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Measurements of the concentration of osmoti-
cally active solutes in the urine of dehydrated in-
fants have demonstrated a gradual increase from
birth through the first weeks of life, with adult
levels being attained only after several months
(1-13).

The minimal response noted in infants to ad-
ministration of vasopressin has led many ob-
servers (2, 5, 8, 11, 12) to the conclusion that
due to immaturity the renal tubules are relatively
insensitive to antidiuretic hormone (ADH).
However, failure to observe a decrease in rate
of urine flow or an increase in urine osmolality
in response to vasopressin cannot be interpreted
simply as resistance to the hormone per se, since
other aspects of the concentrating mechanism,
quite distinct from the role of ADH (14-16),
must also be taken into consideration. These in-
clude the concentration of sodium in renal tissue
along an osmotic gradient from cortex to medulla
by active sodium transport in Henle's loop, and
maintenance of this gradient, despite the medullary
blood flow, through the orientation of the postglo-
merular capillaries which perform as countercur-
rent exchangers.

The length of the loop of Henle in its function
as a countercurrent multiplier is of considerable
importance. The length of this segment in vari-
ous species correlates well with maximal concen-
trating performance. It is short in early infancy
and increases in length with advancing age (17).

The special role of urea in the concentrating
process has been emphasized by Berliner, Levin-
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sky, Davidson and Eden (14) and by Schmidt-
Nielsen and O'Dell (18, 19). Protein or urea
added to the diet of adults has been shown by Ep-
stein, Kleeman, Pursel and Hendrikx (20) to
produce a significant increase in maximal urine
osmolality at low rates of urine flow during hy-
dropenia and in the maximal rate of reabsorption
of free water (TmCH11O) during mannitol diuresis.
In rats fed urea, Crawford, Doyle and Probst (21)
have demonstrated production of smaller daily
urine volumes and higher concentrations of both
urea and nonurea solutes than in rats treated simi-
larly but not fed urea.

In observations in adults, Epstein and associates
(22) and De Wardener and Herxheimer (23)
have shown that the response to dehydration and
vasopressin administration, as measured by maxi-
mal urine osmolality, decreases markedly follow-
ing several days of forced drinking.

In the present investigation the effects of vari-
ous levels of intake of protein, urea, sodium chlo-
ride, and water on the concentrating mechanism
of young full-term and prematurely born infants
were examined.

METHODS

Observations were made on full-term and prematurely
born infants whose ages and weights are indicated in
Table I.

Dietary loading. Paired observations, separated gen-
erally by 5 to 10 days, were made on each infant. For
3 to 7 days prior to each observation the infants were
maintained on isocaloric diets, as specified in Table I.

In Group I, the diet was varied to provide a high
protein intake in a low volume prior to the first observa-
tion, and a low protein intake in a high volume prior
to the second. The diet of Group 2 was of constant vol-
ume but provided a high intake of protein prior to the
first observation and a low intake prior to the second.
Two infants (Group 2A) were observed while on uni-
form diets except for the addition of a daily supplement
of urea or sodium chloride prior to the first observation.
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TABLE I

Concentrating performance at low and high rates of urine flow

Observations during unmodified
hydropenia

Daily dietary intake Serum Urine Observations during
L.v. infusion

Birth Pro- Vol- Supplementary Uosm
Subject wt. Age Weight tein ume urea or NaCl Posm* Urea N V Total Urea CIn CPAHTmsH2o

