levels of parasitemia
ranged from 16;400 to 856,000/mm3. At the
end of the 28 day observation period, animals
had either recovered from their infections with-
out treatment or were treated with chloroquine
given orally at a dosage of 10 mg/kg of body
weight for three consecutive days. All animals
were subsequently treated with chlorquine to

assure that they were free of infection prior to
leaving CDC.

Sample collection — The urine samples were
obtained using stainless-steel rodent metabo-
lism cages that had been modified for small
primates. Animals were weighed and placed in
the metabolism cages for 16 hours after emp-
tying of the urinary bladder by spontaneous
voiding or manual expression. The 16-hour
collection period included 8 hours of light and
8 hours of dark to allow for possible noctumal
or diurnal variations in excretion rates. Water,
purified by a reverse osmosis system, was pro-
vided ad [libitum by an automatic watering
systwem located outside the metabolic unit to
eliminate water contamination. The animals
were fasted during the entire urine collection
period. Samples were collected in graduated
cylinders over ice. All urine voided during this
time was collected. At the end of the collec-
tion period, the sample volume was determined
and the entire sample submitted for quantita-
tive urinalysis. Samples were kept capped and
refrigerated until processed by the clinical
pathology laboratory. Serum concentrations of
creatinine, urea nitrogen, total protein, calcium,
phosphorus, sodium, potassium, and glucose
were also measured. Blood samples were col-
lected by venipuncture, using a 23 ga needle,
before and after each urine collection period
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from animals sedated with ketamine hydrochlo-
ride at 10 mg/kg body weight. Two to three
milliliters of femoral venous blood was col-
lected and put in Vacutainer™ tubes and al-
lowed to clot. Serum was collected from the
clotted sample and frozen at - 70 °C within two
hours after sampling for subsequent analysis.

Analysis — All biochemical analyses were
determined using a centrifugal analyzer that
utilizes the horizontal light path principle
(Cobas Fara, F. Hoffman-LaRocke and Co.,
Basel, Switzerland). Serum and urine creati-
nine were determined using a kinetic modifi-
cation of the alkaline picric acid reaction
(Bonses & Taussky, 1945; Larsen, 1972). Se-
rum and urine urea nitrogen were measured by
a urease method (Tiffany et al., 1972). Total
serum protein was determined by a modified
biuret method, while urine protein concentra-
tion was measured by the Coomassie brilliant
blue dye-binding method (Gornall et al., 1949;
Bradford, 1976). Total serum and urine cal-
cium concentrations were measured by a
ocresolphthalein method (Connerty & Briggs,
1966). Serum and urine phosphorus were de-
termined using a phosphomolybdate method
(Daly & Er-tingshausen, 1972). Serum sodium
and potassium were measured using the cen-
trifugal analyzer and an 10n selective electrode
(Cobas ISE Module), while urine sodium and
potassium concentrations were determined by
flame photometry (IL Model 443, Instrumen-
tation Laboratories, Lexington, MA). Serum and
urine glucose concentrations were determined
by the hexokinase method (Sonowane et al.,
1976). Urine alkaline phosphatase (ALP) ac-
tivity was analyzed by the p-nitrophenyl phos-
phate method (Bessey et al.,, 1946), aspartate
aminotransferase (AST) activity by the coupled
enzymatic reaction of malate dehydrogenase
and NADH (Bergmeyer et al.,, 1976), and N-
acetyl-B-D-glucosaminidase (NAG) by the 3-
cresolsulfonphthaleinyl-NAG method (Yuen et
al., 1984; Stolarek et al., 1989). Urine specific
gravity was determined by a refractometer cali-
brated against double distilled water.

