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Abstract. The effects of reducing dietary nitrogen and increasing sodium chloride
intake on renal function were studied in reindeer in order so elucidate the extent
of urea conservation and solute excretion by the reindeer kidney. The fall in plasma
urea concentration and urea excretion on the low protein diet was accompanied by
a significant reduction in the glomerular filtration rate (GFR) and urine osmolality.
The fraction of filtered urea reabsorbed increased. However, the contribution of
the fall of the GFR to restriction of urinary losses of urea was far more significant
than the increase in fractional urea reabsorption.

The increase in sodium chloride intake reflected in icreased urinary sodium excretion,
inducing a rise in urine osmolality on the low protein diet. Increased excretion of
sodium was accompanied by decreased urea excretion. This interdependence of
urea and sodium in urine excretion was particularly pronounced during the mating
season in the autumn, when prominent retention of electrolytes and water was observed.

On low protein diet, when reindeer were exposed to cold, the energy intake proved
insufficient. The use of body protein as energy source resulted in increased plasma
urea values. The fractional reabsorption of urea decreased, but the GFR stayed low.
The GFR seems to be unaffected by plasma urea concentrations but is in some way
regulated by the intake of dietary protein. Also on lichen diet the intake was not
sufficient to satisfy the energy requirements and the plasma urea concentrations
increased. The urea excretion was still low due to a decreased GFR. The high
moisture content of lichen caused an increase in the urine water excretion, but no
increase occured in the solute excretion.

The rumen ammonia concentrations correlated significantly with the plasma urea
concentrations, showing that urea is readily returned to the rumen in reindeer. The
restriction of urea excretion on low protein intake contributes to the nitrogen economy
and in reindeer it is brought about by a marked decrease in the GFR together with an
increase in the urea reabsorption.

I Introduction
The function of the kidney, sometimes regarded as a mainly excretory

organ eliminating the nitrogenous wastes of the protein metabolism, should
rather be considered regulatory. By controlling the concentration of meta-
bolic end products the osmotic pressure and the ionic composition of the internal
environment of the organism, the kidneys help to maintain the pshysiological
intergrity of the extracellular fluid composition and volume. This is brought
about by the operation of the basic renal mechanisms of glomerular filtration,
tubular reabsorption and tubular secretion.
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1. Renal concentration mechanism
The remarkable ability of kidney to regulate daily water output is based

on the countercurrent, and exchange systems of the renal medulla first pres-
ented by Kuhn and Ryffel (1942). The anatomical arrangement and the
physical properties of the tubules and blood vessels of the mammalian renal
medulla make it possible for an osmotic concentration gradient to be formed
from the cortex towards the medulla and papilla.

The formation of hypertonic urine by the mammalian kidney requires the
action of the antidiuretic hormone (ADH) and results from the passive osmotic
equilibration of the tubular fluid flowing through the collecting ducts with the
surrounding hyperosmotic interstitial fluid of the renal medulla and papilla.
It has been generally accepted that sodium chloride and urea play a major
part in the concentration process (Kokko and Rector 1972; Berliner 1976),
although the precise mechanism by which the concentration gradient is built
up in the medulla is still a matter of discussion (Jamison and Maffly 1976).

Urea accumulates in the medulla as a result of active reabsorption of
sodium chloride by the thick ascending limb of the Henle’s loop. In most
mammals, urea constitutes about one half of the osmotically active solutes
accumulated in the inner medulla during antidiuresis (Schmidt-Nielsen and
Robinson 1970). On high protein intake the contribution of urea may be
elevated (Levinsky and Berliner 1959; Manitius et al. 1963), but in order
to reach a maximal urine concentration, an elevated medullary sodium accu-
mulation must also be invoked (de Rouffignac and Morel 1969). The micro-
puncture studies of Imbert and de Rouffignac (1976) have yielded evidence
suggesting that sodium may contribute even in a larger proportion than urea
to the concentration process in the kidney in desert rodents with high con-
centrating ability.

2. Effects of diet on renal function
Alterations in dietary protein or sodium chloride intake substantially

affect the function of the mammalian kidney. The observation of Gamble
et al. (1934) according to which the decreased concentrating ability of animals
deprived of protein was referable to urea, has been confirmed by subsequent
experiments (Henrikx and Epstein 1958).

In addition to decreased concentrating ability of the kidneys, protein
deprivation causes significant changes in the urea reabsorption in many mam-
mals. Read (1925) found practically no urea in the urine of camels on low
protein diet. Retention of urea has also been found in sheep (Schmidt-Nielsen
et al. 1958) cattle (Phillips et al. 1974) and goats (Ide 1971). The renal
mechanisms of nonruminant species like man (Murdaugh et al. 1958), dog
(Manitius et al. 1963) and rat (Clapp 1966) also respond but less pronouncedly
to altered protein intake.

Protein metabolism in the ruminant involves the participation of urea
cycle between blood and the rumen. It is well established that blood urea
nitrogen is returned to the reticulum and rumen in sheep and cattle (reviewed
by Houpt 1970). Urea enters the rumen in saliva (McDonald 1948; Houpt
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1959) and also by diffusion through the rumen wall (Houpt 1959; Juhäsz
1965) In ruminants on low protein diet this is of great importance for the
microbial protein synthesis and nitrogen economy of the host (H ungate

1966)
The kidney of mammals with restricted protein intake conserves nitrogen

by decreasing the urea excretion markedly. The amount of urea excreted in the
urine of mammals is determined both by the amount of urea filtered at the
glomerulus and by the extent to which this urea is reabsorbed in the renal
tubules.

The concentration of urea in the plasma is influenced by the level of nitrogen
in the diet. In ruminants the blood urea rises with the increase of protein
intake (Preston et al. 1965). The plasma concentration of urea largely de-
termines the amount of urea filtered at the glomerulus. Mclntyre and Will-
iams (1970) have reported a linear relationship between urea excretion and
plasma urea concentration in sheep, but according to Cocimano and Leng

(1967) the relationship is sigmoidal. The urine flow rate has also been shown
to be related to the urea excretion (Cocimano and Leng 1967).

Many authors have reported in sheep a fall in glomerular filtration rate
associated with decreased dietary protein intake (Cans and Mercer 1962;
Mclntyre and Williams 1970; Rabinowitz et al. 1973). However, no changes
of glomerular filtration related to the diet could be observed by Schmidt-
Nielsen et al. (1958) or Maloiy and Scott (1969).

The reabsorption of urea is thought to be passive, the urea diffusing
down a favourable concentration gradient from the tubular urine into the
blood. However, since a marked increase in the urea reabsorption, despite of
decreased urine to plasma urea concentration ratio, was demonstrable in camel
and sheep fed a low protein diet (Schmidt-Nielsen et al. 1957 and 1958) it
was suggested that renal reabsorption of urea may not entirely depend on
passive diffusion. Because, in these studies, no significant relation was found
between the urea clearance and plasma urea concentration or the glomerular
filtration rate, the retention of urea on low protein diets was attributed to
active transport of urea or changes in tubular permeability. Also an increase in
the permeability of the collecting ducts to urea has been suggested (Rabinowitz
et al. 1973).

Although the idea of active regulation of urea excretion has received some
support, as reviewed by Thurau, Valtin and Schnermann (1968), there are
studies (Mclntyre and Williams 1970; Scott and Mason 1970) revealing no
evidence of an active urea transport mechanism restricting the urea excretion
in ruminants on low protein diet.

Alterations in salt intake apparently have a noticeable effect on the renal
function and the distribution pattern of sodium chloride and urea in the renal
medulla. The results of Schmidt-Nielsen and O’Dell (1959) suggest that
there is an interdependence of urea and electrolytes in the production of
concentrated urine: the osmotic concentration in renal tissue and urine of the
animal on normal protein intake was to a large extent created by urea accu-
mulation, whereas on low protein intake the sodium accumulation was more
operative. The post-glomerular influence of alterations in salt intake on the
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urea excretion and reabsorption has been extensively discussed (Schmidt-
Nielsen et al. 1961; Truniger and Schmidt-Nielsen 1964), but the ultimate
mechanism remains to be settled. High intake of sodium has been noted to
cause an increase in the GFR of sheep (Potter 1961) and cattle (Weeth and
Lesperance 1965; Bailey 1978).