8 days g g/kg ml/kg
Group 1

Gi 9 1,740 29
38

Be c' 1,640 13
20

As 9 2,800 25
32

St 9 2,800 21
28

Group 2
He 9 3,100 7

14

Wh c' 1,980 11
21

Ca ci 1,980 11
22

Or c' 3,000 16
23

25
Mo ci 3,620 32

39

Group 2A
Ri 9 2,060 9

14

Pe 9 2,260 9
12

Group 3
Ha c' 2,140 12

19

Wr 9 2,560 6
13

Ma c' 3,240 20
27

Sc ci 1,960 13
20

Bo 9 1,900 24
17

2,100
2,310

1,740
1,980

2,880
3,170

2,900
3,200

2,900
2,960

2,000
2,160

1,840
2,090

2,980
3,180

3,960
4,260
4,440

1,840
1,960

2,220
2,180

1,880
2,000

2,440
2,540

3,510
3,650

1,970
1,970

2,240
1,980

mOsml mg/ ml/min/
kg 100 ml 1.73 m2

8.3 106
2.5 241

8.6 114
2.4 209

9.2 121
2.2 213

8.9 117
2.2 205

318 17.5
315 13.0

308 23.0
313 6.0

310 45.0
350 9.0

360 30.0
319 8.5

8.1 161
2.2 150

9.0 178
2.4 164

9.0 180
2.5 175

9.1 181
2.4 167

8.0 159
2.6 165
2.5 165

2.6 180
2.6 180

2.3 160
2.3 160

Urea, 2.21 g/kg
None

NaCl, 250 mg/kg
None

4.0 117
3.9 200

4.2 132
3.8 226

4.4 127
4.2 237

4.3 124
3.8 215

7.5 123
7.5 214

340 17.8
302 9.8

312 35.0
310 8.0

308 30.0
295 7.0

318 19.5
308 10.0

325 30.0
300 12.0

325
323

312
330

300
310

321
290

300
312

320
297

319
340

34.5
10.0

11.0
9.4

19.3
17.0

19.2
12.0

19.0
20.0

17.0
13.8

32.0
34.0

0.540
1.13

0.297
0.396

0.533
0.516

0.688
0.373

0.444
0.250

0.411
0.197

0.193

0.564
0.748

0.534
0.380

0.327
0.166

0.473
0.293

0.113
0.184

0.314
0.357

0.492
0.564

0.290
0.476

0.293
0.355

940 303 60.4
425 15 51.4

857 326
508 17

993 214 47.5
690 56 60.4

933 197 49.9
661 71 53.2

834 298 58.4
622 97 59.2

707 336 41.0
560 71 33.9

712 336
580 54

827 338 44.1
690 120 46.5

1,139 484 56.6
834 158

57.9

825 425 31.3
730 40 27.5

616 69
931 124

615 86
573 183

825 338 52.2
745 223 53.8

864 330
808 376

657 178 20.9
527 191 28.3

670 263 53.7
595 296 54.0

mOsm/kg ml/min/1.73 m2

194 4.4
193 0.0

4.2
177 2.0

223 5.2
248 3.3

161 4.2
117 2.8

93 1.9
104 1.2

202
189

174

203

4.4

3.6

82
108

130 4.6
197 2.7

71 1.6
88 1.0

197 3.4
186 2.3

* Several values for P.. are unexpectedly high. Although these values generally were associated with elevated serum
electrolyte concentrations, later observations following the same degree of water deprivation failed to yield similarly
elevated values, suggesting a methodological error. However, assuming such error, only slight and insignificant differ-
ences would result in derived data and therefore the figures for serum osmolality were used as shown.
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GROUPI
High Protein Low Protein
Low Volume High \blume

GROUP2 GROUP3
High Protein Low Protein Low Volume High Volume

FIG. 1. EFFECT OF DIETARY PROTEIN AND WATERCONTENTON MAXIMAL URINARY OSMOLALITY

MEASUREDDURING HYDROPENIA.

The diet of Group 3 was constant except for water con-
tent, providing a low volume prior to the first and high
volume prior to the second observation.

The observations were arranged so that any increase
in concentrating performance that might result from
greater maturity with increasing age would be opposite
to the effect expected from the particular diet. The
infants were thirsted and fasted uniformly for 12 to 14
hours prior to each observation.