Endogenous creatinine clearance was cal-
culated from the following formula:

Creatinine clearance = (U_) (°V) and ex-
(S (BW)
pressed in mllllllter/mmute/kﬁogram of body
weight, where, U = urine concentration of
creatinine; °V = urine flow rate (ml/min); S_ =
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serum concentration of creatinine; and BW -
body weight (kg). Fractional excretions (FE)
were calculated with the following equation:

FE = ([x]u) ([Cr]s) 100
([x]s ([Cr]u)

where X is the substance in questions, and s
and u represent concentrations of x and
creatinine 1n serum and urine, respectively.
Fractional excretion for a substance x in
glomerular filtrate, as determined by the
clearance of creatinine.

Serum and urine analyses were statistically
analyzed by procedures in the Statistical Analy-
sis System (SAS) (SAS, 19835). Evaluation of
the distribution of measurements for the pa-
rameters by the Shapiro-Wilk W statistic indi-
cated that the distributions of some analyses
were not normal (Shapiro & Wilk, 1965).
Therefore, the nonparametric Kruskal-Wallis
Test was used to determine if measurements
different between sexes or between normal
animals and those previously infected with the
FUP strain of P. falciparum (Conover, 1980).

RESULTS

Table I shows the identification number,
sex, time post-infection, and maximum
parasitemia for the 16 monkeys included in this
study. The mean, standard deviation, and range
for serum and urine concentrations of creati-
nine, urea nitrogen, calcium, phosphorus, so-
dium, potassium, glucose, total protein, urine

volume, and urine specific gravity in the 16
monkeys are shown in Table Il. Endogenous
creatinine clearance and urinary excretion data
are given 1n Table III. Data on urinary enzyme
activities are shown in Table IV. These data
were compared to reference data on renal func-
tion previously obtained from 62 malaria-na-
ive adult A. nancymai that had been housed
and maintained in BNW facilities in the same
manner as the study group (Weller et al., 1991,
1992). The nonparametric Kruskal-Wallis test
indicated that significant differences in several
serum and urine analyses existed between the
reference population and previously infected
monkeys. Those analyses that showed statisti-
cally significant differences (P < 0.05) are listed
in Table V. The Kruskal-Wallis Test further
revealed that significant differences in serum
glucose concentrations, urine phosphorus ex-
isted between sexes for malaria-exposed mon-
keys only. There was no correlation between
peak parasitemia and any of the serum or urine
analyses studied.

DISCUSSION

It has been well recognized for many years
that renal disease occurs in association with
malaria infections in man (Aikawa et al., 1988a;
Chugh & Sakhuja, 1986). The acute and chronic
etfects of malaria infection on the urinary sys-
tem, and severity of those effects, appear to
vary according to the species and strain of
Plasmodium infecting the host (Hutt et al.,
1975; Boonpuchnavig & Sitprija, 1979; Ehrich

TABLE I

Animal identification, sex, months post-infection, and maximum parasitemia in {6 owl monkeys infected with
Plasmodium falciparum

Animal Maximum
ID Sex Months Post-Infection Parasitemia (/mm3)
236 F 37 172,000
243 F 37 480,000
253 M 37 592,000
264 M 37 192,000
268 F 37 420,000
269 M 37 404,000
561 M 37 204,000
569 M 37 584,000
580 F 37 650,000
585 F 25 40,500
586 M 25 16,400
588 M 25 336,000
591 M 25 369,000
610 M 25 856,000
628 M 25 40,700
640 F 25 252,000