3. Special features of reindeer kidney
The anatomy of reindeer kidney has been investigated by Sperber (1944).

He found that in reindeer kidney the cortex is relatively thick, in relation
to the medulla, the ratio being 1:1. The ratio of the volumes of cortex and
medulla is 10; 1. The inner medulla is very low, containing only few long
looped nephrons, compared to the kidneys of other domesticated ruminants.
Valtonen and Eriksson (1977) compared the relation of medullary and
cortical heights of a pair of reindeer kidney with sheep kidney and found that
the relation in reindeer was 0.86 and in sheep 2.33. They also found that rein-
deer kidney exhibits a limited capacity to concentrate urine or the excrete a
solute load.

In mammals there is a close relationship between the relative thickness of
renal medulla and concentrating ability (Schmidt-Nielsen and O’Dell 1961)
and the unability of reindeer to excrete high osmolal urine in comparison with
other ruminants is presumably related to the anatomical construction of the
kidney. These data accord with Sperber’s (1944) observation that the relative
thickness of the renal medulla of a species is related to its diet and habitat.

MacFARLANE (1970/71) suggested that reindeer originate from wet regions,
where water was readily available and the concentration of urine less important.
In any case reindeer diet, consisting of lush green vegetation in the summer and
mineral deficient lichen in the winter, may contain over 70 per cent water
(Persson 1969). MacFARLANE (1970/71) as well as Valtonen and Eriksson
(1977) observed that reindeer are relatively resistant to antidiuretic hormone,
reguiring a dose of ADH ten times as high as that needed for sheep to cause
antidiuresis. This, too, supports the view that reindeer is not an animal adapted
to water conservation.

4. Seasonal changes in metabolism of reindeer
The winter diet of freely grazing reindeer consists chiefly of lichen low in

crude protein and minerals (Steen 1968), while in the summer grass, sedges
and decidious vegetation of high nutritive value is available for the animals
(Skjenneberg and Slagsvold 1968). Several studies show that wild reindeer
are in poor nutritional status in the winter (Afanasev 1964; Dieterich and
Luick 1971; Cameron and Luick 1972; Hyvärinen et ai. 1975 and 1977).
Seasonal changes in water metabolism of reindeer allowed to forage the native
vegetation have been reported by Cameron and Luick (1972). They noted an
increase in total water volume in the winter and simultaneous loss of body
solids, while in the summer the water volume was reduced. The mean water
flux rates were highest late in the spring and lowest in the early winter.
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On lichen diet, reindeer are likely to be in a negative nitrogen balance
(Nordfelt et al. 1961) and loss of weight in the course of one winter may
exceed by 10 per cent (Poijärvi 1945; Cameron and Luick 1972). Marked
seasonal changes in the energy and nitrogen intake have also been found in
reindeer reared on a high plane of nutrition (McEwan and Whitehead 1970),
the caloric intake being 35—45 per cent lower in the winter than during the
summer growth period. Reindeer seem to follow a cyclic pattern of growth,
losing weight in the winter even in favorable conditions (Skjenneberg and
Slagsvold 1968).

The information available on renal responses of reindeer to alterations in
diet is very limited. The findings in sheep and rat that urea concentrations
in the medulla can be much higher than in the urine on low protein diet
(Schmidt-Nielsen and O’Dell 1959; Truniger and Schmidt-Nielsen 1964)
could not be verified in reindeer either in the autumn or winter (Eriksson and
Valtonen 1974). However, Hove and Jacobsen (1975) studied renal excretion
of urea in reindeer fed low and high protein diets and noted an average reabsorp-
tion of 93 per cent of the filtered urea on low protein diet while only 50 per
cent of the filtered urea was reabsorbed on high protein diet. They calculated
thereabsorbed urea to be a very significant contribution to the nitrogen economy
of reindeer.

II The objects of the present study

The effect of diet on renal function has been studied in domesticated
ruminants with good renal concentrating ability but the mechanism by which
renal excretion of urea is regulated in relation to protein intake is still open for
discussion. Studies in a ruminant like reindeer which, despite a limited renal
concentrating capacity, seems to be able to conserve urea on low protein diet,
could further elucidate the effects of altered dietary protein intake on the
function of mammalian kidney.

In view of the importance of renal conservation of nitrogen and minerals
for the survival of reindeer during the winter and, considering the restricted
information available on reindeer physiology, experimental studies on kidney
function on different diets could provide more information on the adaptive
responses of reindeer to environmental extremes. The results could also
provide the information needed to develop the supplemental rations for reindeer.
The following experiments were undertaken to elucidate the responses of
reindeer kidney to alterations in dietary content of nitrogen and sodium
chloride and the effects of season on renal function.

Renal responses to reduced nitrogen and increased sodium chloride
intake was studied by measuring the excretion and reabsorption of urea,
electrolytes and solute-free water on a high and low protein diet with and
without sodium chloride addition.

Effects of climatic variations on renal responses were studied on low
protein diet in the winter when the animals were exposed to cold.
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Seasonal changes in renal responses were studied by comparing renal
excretion of urea and electrolytes in the autumn and early winter to levels
obtained in the late winter and spring. Effects of mating season were studied
on high protein diet with salt load.

Renal responses to lichen diet were studied in the winter and spring.
After the first experimental series, it proved necessary to test the effect of

diet on the accuracy of creatinine clearance as a measure of glomerular filtration
rate in reindeer. It was studied by comparing clearances of creatinine and
inulin on both the high and the low protein diet.

111 Material and methods

7. Experimental animals and their management
Ten adult reindeer, three females and seven males, weighing 52 —79 kg,

were used in a total of 97 acute experiments. Of these experiments, 46 were
performed on six animals in a high protein dietary state, 43 were on four
animals in a low protein state and 8 on six animals on lichen diet. Besides this,
weekly experiments were performed on two different reindeer couples during
two autumns, one couple each autumn. When kept indoors, the animals were
housed in individual stalls. The room temperature ranged from +lo° to 20° C.
During two autumns and early winters the animals were housed in a common
pen in the open and were taken to metabolic crates only during sampling
times.

2. Feeds and feeding
The animals were fed twice daily and allowed free access to drinking water.

The intake of water was measured. The high protein (HP) diet, the calculated
crude protein content of dry matter being about 17 per cent, consisted of cut
grass, dried green leaves and commercial pelleted reindeer mixture and protein
concentrate, which provided 29—32 g nitrogen per day. The calculated crude
protein content of the low protein (LP) diet was 2—4 per cent. It consisted
of a mixture of sugar (36 per cent), starch (32 per cent), ground straw (32 per
cent) and a maximum of 400 g dried or frozen autumn leaves and hay daily.
This diet provided 2.4—4.6 g nitrogen per day. Apart from nitrogen, these
two rations were composed so as to be equal in energy contents providing
about 3 Meal per day, the energy requirement for maintenance of reindeer in
enclosure (Persson 1967).

The HP and LP diets were given to the animals successively with and
without an addition of mineral mixture, providing 6—lo g sodium chloride
daily. The blood urea concentrations and urine excretion were followed weekly,
but an acclimatization period of two or three weeks was allowed following
change of diet before sampling for clearance measurements.

On lichen diet containing 3.0—4.4 per cent crude protein the animals were
fed about 900 g dry matter per day. The lichen used in the winter period was
contaminated with gravel and contained 48 per cent water, while the lichen
used in the spring contained 64 per cent water.
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3. Sampling procedures
The sampling was performed in the morning before the animals were fed.

Blood samples were taken from the jugular vein into centrifuge tubes containing
heparin as anticoagulant. After centrifugation the plasma was separated and
frozen until analyzed. Urine was collected in two hour samples via a rentention
catheter in female reindeer. In male animals urine was collected to a drained
plastic bag hung under the penis. The collection periods were determined by
voluntary urination.