For the determination of maximal concentrating per-
formance at low rates of urine flow, several timed urine
specimens were obtained at the beginning of each ob-
servation, the infants being disturbed as little as possible.
In order to obviate the introduction of a painful stimulus,
which has been shown in infants to influence both glo-

merular filtration rate (GFR) and ADH release, vaso-
pressin was not administered during the initial observa-
tion periods. However, it has been demonstrated re-
peatedly that vasopressin does not augment the maximal
ADH effect resulting from dehydration. Following the
initial collection periods, a majority of subjects was
given a saline infusion and priming injection containing
inulin, para-aminohippurate (PAH), and vasopressin.
The priming dose of vasopressin was 50 mUper in2, the
sustaining dose 0.75 mUper minute per m2. All fluids
were infused at a constant rate of 10 to 12 ml per minute
per 1.73 m2. After equilibration and 2 to 4 additional
collection periods, mannitol was added to the infusion
in a concentration of 10 per cent and collections were
continued until the rate of urine flow reached a plateau.

GROUPI
High Protein Low Protein
Low Volume High Volume

2,2k

GROUP2

High Protein Low Protein

GROUP3

Low \blume High \klume

FIG. 2. EFFECT OF DIETARY PROTEIN AND WATERCONTENTON MAXIMAL U/P OSMOLALRATIO
MEASUREDDURING HYDROPENIA.
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GROUP1
High Protein Low Protein
Low Volume High Volume

GROUP2

High Protein Low Protein

GROUP3

Low Volume High Volume

FIG. 3. EFFECT OF DIETARY PROTEIN AND WATERCONTENTON TMCH20 MEASUREDDURING MAN-

NITOL DIURESIS AND VASOPRESSINADMINISTRATION.

Acute loading. Several unpaired observations were

carried out on infants maintained on a diet providing 2.3
to 2.6 g of protein per kg per day and 160 to 180 ml per

kg per day. These observations likewise were preceded
by a period of 12 to 14 hours of complete thirsting and
fasting. After several hours of baseline observation, urea

was administered through a stomach tube and additional
urine samples were collected for 2 to 3 hours.

The osmolality of urine and serum was determined by
measurement of the freezing point depression, using a

Fiske osmometer with a semi-micro adapter. Urea ni-
trogen was determined by a modification of the methods
of Friedman (24), Marsh, Fingerhut and Kirsch (25),
and Natelson (26); inulin was determined by a modi-

fication of the method of Schreiner (27); and PAHby a

modification of the method of Smith and co-workers
(28).

RESULTS

Group 1: High protein, low volume diets and
low protein, high volume diets (Figures 1, 2 and
3, Tables I-1 and II-1). Following water depriva-
tion, significantly greater values for maximal urine
osmolality, maximal urine-plasma (U/P) osmolal
ratio, and TmCH2o were observed in each infant
following ingestion of the high protein, low volume

TABLE II

Statistical analysis of derived data

Serum Uosm UosmV
urea

Group Diet nitrogen V Total Urea Total Urea CGOSM T eHC Tm'H20

mg/ ml/min
100 ml 1.73 m2 mOsm/kg MOsm/min/1.73 m2 ml/min/1.73 m2

High protein,
low volume 28.9 0.514 931 260 485 128 1.48 0.96 4.60

1
Low protein,

high volume 9.1 0.604 571 40 321 19 0.99 0.38 1.77
P* 0.05 0.7 <0.01 0.02 0.1-0.2 <0.01 0.1 0.01 0.05-0.1

High protein 26.5 0.488 844 358 434 180 1.34 0.85 3.50
2

Low protein 9.4 0.394 657 100 275 47 0.90 0.51 2.52
p 0.01 0.4 <0.01 <0.001 0.10 0.01 0.1-0.2 0.05-0.1 0.05

Low volume 21.3 0.300 726 239 228 81 0.73 0.43 3.2
3

High volume 21.4 0.387 650 254 258 104 0.84 0.45 2.0
p 1.0 0.02-0.05 <0.01 0.7 0.02-0.05 0.10-0.20 0.05-0.1 0.5 0.05-0.1

* Student's t test for paired data (29).