438 R. E. Weller et al.
TABLE 11
Summary data from timed urine collectionis for 16 owl monkeys previously infected with
Plasmodium falciparum
Standar
Vanable Mean deviation Range
Serum calcium (mg/dl) 8.98 0.70 7.9-10.3
Serum phosphorus (mg/dl) 4.46 1.76 2.1-8.5
Serum creatinine (mg.dl) 0.97 0.20 0.7-1.4
Serum total protetn (g/dl) 7.16 0.60 3.7-7.9
Serum glucose (mg/dl) 116.31 32.49 72-177
Serum sodium (meg/1) 151.75 3.96 142-156
Serum potassium (meg/1) 3.51 0.52 2.64.9
Serumn urea nitrogen (mg/dl) 26.25 15.79 10-73
Unne calcium (mg/d}) 3.83 2.92 1.3-13.7
Unne creatinine (mg/dl) 32.19 14.53 7-54
Unne protein (mg/dl) 70.69 86.95 12-360
Unne glucose (mg/d) 13.63 16.37 0-71
Unne phosphorus (mg/dl) 36.71 32.08 0.8-97.0
Urnine sodium (meg/1) 13.28 16.65 1-72
Unne potassium (meg/1) 43.90 26.18 9.2-89.3
Unine protein: creatinine ratio 2.71 4.41 0.44-18.94
Urine volume (ml/16hr) 62.63 62.12 28-270
Unne specific gravity 1.010 0.004 1.002-1.015
TABLE 111
Endogenous creatinine clearance and uninary electrolyte excretion data
Standard

Determination Mean deviation Range
Endogenous creatinine

clearance (mlV/minkg) 1.70 0.54 0.38-2.56

mg/kg/day 24.15 7.22 7.56-33.37
Calcium excretion

mg/kg/day 2.92 1.65 1.60-7.18

FE (%) 1.89 2.95 0.70-12.78
Phosphorus excretion

mg/kg/day 32.83 29.28 0.37-108.61

FE (%) 27.81 19.71 0.58-66.96
Sodium excretion

meq/kg/day 1.03 1.00 0.17-3.33

FE (%) 0.43 0.87 0.05-3.61
Potassium excretion

meq/kg/day 3.13 1.02 1.65-4.66

FE (%) 41.47 22.85 17.19-113.36
Clucose excretion

mg/kg/day 7.23 7.85 0-28.24

FE (%) 0.60 1.49 0--6.15

FE = fractional excretion.

& Horstmann, 1984; Chugh & Sakhuja, 1986;
Aikawa et al., 1988a). However, the pathogen-
esis of renal disease in patients with malaria is
still not fully understood, which has led to the
use of animal models in an attempt to clarify
the pathogenesis. To date the closest approach
to the human situation has been achieved with

owl monkeys or squirrel monkeys infected with
human malarias that show clinical courses simi-
lar to man (Jervis et al., 1972; Hutt et al., 1975:
Aikawa et al., 1988a, b; Iseki et al., 1990).

Owl monkeys are considered to be an ex-
cellent model for human malaria research and
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TABLE IV

Unnary enzyme activity (mean values)

Enzyme

Malana-Exposed Malara-Naive

Alkaline phosphatase (IU/)
ALP Qinne creatinine ratio (1U/gVCir)

N-acetyl-p-D-glucosaminidase (1U/1)
NAG urine creatinine ratio (IU/gCr)

Aspartate aminotransferase (IU/1)
AST unne creatinine ratio (IU/gCr)

3]1.88 21.17
98.99 61.00
2.94 2.00
9.12 5.76
18.63 14.93
57.84 43.01

TABLE V

Comparison of signtficant analytes between haive and malana-infected owl monkeys

Determination Naive Malana-Infected P-Value
Serum calcium (mg/d}) 0.83 8.98 0.0001
Serum glucose (mg/dl) 147.66 116.31 0.0007
Serum urea nitrogen (mg/dl) 17.74 26.25 0.0006
Unne protein (mg/dl) 4]1.16 70./69 0.04
Urmne potassium (meq/L) 29.69 43.90 0.03
Creatinine clerance (ml/min/kg) 2.23 1.70 0.005
Creatinine (mg/kg/day) 30.49 24.15 0.003
FE of phosphorus (%) 18.27 27.81 0.007
FE of potassium (%) 24.61 41.47 0.005
ALP unne creatinine ratio (IU/gCr) 61.00 98.99 0.0001
NAG unne creatinine ratio (IU/gCr) 5.76 0.12 0.0001
AST urnine creatinine ratio (IU/gCr) 43.01 57.84 0.02
Unine volume (ml/16hr) 81.94 62.63 0.05