The spring trials with lichen were performed at the Lapland Experimental
Station, Rovaniemi, where the urine was collected in 24 hour periods.

Rumen fluid samples for ammonia determination were taken with a stomach
tube and pump. The animals were weighed at about two week intervals
during the experimental periods.

4. Measurement of the renal clearances of inulin and creatinine
Comparison of endogenous creatinine clearance and inulin clearance was

made by simultaneous determination of the glomerular filtration rate with
endogenous creatinine and labelled inulin in two reindeer. [Hydroxymethyl 140]

inulin was chosen for the purpose since it proved a good tracer of native inulin
(Marlow and Sheppard 1970). A constant infusion of 0.5 ml/min [hydroxy-
methyl 140] inulin (90 /xC in 100 ml saline) was carried out in the female
reindeer after a priming dose of 12 ml. The constant infusion technique could
not be used in the male reindeer because of its restless behaviour and only a
priming dose of 50 ml of the infusate was given. Still reasonably constant
plasma levels were attained for about one hour, if an equilibration period of
30 min was allowed before sampling.

Urine was collected in 20-min periods in the female, but in the male the
periods, when determined by voluntary urination, ranged from 22 to 57 min.
Blood samples were collected from the jugular vein opposite to that the in-
jection had been given in, as close to the midpoint of each urine collection period
as possible. A total of 9 periods were collected, when the animals were on the
HP diet and 10 periods on the LP diet.

5. Chemical analyses
The urea content of plasma and urine was determined by liberating ammonia

with urease (Chaney and Marbach 1962). Ammonia in the rumen fluid was
estimated immediately after sampling by the method of McCullough (1967).
The blood and urine creatinine were analysed by the Technicon autoanalyser,
and the radioactivity of samples containing [hydroxymethyl 140] inulin was
estimated by liquid scintillation counting. Sodium and potassium concen-
trations were determined by flame photometry and osmolality by the freezing
point depression method with a Fiske osmometer.

6. Calculations
The glomerular filtration rate (GFR) was assayed as the renal clearance

of creatinine. The quantity of urea filtered per minute was calculated GFR x
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plasma urea concentration. The urinary excretion rates of urea, sodium and
potassium were calculated, as well as the urea clearance. The reabsorbed urea
is the difference between filtered urea and excreted urea and is expressed as
percentage of the filtered urea. Plasma osmolality of 290 mosm/kg H 2 O was
used for calculations of osmolal clearance (C osm ) and the difference between
urine flow (V) and osmolal clearance represent the renal free water clearance
(Ch 2 o = V C osm ).

7. Statistical methods
The mean value of each parameter is given as the mean ± standard deviation

(S.D.) or standard error of mean (S.E.M.). The number of animals is indicated
as na and the number of observations as n. Statistical evaluation of the dif-
ferences in a given parameter between different diets was determined by the
analysis of variance. Paired t-test was used in the comparison of inulin and
creatinine clearances. The association between different parameters was
determined by the regression analysis. The data processing was performed at
the Computing Centre of the University of Helsinki.

IV Results and discussion

In this study the influence of salt on renal urea excretion proved to be very
slight. Thus it seems justified to proceed from observations on all high protein
and all low protein animals together. The observation on LP animals exposed
to cold, on the other hand, differ to such a great extent from other results on
the low protein diet that they are treated separately.

7. Creatinine clearance as a measure of glomerular filtration rale

In the present study endogenous creatinine was utilized for measurement of
the glomerular filtration rate. In an attempt to validate the use of creatinine
for measurement of the GFR in reindeer during altered nitrogen intake,
simultaneous determinations of the GFR were made with [hydroxymethyl 140]
inulin and creatinine in reindeer on HP and LP diets.

Observations
Reduction of the dietary protein intake caused a reduction in the GFR

measured with both inulin and creatinine. The mean values of inulin clearance
in consecutive periods for both animals were 56.0 ± 7.2 ml/min on the HP
diet and 34.6 ± 11-6 on the LP diet. The values for creatinine clearance were
73.5 ± 11.1 and 42.2 ± 16.6, respectively. The difference between clearance
values of HP and LP diets measured on both agents were significant (p < 0.001).

Analysis of the paired data of inulin and creatinine clearances (Fig. 1)
demonstrated a highly significant correlation (r = 0.919, p < 0.001) and a
regression equation y = 8.77 + 0.63 x where y signifies clearance of creatinine
and x [hydroxymethyl 140] inulin clearance. The mean ratio of the GFR de-
termined with creatinine and [hydroxymethyl140] inulin was 1.25 on the HP
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diet and 1.19 on the LP diet. Although the correlation of these two clearances
was good, creatinine clearance overestimated the GFR. The differences is
significant (p < 0.01) as revealed by the paired t-test.

Discussion
The endogenous creatinine clearance is convenient for measuring the GFR,

because it can be used without employing an infusion technique. This is of
special importance in studies on wild animals in cold environment. In ruminants,
creatinine clearance has been shown to correlate well with the inulin clearance
(Poulsen 1957; Sellers 1958; Schmidt-Nielsen et al. 1958). The latter is
generally accepted as an accurate measure of the GFR. Inulin is physiologically
inert and entirely excreted by glomerular filtration with no renal tubular
participation (Shannon 1935). However, its use is limited because of the
laborious techniques of analysis and the need of continuous infusion.

Variations between inulin and creatinine clearances have given evidence of
some tubular secretion of creatinine both in man and animals (Sperber and
Sperber 1955; Poulsen 1957; Vogel 1962; Berlyne et al. 1964). The study
of Ladd et al. (1957) on glomerular and tubular function in sheep and goats
indicates also tubular reabsorption of creatinine especially at high plasma
concentrations. Since, in the present study on reindeer, the GFR decreased to
very low values on the LP diet, reabsorption of creatinine was suspected.
However, no reabsorption could be demonstrated by comparing simultaneous
inulin and creatinine clearances. On both diets the creatinine clearances ex-
ceeded slightly the inulin clearances, reaching on the LP diet almost equal
values.

These results agree with the finding of others (Vogel 1962; Sperber and
Sperber 1955; Berlyne at al. 1964) that creatinine clearance overestimates
the inulin clearance. However, the two clearances are highly correlated, making
creatinine a suitable, in fact the only possible, substance for use in GFR esti-
mations in the present work. The changes in creatinine clearance can thus be
considered acceptable estimates of changes in the GFR.

Fig. 1. Correlation between
creatinine and inulin clear-
ances. The regression eguation
is y = 8.77 0.63 x and r =

0.919.
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2. Renal responses to reducing dietary nitrogen
Observations

The plasma urea concentrations were significantly lower on the low protein
diet than on the high protein diet (Table 1). The mean urine urea concentration,
224 ± 76 mmol/1, on the HP diet fell to the mean value of 14 ± 12 mmol/1 on
the LP diet, resulting in a marked reduction in the urea urine to plasma (U/P)
concentration ratios. The mean values of urea excretion and urine flow rates
were also significantly lower when dietary protein intake was restricted (Fig. 2).

Table 1. Mean values (± S.D.) of plasma urea concentrations, urea urine to plasma (U/P)
concentration ratios and renal parameters for six animals on high protein (HP) diet and four
animals on low protein (LP) diet, n = number of observations.

HP LP

Plasma urea (mmol/1) 10.9 ± 2.7 *** 2.6 ± 1.2
Urea U/P ratio 22 ± 5 *** 6 ± 4
Urine flow rate (ml/min) 2.26± 0.75 *** 0.73± 0.45
Urea clearance (ral/min) 44.7 ± 133 *** 3.8 ± 2.9
Urea excretion (/enrol/min) 478 ±174 *** 10 ±lO
Potassium excretion (/cmol/min) .... 415 ±l3B *** 80 ±37
Sodium excretion (/cmol/min) 43 ±55 23 ±36
Urine osmolality (mosm/kg HaO) ... 639 ±lO5 *** 374 ±l3O
Osmolal clearance (ml/min) 4,80± 1.30 *** o.Bl± 0.34
Free water clearance (ml/min) —2.54± 0.90 *** —o.oB± 0.35
n 46 33

Significance of differences between means: *** p < 0.001.