TmCH20
ml./min/

L73 M2

0
0

0

0~~~~~~

0

0
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diets. The concentration of blood urea nitrogen
and the rates of excretion of osmotically active
solutes were greater dutring observations follow-
ing ingestioln of the hiigh protein (liets, altlhougl
the (liffereuices ol)servedl in rates of total solute
excretioni are of (questioniable significance.

Group 2: High protein and low protein diets
(Figures 1, 2 and 3, Tables 1-2 and II-2). Re-
sults in these infants were similar to those in the
first group. Values for maximal urine osmolality,
maximal U/P osmolal ratio, and Tmcu9o were
consistently greater during hydropenia in infants
given high protein feeding. In one 25 day old
infant, the concentration of osmotically active uri-
nary solutes was as high as 1,139 mOsmper kg.
The decrease in maximal urine osmolality ob-
served after low protein feeding paralleled the
decrease in urine urea content.

Group 2A: Effect of adding urea or sodilun
chloride to the diet (Table I-2A). In one pre-
mature infant, the addition of urea to the diet, in
an amount calculated to provide a rate of urea ex-
cretion comparable to that observed during high
protein feeding, resulted in changes in concen-
trating performance similar to those observed fol-
lowing diets of high protein. As in the first and
second group of infants, the rate of excretion of
urea, the blood urea nitrogen concentration, and
the urine urea nitrogen concentration were greater
following ingestion of the diet with urea supple-
ment.

The addition of sodium chloride to a basal diet
in place of urea as a solute load was studied in one
infant. Rates of excretion of total and nonurea
solute were greater following sodium chloride sup-
plementation, although the increases were slight
and not as great as those after urea supplementa-
tion. However, maximal urine osmolality and
U/P osmolal ratio were lower following ingestion
of the diet with added salt.

Effect of acute urea loading (Figure 4). Ad-
ministration of urea, in amounts ranging from 50
to 300 mg per kg body weight, resulted in three
types of response; representative observations are
diagrammed in Figure 4. Following small urea
loads, no change was noted in urine volume or
osmolality. In the majority of infants, striking
and proportional increases in both rates of urine
flow and rates of solute excretion were observed,
but with no changes in the concentration of total

IUrea
0.8 j 300mgi kg- 0

0.6 600
0.4 _400
0.2 2 0 0

0.

ml /min /
1.73 M2°

__._ 0.

0.8

0.4

0.2

2 3 4 5 6
HOURS

Uosm
-800 mOsm/
600 kg H20
400

200 UosmV
0 mOsm/min /

1.73 M2
nUREA

-600 NON-UREA
-400 EISOLUTES
200
0

7

FIG. 4. EFFECT OF ACUTE UREA LOADING ON RATE OF
URINE FLOW, RATES OF EXCRETION OF TOTAL, UREA, AND

NONUREASOLUTE, AND CONCENTRATIONOF URINARY OS-
MOTICALLY ACTIVE SOLUTE.

urinary solute. Nevertheless, these infants did
demonstrate an increase in the ratio of urea to
nonurea solute. In several infants, increases in
both rates of urine flow and of solute excretion
were noted, accompanied by an increase in con-
centration of total urinary solutes. Increases in
rates of solute excretion with urea loading were
found to be the result primarily of increases in
rates of turea excretion, since the increase in urine
osmolality was almost exclusively in the urea
fraction.

Group 3: Low volumine and high volumne diets
(Figures 1, 2 and 3, Tables I-3 and II-3). Values
observed for maximal urine osmolality, maximal
U/P osiimolal ratio, and Tm0ine,0 were greater fol-
lowing feeding of low volume diets. In contrast
with the other groups, these findings were accomii-
panied by significantly lower rates of urine flow.
The greater concentrations of osmotically active
solutes in the urine were accompanied by de-
creased rates of total solute excretion and osmolal
clearance, with no change in the rates of excretion
of urea.