FE = frachonal excretion.

many researchers have reported the pathologi-
cal changes of the kidney of owl monkeys in-

fected with various strains of P. falciparum
(Jervis et al., 1972; Hutt et al., 1975; Aikawa

et al., 1988a, b; Iseki et al., 1990). None of
these studies, however, has evaluated either the
acute or late effects of falciparum malaria on
renal function. In this current study, quantita-
tive urinalyses were performed on owl mon-
keys previously infected with P. falciparum.
Impaired renal, function 1n these animals was
suggested by significant decreases in endog-
enous creatimne clearance, creatinine excretion,
and urine volume; and, increases in blood urea
nitrogen, urine protein, urine potassium, frac-
tional excretion of phosphorus and potassium,
and urinary enzyme activities. Serum concen-
trations of calcium and glucose were also noted
to be significantly decreased. In addition, sev-
eral other analyses were found to be near sta-
tistical significance. The pathogenesis of these

changes is unknown but the results are consis-
tent with a altered renal blood flow, glo-
merulonephropathy, functional adaptation of
residual nephrons, and tubular dysfunction.

The twenty-four percent (24%) reduction
in glomerular filtration rate (GFR), estimated
by the clearance of endogenous creatinine, ob-
served in these animals demonstrates impaired
renal function consistent with progressive re-
nal failure. It 1s probably due to a reduction in
effective filtration pressure secondary to the
constriction of afferent arterioles and other dis-
turbances in the renal microcirculation (Boon-
pucknavig & Sitprija, 1979; Areekul Chan-
tachum, 1984). Transient decreases in the clear-
ance of endogenous creatinine have been re-
ported in patients with falciparum malaria and
rhesus monkeys infected with P. knowlesi, but
only in acutely infected individuals (Areekul
& Chantachum, 1984; Ahmad et al., 1989).



Renal proteinuria 1s a common finding in
patients with acute falciparum malaria, as well
as those that progress to nephrotic syndrome.
It 1s the result of glomerular changes and
tubulo-interstitial disease directly associated
with the P. falciparum infection (Boonpucknavig
& Sitprija, 1979; Ehrich & Horstamann, 1984;
Chugh & Sakhuja, 1986; Aikawa et al., 1988b).
The mechanism producing increased leakage of
plasma protein in subjects infected with P.
falciparum is not well established, but may be
the result of increased glomerular capillary per-
meability related to reduced renal perfusion and
malaria-induced tubular dysfunction (Boon-
pucknavig & Sitpnja, 1979; Ehrich & Horstmann,
1984; Chugh & Sakhuja, 1986; Aikawa et al.,
1988b). However, renal injury associated with
acute falciparum infection is usually transient
and will resolve without progression to chronic
disease (Hutt et al., 197); Boonpucknavig &
Sitprija, 1979; Ehrich & Horstmann, 1984; Chugh
& Sakhuja, 1986; Aikawa et al., 1988a). This
view is supported by the results of a study in
which renal biopsies taken from 12 patients with
falciparum malaria showed glomerular mesanguial
and endothelial proliferative changes and some
acute tubular necrosis. Repeat biopsies taken 6
weeks later in 5 of the same patients revealed no
residual pathology (Rath et al., 1990). Although
the nature of the lesion producing proteinuria in
the 16 animals included in this study 1s unknown
at this time, it may be inferred from previous
studies conducted 1n ow! and squirrel monkeys
that the lesion is likely to be a mesangiopathic
glomerulonephropathy (Aikawa et al., 1988a, b;
Iseki et al., 1990). While the morphologic fea-
tures of acute glomerulonephritis will usually
resolve with 8 weeks, mesangiopathic glomeru-
lonephropaty can persist for up to 10 years after
the acute syndrome (Iseki et all., 1990). This
represents the later phase of renal disease in P.
Jalciparum-induced glomerulonephropathy, and
could explain the increased urine protein observed
in these animals. The low serum calcium concen-
tration 1n the malana-infected animals is best
explained by lowered serum protein related to
proteinuria, although the tendency toward hyper-
phosphatemia which develops as GFR falls can
also decrease serum calcium concentrations.
(Mormison & Murray, 1981; Petithory et al., 1983;
Weller et al., 1990).