The HP diet contained slightly more sodium and had an inherently high
potassium content. This was reflected in the urine excretion of the electrolytes.
The urine osmolality was significantly higher on the HP diet than on the LP
diet, and the osmolal clearance was only one fifth of the value on the HP diet.
Simultaneously, the free water clearance became less negative. The water
intake was 5.7 ±1.4 1 (na =4, n = 38) on the HP diet and decreased to
2.7 ± 0.8 1 (n = 42) on the LP diet. Within the diets there was a highly sig-
nificant negative correlation (p < 0.001) between the urine flow rate and
osmolality (Fig. 3), while the osmolality was positively correlated (p < 0.001)
to both potassium and urea excretion (Fig. 4). The ammonia concentrations
in the rumen fluid average to 7.8 ± 2.6 mmol/1 (na = 4, n = 14) in HP animals
and 1.2 ± 1.2 mmol/I (n = 15) in LP animals. The rumen ammonia concentra-
tions were positively correlated to plasma urea concentrations within both
diets (p < 0.01).

The mean value of glomerular filtration rates and urea clearances were
much reduced on the LP diet (Table 2). The quantity of filtered urea on the
LP diet was only one tenth of that on the HP diet. Also the quantity of
reabsorbed urea decreased significantly on the LP diet, although the percentage



Fig. 2. Plasma urea concentrations, urea excretion rates,
osmolalities and flow rates of urine during the high protein
(HP) and low protein (LP) diets, showing the means ±

S.E.M. for 4 animals in 6 experiments. NaCl supplement

Fig. 3. Relationship between the flow rates and osmolalities of urine.
On the HP diet the regression equation is
y = 5.295 0.005 x and r = —0.660 and on the LP diet
y= 1.607 - 0.002 x and r= -0.668.
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Table 2. Mean values (± S.D.) of glomerular filtration rates (GFR) and rates of urea filtration
and reabsorption for four animals on HP diet and six animals on LP diet, n = number of
observations.

HP LP

GFR (ml/min) 81.3± 22.3 ••• 30.3±10.2
Filtered urea (jumol/min) 857 ±337 *** 87 ±49
Reabsorbed urea 395 ±213 •** 76 ±4O
Reabsorbed/filtered (%) 45 ± 8 *** 89 ± 9
n 40 23

Significance of differences between means: *** p < 0.001.

Fig. 4. (a, b). Relation of potassium (a) and

urea (b) excretion to urine osmolality on HP and LP diets.
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of filtered urea reabsorbed increased. During the HP periods the weight of
the animals remained unchanged or increased by I—3 kg. On the LP diet the
reindeer lost I—2 kg in four weeks.

Discussion
The plasma urea concentrations of the reindeer in the present study were

significantly higher on the HP diet. They were of the same magnitude as in the
reindeer studied by Hove and Jacobsen (1975) who used diets comparable in
protein contents. It has been demonstrated repeatedly that, when other
factors are kept constant, the amount of ingested nitrogen strongly influence
the plasma urea concentrations in ruminants (Livingston et al. 1962; Preston
et al. 1965; Maloiy and Scott 1969; Biddle and Evans 1973; Manston et. al.
1975). This also applies to reindeer (McEwan 1968) as well as the reindeer of
this study, where the protein content of the diet was altered, but the energy
content was kept constant.

Before feeding the rumen ammonia concentrations followed the plasma urea
concentrations in the reindeer of the present study. As for the turnover of
plasma urea in ruminant, two main pathways must be considered. Urea is
known to enter the rumen in saliva and by diffusion through the rumen wall,
it is converted into ammonia and assimilated into microbial protein. On the
other hand, urea is excreted mostly in the urine. Thus the plasma urea con-
centrations are also reflected in the urea excretion rates.

Urea constitutes a great part of the osmotically active solutes in urine, so
that the osmolality and the osmolal clearance decreased along the decreased
urea excretion. On the LP diet sodium and potassium largely determined the
osmolality of the urine and the flow rate fell. With decreasing osmolal clearances
the free water clearances increased.

The normally herbaceous diet of a ruminant places a relatively high potassium
load on the kidneys and experiments on sheep have demonstrated, that a given
quantity of potassium can be excreted in a smaller volume of urine on high
protein intake (Gans and Mercer 1962). Also in the present study the po-
tassium excretion rates were intimately related to urea excretion rates and
osmolality. The negative correlation between flow rate and osmolality within
the different diets (Fig. 3) indicates that the excretion rates of solutes were not
affected by the urine flow rates.

Changes in the dietary protein supply strongly influenced the urine flow
rate and this was reflected in water intake. The reindeer drank twice as much
water on the HP diet as they did on the LP diet. In antidiuresis the urine
osmolality is determined by the diet and the maximal urine concentrating
capacity of the species (Schmidt-Nielsen and O’Dell 1961). The reindeer
kidneys concentrate urine more when the nitrogen intake is high. Because
of the limited concentrating capacity (Valtonen and Eriksson 1977), how-
ever, reindeer must drink more to excrete the extra nitrogen load. On the
HP diet the urine flow rate was higher despite of the increase in urine osmolality
(Fig. 2).

The urine urea concentrations on both the HP and LP diets in the present
study were lower than the respective concentrations in sheep fed comparable
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diets (Rabinowitz et al. 1973; Cocimano and Leng 1967). Yet the excretion
rate of urea was of the same magnitude as in sheep, since the urine flow rate
of reindeer was much higher. Despite the lower concentrating ability, reindeer
seem to posses a similar pattern of renal excretion of urea as other ruminants.

The percentage of filtered urea being reabsorbed in tubules was markedly
increased in reindeer on the LP diet. This is in accordance with the previous
report of reindeer on low protein diet (Hove and Jacobsen 1975) and the earlier
studies on domesticated ruminants (Schmidt-Nielsen et al. 1958; Livingston

et al. 1962). However, in reindeer the actual quantity of urea reabsorbed on the
LP diet was only one fifth of the quantity reabsorbed on the HP diet. Thus
its contribution to the nitrogen economy of the animal on a low protein diet
must be far less significant than the restriction of renal urea load brought
about not only by the fall in plasma urea concentration but also by the marked
decrease in glomerular filtration rate. Hove and Jacobsen (1975) have also
noted a fall in the GFR associated with reduction of dietary protein intake in
reindeer, but they failed to consider its significance. The renal responses of
reindeer to low protein feeding may be regarded as the reduction of the quantity
of urea filtered in the glomeruli with an associated increase in the fraction of
filtered urea reabsorbed.

The change in the GFR, associated with the change in dietary protein
intake in this study on reindeer, was somewhat greater than that observed in
sheep, cattle and goat (Ide 1971; Rabinowitz et al. 1973; Phillips et al. 1974).
In reindeer kidney with its voluminous cortex, the capacity to modify the
GFR may be stronger than in other domesticated ruminants. The existence
of a quantitative difference between ruminant species in the ability to conserve
urea has been suggested by Topps and Elliot (1967) who found urea retention
to be more efficient in cattle than sheep on the same low protein diet.

3. Effects of increasing sodium chloride intake on renal function
Observations

An increased dietary sodium intake increased significantly the sodium
excretion rates on both the HP and LP diets (Table 3). On the HP diet the urea
concentrations of plasma and urine urea excretion rates were unaffected by the
increased salt intake. However, on the LP diet both the plasma concentrations
and urea excretion rates were lower when salt intake was increased. On the
HP diet the urine osmolality showed no significant change when the salt intake
was increased, but on the LP diet the urine osmolality and the osmolal clearances
increased, while the free water clearances decreased. On the HP diet there was
a significant negative correlation (p < 0.01) between sodium and urea excretion
rates (Fig. 5). The mean values of water intake in liters on different diets
were as follows:

HP HP + NaCl LP LP + NaCl

5.5 ± 1.35.8 ± 1.02.5 ± 0.82.9 ± 0.6
n =l7 n =2l n = 21 n = 21

The salt addition caused a significant (p < 0.05) increase only on the LP diet.
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Table 3. Mean values (± S.D.) of plasma urea concentrations, U/P concentration ratios and the renal para-
meters for six animals on HP diet and for four animals on LP diet with and without salt supplement.