DISCUSSION

Current evidence suggests that the action of
the antidiuretic hormone is to increase the perme-
ability of certain segments of the renal tubule to

Urea
.8 200mg/kg -

.6
A_-'*s
4.2'*~* -
.2 *..e...-lo"
(I

I Urea
50mg/kg
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water and that urine hypertonic to plasma is pro-

duced by the abstraction of water from an isotonic
precursor (14). During hydropenia, with mini-
mal rates of urine flow, only very small volumes
of osmotically free water must be reabsorbed at
the concentrating- site to produce urine several
times hypertonic to plasma. Theoretically, reab-
sorption in the collecting tubule of only 2 ml of
water per minute per 1.73 m2, concomitant with a

rate of urine flow of 0.5 ml per minute per 1.73 m2,
would permit formation of urine with a solute
concentration of 1,500 mOsmper kg. Measure-
ments in infants of the rate of reabsorption of os-

motically free water during mannitol diuresis
(Table I) yield values as high as 3 to 4 ml per

minute per 1.73 m2, indicating that in infants, as

in adults, the factor limiting maximal urinary
osmolality at low rates of urine flow is not the
maximal rate at which tubular water can be re-

absorbed. Thus it would appear that the fail-
ure of the young infant to achieve levels of urinary
osmolality observed in the adult during prolonged
dehydration is not due to inadequate permeability
of the tubule to water in response to ADH. This
suggests the possibility that differences may exist
between infants and adults in the mechanisms re-

sponsible for the production of an area of hyper-
tonicity around the collecting tubule.

The usual dietary intake of protein in infants is
relatively high when compared with adults on the
basis of body weight but is approximately the same

when compared on the basis of surface area. It
is not possible to establish a physiological standard
of reference for such comparisons (30). How-
ever, independent of standards of reference, the
infant excretes a considerably smaller percentage
of the nitrogen of his diet than does the adult, due
to a strongly anabolic state. In addition, in the
very young infant the percentage of total nitrogen
excreted as urea is lower than in the adult, due
mainly to excretion of a larger proportion of ni-
trogen in the form of amino acids and ammonia
(31, 32).

In the present observations, infants fed high
protein diets demonstrated a consistently increased
concentrating performance following water depri-
vation when compared withl infants fed low pro-

tein diets. These findings in infants are in agree-

ment with those reported in adults by Epstein and
co-workers (20). In Group 2, values for Posm

were consistently greater following high protein
intake, suggesting that the higher values for uri-
nary osmolality observed may have resulted in
part from a greater degree of dehydration or ADH
release. As discussed earlier, however, it is be-
lieved that the experimental conditions resulted
in all instances in maximal ADH release; analy-
sis of body weight loss following dehydration in-
dicated no differences with the various dietary
regimens. Measurement of the osmotically active
constituents of the urine, separated into urea and
nonurea solute, showed that the decrease in urine
osmolality from the first to the second observation
was due primarily to a decrease in concentration
of urea, resulting from a decrease in the rate of
urea excretion, with no major change in concen-
tration of nonurea solutes. The decrease in rate
of urea excretion was due principally to the de-
creased concentration of blood urea nitrogen,
rather than to changes in GFR or in rates of
urea clearance, although decreases in the latter
associated with lower rates of urine flow were
observed in the second group of infants with low
protein feeding.

Osmolal clearances were greater during the ob-
servations preceded by high protein feeding. De-
spite this presumably greater volume of isotonic
fluid delivered to the concentrating site and the
increased solute load, urine osmolality and urine
U/P osmolal ratio were increased, suggesting
(33) an enhanced rate of reabsorption of water
in the collecting tubule (TCH2o). Addition of
urea to the diet, in place of protein, resulted in
similar findings, indicating further that the in-
creased concentrating performance observed fol-
lowing high protein feeding most likely resulted
simply from the provision of additional urea for
excretion.