As chronic renal disease progresses to renal
failure, the number of functioning nephrons is
reduced. In order to preserve external balance and
body fluid homeostasis, the residual nephrons
adjust their excretory functions in compensate for
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this loss. The ability of the residual nephrons to
adapt depends on their ability to increase the
fractional excretion of a variety of substances as
the GFR falls (Morrison & Murray, 1981; Bovee,
1984). For example, as chronic renal disease
develops, the residual nephrons are able to main-
tain potassium homeostasis by increasing their
fractional excretion of potassium as the GFR falls
(Morrison & Murray, 1981). The patterns of adap-
tation which develop for different substances as
the GFR falls have been classified as: 1) no ad-
aptation; 2) limited adaptation; and 3 complete
adaptation (Morrison & Murray, 1981). Urea and
creatinine are examples of substances for which
no adaptation occurs, while phosphorus and potas-
sium are examples of substances for which lim-
ited and complete adaptation occur, respectively
(Morrison & Murray, 1981; Bovee, 1984). The
mild azotemia, increased fractional excretion of
phosphate, and increased fractional excretion of
potassium observed in the monkeys included in
this study is consistent with the decline in GFR
and representative of all three adaptive patterns
In chronic renal failure.

The measurement of urinary enzyme levels
has been used as a non-invasive procedure to
detect and monitor renal disease and to assess
tubular function in man and some animals
(Ragan, 1989; Stonard, 1990). Enzymuria of-
ten occurs before any change in other indices
of renal function (Brobst et al., 1986). Among
the urinary enzymes which have proved to be
most useful in evaluating renal integrity are
alkaline phosphatase (ALP) and aspartate ami-
notransferase (AST) which are located on the
luminal brush-border region of the proximal
renal tubule, and N-acetyl--D-glucosaminidase
(NAG) a lysosomal enzyme which has high
activity in the renal proximal convoluted tu-
bule. Therefore, selective measurement of en-
zyme activities in urine can be used to detect
the site of renal injury (Stonard, 1990). Varia-
tions in urine volume can make the quantifica-
tion of urtne enzyme activities difficult, thus,
enzyme activities are often expressed as a fac-
tor of creatinine excreted to correct for fluc-
tuations In urine volume (Bishop et al., 1991).
The urinary values for ALP, AST and NAG,
expressed as JU/g creatimine, in the reference
population of owl monkeys were similar to
normal values reported for the dog (Reusch et
al.,, 1991), cat (Bishop et al., 1991), horse
(Brobst et al., 1986; Brewer et al., 1991), and man
(Ragan, 1989; Endo et al., 1990). Significantly
tncreased activities of all three urinary enzymes
were detected in the malaria-infected owl mon-



Mem. Inst. Oswaldo Cruz, Rio de Janetro, Vol, 87, Suppl. 111, 1992 441

keys, suggesting renal damage and impaired tubu-
lar function (Table V).

In summary, impaired renal function was de-
tected in 16 owl monkeys (A. nacymai) 25 and 37
months following infection with P. falciparum.
These data appear to run contrary to the view that
renal injury associated with uncomplicated acute

falciparum infection is transient and does not
lead to chronic renal disease (Boonpucknavig &
Sitprija, 1979; Ehrich & Horstmann, 1984; Chugh
& Sakhuja, 1986; Aikawa et al., 1988a). The
results described herein would suggest that a
subclinical pathological process, characterized by
chronic progression, persisted in the kidneys of
these owl monkeys following resolution of their
parasitemias. They also suggest the need for long
term follow-up of animals utilized in malaria
research, and prospective studies to evaluate the
relationship between histopathological changes
in the kidney and alterations in renal function
over time.
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