HP

Plasma urea (mmol/1) 10.9 ± 2.4
Urea U/P ratio 22.6 ± 6,9
Urine flow rate (ml/min) 2.19± 0.93
Urea clearance (ml/min) 45.3 ± 15.7
Urea excretion (/«mol/min) 478 ±144
Potassium excretion (/jmol/min) 411 ±154
Sodium excretion (jumol/min) 20 ±27 **

Urine osmolality (mosm/kg H2 O) 645 ±132
Osmolal clearance (ml/min) 4.59 ± 1.57
Free water clearance (ml/min)

... 2.39± 1.13
n 20

LP ± NaClLPHP ± NaCl

10,8 ± 3.03.1 ± 1.0 *»» 1.8 ± 1.1
19.4 ± 3.76.2 ± 5.35.2 ± 2.3
2.32± 0.59 0.74± 0.53 0.71± 0.32

44.2 ± 11.64.0 ± 3.53.4 ± 1.6
479 ±197 13 ±l2 * 5.3 ± 2.4
419 ±l2B 77 ±4O 84 ±32

61 ±64 10 ±l2 ** 42 ±5l
633 ±BO 336 ±llB * 434 ±129

4.98 ± 1.10.71± 0.33 * 0.96± 0.32
2.66± 0.680.03 ± 0.36 * -0.25± 0.32

26 20 13

Significance of differences between means of respective diet with and without NaCl: *** p < 0.001, ** p < 0.01
* p < 0.05.

There were no significant changes in the mean values of the GFR or per-
centages of filtered urea reabsorbed when the salt intake was increased on the
HP diet. On the LP diet, however, the urea filtration rate and the quantity
of filtered urea reabsorbed were lower when the salt intake was increased
(Table 4).

Fig. 5. Relationship between sodium and urea excretion rates
the HP diet. The regression equation is y = —0.147 x + 107.5 and
r= -0.453.
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Table 4. Mean values (± S.D.) of glomerular filtration rates (GFR) and rates of urea filtration
and reabsorption for six animals on HP diet and for four animals on LP diet with and without
salt supplement, n = number of observations.

diet HP HP + NaCl LP LP + NaCl

GFR (ml/min) 83.0± 25.2 79.1± 19.4 31,0±10.0 29.1±10.9
Filtered urea B9B ±322 821 ±356 104 ±46 * 54 ±37
Reabsorbed urea (/jmol/min) 402 ±145 361 ±157 92 ±4O • 48 ±32
Reabsorbed/filtered (%) 45 ± 8 44 ± 8 88 ±ll 89 ± 5
n 20 20 15 8

Significance of differences between means of respective diet with and without NaCl: * p < 0.05.

Discussion
The sodium excretion rates on both the HP and LP diets reflected the

differences in dietary sodium chloride intake. The excretion rate of sodium on
the LP diet without salt addition was, however, relatively high considering the
almost total lack of sodium of this diet. Usually the kidney very efficiently
reduces the amount of sodium excreted in the urine when sodium is in short
supply.

Emotional disturbance of the animal, caused by sampling, may easily give
rise to increased sodium excretion (Pickering 1965). It may have affected the
sodium excretion rates also in this study, although the animals seemed com-
fortable and the sampling conditions were kept as constant as possible.

The salt addition did not influence the water intake very much, but in-
creased salt intake caused a marked rise of the osmolality on the low protein
diet with an associated increase in osmolal clearance and a decrease in free
water clearance. This signifies the importance of sodium in the urine concen-
tration mechanism of the kidney. When salt is added to the ration, sodium
may contribute to a larger extent to the creation of the osmolal gradient in the
kidney medulla and more concentrated urine is formed. If the salt intake in
this trial had been higher, it would presumably have affected the water intake
more, since the ability to excrete a solute load is limited in reindeer.

The negative correlation between the sodium and urea excretion rates on
the HP diet is probably also traceable to the low concentrating capacity of
reindeer kidney. When salt is added to the ration, the excretion of sodium
reduces urea excretion. The ability to concentrate electrolytes is rather related
to the thickness of the renal medulla than the ability to concentrate urea
(Schmidt-Nielsen and O’Dell 1961).

It may be concluded that in animals with low concentrating capacity and
low medulla, urea plays the most important part in the concentration process.
This may also explain why the distribution of urea and electrolytes in renal
medulla typical of low protein animals was not found in reindeer (Eriksson
and Valtonen 1974).

The lower plasma urea consentrations together with decreased urea ex-
cretion rates on the LP diet with salt as compared to those on the LP diet
without salt must be incidental and perhaps partly due to the small number
of observations on that diet. Yet the differences between the concentrations
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are small and they do not reflect any significant changes in the GFR or urea
reabsorption percentage between the two low protein diets.

High intake of salt by sheep and cattle has been reported to cause an
increase in the GFR (Potter 1961; Bailey 1978), associated with the increase
in the excretion of urea has been noted by Weeth and Lesperance (1965)
and Schmidt-Nielsen et al. (1961). However, on moderate intake of salt, no
effects on the GFR or urine urea excretion have been observed either in cattle
(Phillips et al. 1974) or sheep (Ergene and Pickering 1978 b). In the
present study the daily intake of 6—lo g of sodium chloride was not suffi-
cient to alter the GFR or renal excretion of urea. Instead differences in urea
filtration and reabsorption between the HP and LP diets (see section 2) were
clearly associated with the change in nitrogen intake.

4. Effects of insufficient energy supply in the presence of low protein diet
Observations

There were two incidences along the present work, when a cold period of
more than the degreeds centrigrade below zero encountered the animals housed
in the outdoor pen. Since they seemed to suffer of insufficient supply of energy,
the observations collected during these periods were handled separately as a
low protein low energy (LP —LE) group (Table 5).

Table 5. Mean values (± S.D.) of plasma urea concentrations, urea U/P concentration ratios
and renal parameters for four animals on LP diet with low energy content (LP—LE).
n = number of observations.

LP-LE

Plasma urea (mmol/1) 8.0 ± 2.4
Urea U/P ratio 18.9 ± 9.0
Urine flow rate (ml/min) 0.87± 0.17
Urea clearance (ml/min) 15.6 ± 5.4
Urea excretion (/anol/min) 123 ±45
Potassium excretion (/Muol min) 143 ±4l
Sodium excretion (/jmol/min) 21 ±27
Urine osmolality (mosm/kg H2O) 540 ±B7
Osmolal clearance (ml/min) 1.61± 0.36
Free water clearance (ml/min) —0.74± 0.28
n 10

The plasma urea concentrations were significantly (p < 0.001) increased
in the LP —LE group in comparison with the results of the LP diet. There was
a significant (p < 0.001) rise in the urea U/P concentration ratio and urea
excretion. The urea clearance and urine osmolality were also increased. The
rumen ammonia concentrations, 4.35 and 1.25 mmol/1, measured only in two
animals reflected the elevated plasma urea concentrations. Potassium ex-
cretion rates were higher (p < 0.01) in the LP —LE group than in the LP
animals as were the osmolalities (p < 0.001) and associated osmolal clearances
resulting in a fall of free water clearances.
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The GFR and the quantities of filtered and reabsorbed urea in four reindeer
were as follows (n = 6):

GFR (ml/min) 31.0 ± 11.6
Filtered urea (,umol/min) 266 ± 136
Reabsorbed urea (/rmol/min) 132 ± 48
Reabsorbed filtered (%) 50 ± 10

The GFR was unaffected by the exposure to cold, but the percentage of filtered
urea reabsorbed decreased significantly (p < 0.001) from the values obtained
on the LP diets to the level of the HP diet.