When sodium chloride was added to the diet
for several days as an osmotic load in place of
increased protein or urea, the osmolal clearance
was greater than that on the same diet without
added salt. However, the maximal urinary os-
molality and the U/P osmolal ratio in response to
dehydration were decreased.

Thus the unique action of urea as a urinary
solute, originally suggested by Gamble and associ-
ates (34, 35) and recently confirmed by Craw-
ford and co-workers (21) and others (19, 20,
36-38) can be demonstrated in infants.
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Epstein and co-workers (20) found in adults
that acute urea loading had no effect on maximal
urine osmolality or Tmce2O and concluded that the
effect of chronic administration of protein or urea
was achieved by promoting an adaptive response
by the renal tubules. In the present study similar
results were obtained in infants given low or in-
termediate urea loads. However, these data are
interpreted as showing that the effect of urea can
be demonstrated not only after chronic adminis-
tration but also with acute loading, since it would
be expected a priori that the osmotic diuresis re-
sulting from acute urea loading would be accom-
panied by a decrease in urinary osmolality (33),
which did not occur. The demonstration in sev-
eral infants of unchanged urine osmolality follow-
ing urea loading, despite increased rates of solute
excretion and urine flow, indicates an enhanced
rate of reabsorption of water in the concentrating
site. Furthermore, in three subjects an increase
in urine osmolality following urea loading was
observed, as recently reported in adults by Le-
vinsky and Berliner (39), adding to the evidence
supporting the unique role of urea.

The feeding schedule of the young infant, pro-
viding nourishment every 3 to 4 hours during the
newborn, period and allowing neither fasting nor
thirsting for a period of more than 6 to 8 hours
during the remainder of early infancy, contrasts
markedly with the feeding schedule of the adult,
in which complete thirsting and fasting commonly
occur for 12 or more hours each day. The daily
intake of fluid and the rate of turnover of body
water is large in the infant when compared with
the adult. In the present investigation the im-
portance of fluid intake on the urinary concentrat-
ing performance in infants was demonstrated.
Lower rates of urine flow and higher values for
urinary osmolality were observed during dehydra-
tion following diets of low volume, similar to the
findings previously reported in adults (22, 23).

Following ingestion of low volume diets, rates
of osmolal clearance and of excretion of total os-

motically active solutes, measured during hydro-
penia, were less than those after ingestion of high
volume diets. Values for TCH,O were not differ-
ent in infants previously fed low or high volume
diets, suggesting that the smaller urine volumes
noted after low volume diets might represent the
net effect of reabsorption of a constant volume

of osmotically free water from a smaller volume
of isotonic precursor fluid in the collecting tubule.

SUMMARYAND CONCLUSIONS

1. Observations were made of the effects of
various levels of intake of protein, urea, sodium
chloride, and water on the concentrating mecha-
nism of young full-term and prematurely born
infants.

2. In terms of current concepts of renal con-
centrating mechanisms, the failure of the young
infant consistently to produce urine as hypertonic
to plasma as that seen in the adult appears to be
explained best, not by differences in tubular per-
meability to water in response to antidiuretic hor-
mone, but rather through differences in diet and
metabolism of protein, and most likely through
differences in other mechanisms involved in the
production of an area of interstitial hypertonicity
around the collecting tubule.

3. The young infant normally receives a diet
high in protein content. However, by virtue of
his strongly anabolic state, as well as the form
utilized for urinary nitrogen, little urea is available
for excretion. High protein intake, or supple-
mentation of the diet with urea, provides a sig-
nificantly increased amount of urea for excretion,
and results during hydropenia in a greatly in-
creased urinary osmolality and urine urea con-
centration.

4. The usual infant diet provides a large intake
of water. Ingestion of a diet with low water con-
tent results in increased urinary osmolality in
response to dehydration.

5. Values for net reabsorption of osmotically
free water in infants approach those seen in
adults, indicating no difference in the effect ot
antidiuretic hormone on the permeability of the
collecting tubule to water.
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