Fig. 6. Changes in plasma concentrations and urine
excretion rates of urea, glomerular filtration rates
(GFR) and persentages of filtered urea reabsorbed
in a male (--) and a female (—) reindeer exposed to
cold and given an extra energy supplement.
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Figure 6 shows the plasma concentrations and excretion rates of urea, the
GFR and the percentages of filtered urea reabsorbed in two reindeer exposed
to cold and given an extra supplement of energy (sugar 100 g/day).

The loss of weight during the LP —LE diet varied from 2 to 5 kg in four
weeks.

Discussion
There was a marked increase in the plasma urea concentrations in reindeer

exposed to cold in this study. The fall in ambient temperature seemed to
increase the demand for energy of the animals given only the energy quantity
of maintenance requirement in enclosure. According to McEwan and White-
head (1970), the estimated energy requirement for maintenance of reindeer
in winter amounted to 5.5 Mcal/day. This is far more than the reindeer were
given in this study.

The increased level of plasma urea may be attributed to the utilization of
body protein as energy source. A similar effect of limited energy intake on
plasma urea level has been observed in deer (Teeri et ai. 1958), cattle (Ide et
ai. 1967) and sheep (Leibholz 1970). Acute starvation may also result in
elevated plasma urea values in sheep (Farrel et al. 1972; Harweyer et al.
1973) and in reindeer (Valtonen, unpublished observations). The very high
blood urea levels found in reindeer during gatherings for slaughter (Eriksson
and Valtonen 1974; Hyvärinen et al. 1976) may be traceable to limited
energy intake, as well as the high blood urea values found in reindeer by
Dieterich and Luick (1971). In the present study, two reindeer were experi-
mentally supplied with extra energy during the cold period. The blood urea
values decreased promptly to the level typical of low protein diet with sufficient
energy content. This also indicates that the elevated plasma urea levels were
caused by insufficient access to energy.

The most remarkable finding on the LP —LE diet was that the GFR values
stayed on the same low level as on the LP diet and that they were unaffected
by the evelevated plasma urea concentrations. This support the conclusion
presented in the previous section that the main response of reindeer kidney to
decreased dietary protein intake is the fall in the GFR. This response seems to
be unaffected by the plasma urea concentrations. On the contrary, the per-
centage of filtered urea reabsorbed was decreased to the level typical of reindeer
on FIP diet. This fall in the reabsorption ratio was likely to be related to the
elevated blood urea concentration. These results appear consonant with the
finding of Rabinowitz et al. (1973) that despite of increased plasma urea
cencentrations in starved animals, i.e. sheep on a low protein diet, the GFR
and urea excretion rates remained low.

5. Lichen diet and renal function
Observations

The mean values of the different parameter on lichen diet (Table 6) were
very similar to those on LP —LE diet presented in the previous section. Only
potassium excretion rates were significantly (p < 0.001) lower. Between the
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results obtained on the two lichen diets differing in water content there were
significant differences in potassium excretion, urine osmolality, osmolal
clearance and free water clearance. Ingestion of lichen with 64 per cent moisture
content resulted in urine osmolality below that of plasma and in positive free
water clearance even if the animals had not drunk any water.

Table 6. Mean values (± S.D.) of plasma urea concentrations, urea U/P concentration ratios
and renal parameters for four animals on lichen diet of 64 % moisture content and for two
animals on lichen of 48 % moisture content, n = number of observations.

64 % moisture 48 % moisture All lichen

Plasma urea (mmol/1) 6.6 ± 2.5 8.9 ± 0.8 7.7 ± 2.1
Urea U/P ratio 8 ± 3 * 29 ±l3 19± 14
Urine flow rate (ml/min) 0.79± 0.12 0.70± 0.14 0.71 ± 0.13
Urea clearance (ml/min) 6.4 ± 2.7 * 18.9 ± 6.8 12.6 ± 8.2
Urea excretion (/rmol/min) 46 ±39 * 160 ±6O 106 ±79
Potassium excretion (/rmol/min)

... 3 ±1 *** 84 ±39 55 ±l2
Sodium excretion (/imol/min) 2 ± 1 2 ± 0 2 ± 1
Urine osmolality (mosm/kg Hz O) . 223 ±137 *** 703 ±B4 463 ±277
Osmolal clearance (ml/min) 0.75± 0.45 ** 1.68± 0.23 1.15± 0.66
Free water clearance (rnl/min) 0.16± 0.40 *** —0.961; 0.15 0.41 ± 0.67
n 4 4 8

Significance of differences between means of the two lichen diets: *** p < 0.001, ** p < 0.01,
* p < 0,05.

The functions that affect the quantity of urea excreted were measured only
in the group ingesting lichen with 48 per cent moisture content. The results
are as follows (n a = 2 n = 4):

GFR (ml/min) 37.3± 5.0
Filtered urea (/(mol/min) 328 ±24
Reabsorbed urea (/rmol/min) 148 ±l9
Reabsorbed/filtered (%) 48 ±2l

The rumen ammonia concentrations measured in the group ingesting lichen
with 64 per cent moisture content were 4.31 ± 1.24 mmol/1 (n a = 4 n = 4).

Discussion
The similarity of the results on lichen diet and LP — LE indicates that

reindeer on lichen diet also suffer from incufficient energy supply. Lichen diet
should provide enough energy, since it is rich in easily digestible carbohydrates.
Presumably the intake of lichen in this study was not great enough to maintain
the energy requirements of the animals and they had to use body protein as
source of energy. Freely grazing reindeer are likely to get into the same
situation with similar concequences during heavy winters. Elevated blood
urea concentrations in reindeer during the winter have been reported earlier
(Afanasev 1964; Dieterich and Luick 1971; Eriksson and Valtonen 1974;
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Hyvärinen et ai. 1975). The energy reguirements may be satisfied in reindeer
on lichen diet if the intake is great enough, but in this study the palatability
of lichen seem to have decreased perhaps due to insufficient adaptation of
rumen microbes to lichen diet after previous trials with other rations.

In this study the lichen diet containing 64 per cent moisture resulted in
decreased osmolality and positive free water clearance. The animals were in
fact in water diuresis. Still, the urea clearance and urea excretion rate values
were very low and no »washing out» of urea seem to have occurred, as happens
in sheep during diuresis (Schmidt-Nielsen et al. 1958). The result is in con-
sistency with the previous finding of Valtonen and Eriksson (1977) that
reindeer posses a good ability to excrete surplus water without losing solutes.
Reindeer kidney contains only few long looped nephrons, but according to
Martinez-Maldonado and Opava-stitzer (1978) these structures are not
essential for the maximal generation of free water.

The GFR, measured only in reindeer fed lichen with 48 per cent moisture
content, were on the same low level as on the LP diet. This corroborates the
conclusion in the previous section, that reindeer respond to low protein intake
with a fall in the GFR and the response is independent of blood urea concen-
tration.

The percentage of filtered urea reabsorbed was 48 per cent. This equals the
level in reindeer on the HP diet and on the LP —LE diet. The low reabsorption
percentage was, also in the lichen trials, accompanied by high plasma urea
values. The rumen ammonia concentrations, too, were relatively high con-
sidering the low nitrogen content of the lichen. The results on the LP — LE
diet and the lichen diets suggest that, if reindeer are offered supplemental feed
in the winter, the ration should be abundant with energy, whereas profusion of
nitrogen is not necessary and may be even injurious, because it increases the
need of drinking water.

6. Seasonal changes in renal excretion
Observations

The present experiments showed marked seasonal changes in electrolyte
excretion. Sodium excretion rates were on the HP diet with salt supplement
in the autumn, during October and November, significantly (p < 0.001)
lower than in the winter and spring (Fig. 7). Small decreases in potassium
excretion rates and free water clearances were also observed in the autumn as
compared to values in the spring. However, the changes were not statistically
significant.

In order to get further light on the alterations occurring in the autumn,
the renal excretion rates of urea and electrolytes were followed weekly during
October and November in two females and two males under salt and nitrogen
load (HP diet with salt). A clear-cut decline of sodium and potassium ex-
cretion occurred despite of the load, but the urea excretion rates and the values
of free water clearances were fluctuating (Fig. 8).

In the autumn, in the presence of sodium retention urea excretion is in-
creased. Considering both the values in the autumn and other times of the year



the relationship on the HP diet with salt supplement could be best described

by the equation y = 19.6, r = 0.4961, p < 0.01 (Fig. 9).

The LP diet was not given in the autumn, only in the winter and spring.
However, on this diet significant (p < 0.05) increases in the flow rates and
solute free water clearances were observable during the spring. (Fig. 10).

Fig. 7. Excretion rates of sodium,
potassium and solute-free water,
expressed as free water clearances,
showing means ± S.E.M. of 12
observations for four reindeer on
the HP diet with NaCl during the
reproductive period in the autumn
and 14 observations for six reindeer
during the non-reproductive period,
winter and spring.

Fig. 8. Excretion rates of sodium, potassium and urea and
free water clearances on the HP diet during the mating time
in the autumn, showing the means ± S.E.M. for four reindeer.
Start of NaCl supplement is indicated.
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28665
y= 19.6, r = 0.496.x

Discussion
Marked changes in sodium and potassium excretionrates were seen in animals

of both sexes during the autumn. The retention of electrolytes coincides with
the breeding season of the reindeer which, according to Roine (1974), in Finland
commences in September. Some does may reach heat as late as the end of
November or early December. The reindeer of this study showed signs of heat
at the end of October and during November. The pronounced retention of
electrolytes in the autumn presumably resulted from increased sex steroid
to secretion during the breeding season. Estrogens and testosterone are known
increase the retention of electrolytes and water from the tubules of the kidney
(Katz and Lindheimer 1977). They also promote growth of bones entailing the
deposition of increased amounts of bone matrix with subsequent retention of
calcium and phosphate. Increased retention of electrolytes in the skeleton in
the autumn may be beneficial to reindeer with a winter diet poor in minerals.

No definite retention of water could be observed in the autumn during the
nitrogen and sodium load, however, on the LP diet water excretion was signifi-
cantly higher in the spring than in the winter, making the values of free water
clearances positive. This is consistent with the observation of Cameron and

Fig. 9. Relationship between sodium and urea excretion rates on the
HP diet with NaCl supplement, suggested to be described by the equation

Fig. 10. Flow rates and free water
clearances showing the means ± S.E.M.
of 9 observations in the winter and 11
observations in the spring for four
reindeer on the LP diet.
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Luick (1972) that water flux rates of reindeer decrease in the early winter and
are high late in the spring. They also found higher total body water values
in the winter than in the summer. These changes have been ascribed to dif-
ferences in diet (Luick et al. 1973/74). The results in this study, however,
indicate that the cyclicity of reindeer metabolism may partly be due to
hormonal readjustments accmopanying the breeding season.

McEwan and Whitehead (1970) have noted a marked increase in nitrogen
retention during the rutting time. Androgens are known to have an anabolic
effect, but no clear retention of urea could be demonstrated in the present study.
The strong retention of sodium may have masked it, since there is an interaction
between sodium and urea excretion in the kidney, here described by a hyperbola
(Fig. 9). Supposedly on the HP diet without salt the nitrogen retention
would have been demonstrable.

V General evaluation of urea conservation
In this study blood urea concentrations reflected the alterations in di-

etary protein intake when the energy intake was sufficient, but when the
energy requirement was increased, the blood urea values on the low protein
diet rose as a consequence of increased protein catabolism. Definite renal
conservation of urea was demonstrable in either cases on restricted protein
intake. It is now justified to verify the relationship between blood urea con-
centrations and the renal parameters in the whole material.

The urea excretion rates and urea clearances were positively related to
plasma urea concentrations. Still, these parameters were lower on the lichen
and LP — LE diets than on the HP diet, although the plasma urea concentra-
tions had increased (Fig. 11 and 12). The fraction of filtered urea reabsorbed

Fig. 11. Relationship between urea excretion rates and plasma urea
concentrations on high protein (HP), low protein (LP), low protein low
energy (LP—LE) and lichen diets the regression equation is
y = 49.87 x - 122.22 and r= 0,871.
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had decreased when plasma urea concentrations rose, but the GFR stayed
low. The GFR, which was significantly higher on the HP diet than on the
LP diet (Fig. 13), seems to be independent of plasma urea concentrations, but
is in some way regulated by the intake of dietary protein. On the contrary, the
percentage of reabsorbed urea is negatively correlated to plasma urea and to
urea U/P ratios (Fig. 14 and 15).

Fig. 12. Relationship between plasma urea concentrations and urea
clearances on HP, LP, LP —LE and lichen diets. The regression
equation is y = 3.473 x 0.905 and r = 0.696. Diets marked as
in Fig. 11.

Fig. 13. GFR plotted as a function of plasma urea concentrations
on HP, LP, LP —LE and lichen diets. Diets marked as in Fig. 11.
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There is abundant evidence of the fall of the GFR in ruminants on decreased
dietary protein intake (Gans and Mercer 1962; Mclntyre and Williams
1970; Ide 1971; Rabinowitz et al. 1973; Phillips et al. 1974; Ergene and
Pickering 1978 b). Still, it has not been generally accepted as a definite

Fig. 14. Relationship between the percentages of filtered urea
reabsorbed and plasma urea concentrations on HP, LP, LP—LE
and lichen diets. The regression equation is y = —3.825 x + 89.2
and r= —0.708. Diets marked as in Fig. 11.

Fig. 15. Relationship between the percentages of filtered urea
reabsorbed and urea urine to plasma (U/P) concentration ratios on HP,
LP, LP— LE and lichen diets. The regression equation is y = —1.724
x + 86.9 and r= —0.747. Diets marked as in Fig, 11.
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renal response to protein restriction, nor has its significance to urea conser-
vation been considered.

Renal plasma flow (RPF) that has been noted to decrease on low protein
diet in sheep accompaning the decrease of the GFR (Gans and Mercer, 1962;
Rabinowitz et al. 1973; Ergene and Pickering 1978 b), was not measured
in the present study. The changes in the GFR are presumably associated with
changes in the RPF, but the relation is not unconditional since, according to
the study of Ergene and Pickering (1978 b), an elevated intake of sodium
chloride on low protein diet may increase the RPF without affecting the GFR.

The mechanism whereby a change in dietary protein intake brings about
the changes in renal function has received little attention. In thi present work
the changes in the GFR were independent of plasma urea concentrations.
Similar conclusions can be drawn from studies on dogs, whose GFR can be
increased by feeding meat (Shannon et al. 1932). O’Connor and Summerhill
(1976 a, b) observed that an increase in the GFR caused by a protein rich
meal could not be reproduced with urea given by stomach tube. On the other
hand, a four-hour intravenous infusion of urea in sheep failed to influence the
GFR on low protein diet (Ergene and Pickering, 1978 a). Instead, it was
suggested that changes in the GFR are associated with changes in the quantity
of protein passing to the abomasum and small intestine. Rabinowitz at al.
(1913) have discussed the possible effect of plasma levels of amino acids on
kidney metabolism, but further work is required to clarify how the changes in
the GFR are brought about.

The increased reabsorption of urea in ruminants and even other mammals
has encouraged Schmidt-Nielsen and collaborators to profuse work in order
to evince an active component in the urea transport in collecting ducts (Schmidt-
Nielsen et al. 1958; Murdough et al. 1958; Truniger and Schmidt-Nielsen
1964; Ullarich et al. 1967). Increased permeability of collecting ducts on

low protein diet has been suggested by Rabinowitz et al. (1973) and active
transport of urea by the thick ascending portion of Henle’s loop by Cans (1976).
However, although micropuncture studies point to the collecting duct as the
locus of the increased reabsorption on low protein diets (Joppich and Deetjen
1971), no definite proof of active urea transport in renal tubules has been

found. The result of the present work that the urea reabsorption decreased
along with the increase of plasma urea concentrations is compatible with the
passive movement of urea, even when the urea U/P ratios decreased on the
low protein diet.

The recycling of endogenous urea to rumen is of great importance in ru-
minants, since rumen microbes use ammonia as the primary nitrogenous nu-
trient for growth and protein synthesis. Cocimano and Leng (1967) have
shown that sheep on low protein intake degraded a greater percentage of the
endogenous urea than animals on high protein diet. Thus quantities of urea
nitrogen returned to the rumen are especially significant in the nitrogen economy
of animals fed low protein diets (Houpt 1970). In the present study, there
was a highly significant correlation of plasma urea and rumen ammonia con-
centrations indicating that plasma urea is readily returned to the rumen (Fig.
16). Observations of Hobson (1970) of rumen ammonia in reindeer and Wales
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et al. (1972) of urea transferance between plasma and rumen in reindeer,
cattle and sheep, suggest that reindeer may have a greater potential to recycle
urea than do the typical domestic species of ruminants. The results of the
present work indicate that also the capacity to conserve urea is very effective
in reindeer. Restriction of urinary losses of urea, which is brought about by
the reduction of GFR together with an increase in urea reabsorption, markedly
contributes to the nitrogen economy of reindeer.
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Rehun raakavalkuais- ja suolapitoisuuden vaikutus poron munuaistoimintaan

Maija Valtonen
Eläinlääketieteellinen korkeakoulu, fysiologian laitos ja Helsingin yliopisto, eläinlääketieteen laitos

Poron elinympäristön olosuhteet vaihtelevat huomattavasti vuodenaikojen mukaan. Kesän
aikana poro saa riittävästi täysipainoista ravintoa, jonka energia- ja valkuaispitoisuus tyydyt-
tää eläimen tarpeet. Talvella poro joutuu turvautumaan pääasiassa jäkälään. Jäkälä sisältää
runsaasti energiaa, mutta sen valkuais- ja kivennäispitoisuus on erittäin alhainen. Talven
aikana poron elimistö joutuu säästämään typpeä ja suoloja vähentämällä niiden eritystä
virtsaan.

Tässä tutkimuksessa on selvitetty poron munuaisen toimintaa ja kykyä säästää typellisiä
aineita ja suoloja runsaalla ja niukalla valkuaisruokinnalla suolan (NaCl) saannin vaihdellessa.
Tutkimuksessa käytettiin yhteensä kymmentä poroa. Runsaalla valkuaisruokinnalla (17 %

rv/ka) suoritettiin kaikkiaan 46 yksittäistä munuaisen toimintakoetta ja niukalla valkuais-
ruokinnalla (3—4 % rv/ka) 43 koetta. Jäkäläruokinnalla tehtiin kahdeksan koetta. Kokeissa
määritettiin veren ureapitoisuus, virtsan urean ja elektrolyyttien (Na, K) eritys, veden eritys
sekä munuaiskerästen suodattamisnopeus. Lisäksi laskettiin suodattuneen, erittyneen ja
takaisinimeytyneen urean määrä.

Runsaalla valkuaisruokinnalla veren ureapitoisuus oli korkea (keskimäärin 11 mmol/1.)
Myös urean eritys virtsaan oli runsasta (keskimäärin 478 jmol/min). Lisäksi virtsan eritys-
nopeus kasvoi. Munuaiskerästen suodattamisnopeus oli suuri, urean takaisinimeytyminen mu-
nuaistiehyeistä oli puolestaan vähäistä. Niukalla valkuaisruokinnalla plasman ureapitoisuus
laski keskimäärin arvoon 3 mmol/1. Samalla virtsan eritysnopeus ja ureapitoisuus vähenivät
huomattavasti. Munuaiskerästen suodattamisnopeus laski noin kolmanteen osaan ja suodattu-
neen urean määrä kymmenenteen osaa verrattuna runsaaseen valkuaisruokintaan. Urean
takairinimeytyminen lisääntyi voimakkaasti ollen noin 90 % suodattuneesta määrästä. Suo-
dattamisnopeuden pieneneminen oli kuitenkin merkittävin muutos munuaistoiminnassa urean
erityksen vähentämiseksi'

Suolan lisääminen rehuun aiheutti natriumin erityksen ja virtsan osmoottisen väkevyyden
nousun. Runsaalla valkuaisruokinnalla lisääntyneeseen natriumeritykseen liittyi urean erityk-
sen väheneminen. Tämä vuorovaikutus ilmeni erityisen selvästi syksyllä kiima-aikana, jolloin
elektrolyyttien ja veden erittyminen väheni palautuen ruokinnan edellyttämälle tasolle vasta
kiima-ajan loputtua.

Porot joivat vettä keskimäärin 2.7 1/vrk niukalla valkuaisruokinnalla. Runsaalla valkuais-
ruokinnalla juomaveden kulutus kasvoi kaksinkertaiseksi ollen keskimäärin 5.7 1/vrk. Poron
munuainen poikkeaa lehmän ja lampaan munuaisesta siinä, että sen ydinkerros on matala ja
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virtsan väkevöimiskyky heikko. Näinollen porot joutuvat runsaalla valkuaisruokinnalla juo-
maan huomattavasti enemmän voidakseen erittää ylimääräisen typen virtsaan. Sensijaan päi-
vittäinen suolalisäys (6 —lO g) ei vaikuttanut veden kulutukseen merkitsevästi. Suolalisäys ei
myöskään vaikuttanut munuaiskerästen suodattamisnopeuteen.

Talvella tarhassa ulkolämpötilan laskiessa alle kymmenen pakkasasteen rehun energia-
määrä niukalla valkuaisruokinnalla ei täyttänyt ylläpitotarvetta, vaan porot laihtuivat. Elimis-
tön valkuaisaineiden käyttöä energiatarpeen tyydyttämiseksi seurasi veren ureapitoisuuden
nousu. Samalla myös virtsan ureapitoisuus kasvoi. Munuaiskerästen suodattamisnopeus
pysyi kuitenkin alhaisella tasolla vähentäen urean menetystä virtsaan. Suodattamisnopeus ei
ilmeisesti ole riippuvainen veren ureapitoisuudesta, vaan seuraa ruokinnan valkuaispitoisuutta.
Sensijaan urean takaisinimeytyminen väheni veren ureapitoisuuden noustessa. Tämä tukee
teoriaa urean passiivisesta siirtymisestä konsentraatioeron mukaisesti myös märehtijöiden
munuaisessa.

Jäkäläruokinnalla porojen rehun syöntimäärä ei myöskään riittänyt täyttämään ylläpito-
energian tarvetta, vaan porot laihtuivat ja veren ureapitoisuus nousi. Urean eritysnopeus virt-
saan pysyi kuitenkin alhaisena, koska munuaiskerästen suodattamisnopeus ei noussut. Jäkä-
län suhteellisen suuri vesipitoisuus (48 —64 %) lisäsi veden eritystä. Tämä ei kuitenkaan ai-
heuttanut suolojen eikä urean lisääntynyttä menetystä virtsaan.

Pötsinesteen ammoniakkipitoisuus oli merkitsevästi (p < 0.001) riippuvainen veren urea-
pitoisuudesta. Tämä osoittaa poron veren kulkeutuvan pötsiin varsin helposti. Urean erityksen
väheneminen rehun valkuaispitoisuuden laskiessa on tärkeää märehtijän typpitaloudelle.

Poron munuainen on tässä tutkimuksessa osoittautunut heikosta virtsan väkevöimiskyvys-
tään huolimatta tehokkaaksi säästämään ureaa. Valkuaisen saannin ollessa niukkaa suodattu-
minen vähenee munuaisessa. Lisäksi urean takaisinimeytyminen lisääntyy, jos energian saanti
on riittävää ja veren ureapitoisuus pysyy alhaisena.


