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Neurobehavioral manifestations characterize early uremia. As renal failure
progresses, such subtle disorders as decreased ability to focus attention,
diminished attention span, speaking in shorter sentences and deficient
performance of mental arithmetic regularly precede the conventional neurologic, pulmonary, cutaneous, gastrointestinal, hematologic and skeletal
manifestations of the more florid uremic state [ 1 - 6 ] .
The central problem confronting all investigations of the pathogenesis
of uremia is to construct a test system which is at once quantitatively
objective and relevant to uremia. The issue of relevance is further complicated by the fact that uremia is conventionally identified as a form of
abnormal, whole organism behavior, i.e., as a clinical illness.
Prophylactic or maintenance dialysis technics prevent or correct the
early neurobehaviora changes of uremia in patients with either acute or
chronic renal failure [7,8] whereas they are much less successful in
modifying the later findings [ 9 ] . This suggests that chemical changes
which are corrected by dialysis procedures somehow cause these early
uremic symptoms. However chemical changes and clinical findings are
often dissociated in patients with renal failure [ 1 0 - 1 3 ] . These observations have provided new incentives, and perhaps practical means, to distinguish between the alternatives (1) that uremia is caused by commonly
measured chemical changes, i.e. the effects on cells and organs of
abnormal extracellular concentrations of the principal electrolytes, urea,
creatinine or urate, for example, or (2) that uremia is due to as yet
unknown toxic substances which are eliminated in the dialysate [ 1 4 ] .
Since the signal descriptions of Bright I15] the cause of the uremic
syndrome has been sought at all levels Of biological organization, i.e..
at the level of biochemica analyses and in the measurable function of
enzymes cells, tissues, organ systems and whole organisms. Findings
since publication of the encyclopedic discussion by Schreiner and Maher
in 1961 [11 may be summarized as follows.
BIOCHEMICAL ANALYSES
Although this discussion will not rehearse the conflicting evidence regarding the toxicity of urea in uremia, attention has been refocused by Gilboe
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and Javid [16] on nonenzymatic conversion of urea to
cyanate in aqueous solutions, on the potential of both
substances as protein denaturants and on a demonstration that (compared to dialyzed controls) "uremic" symptoms and death were accelerated when either substance
(in 1 per cent and 0.015 per cent concentrations, respectively) was added to peritoneal dialysates used to
maintain bilaterally nephrectomized dogs. However, if the
chemical equilibrium between urea and cyanate obtains
in vivo, cyanate cannot logically be incriminated in those
situations in which blood urea levels are elevated while
symptoms are minimal.
Increased concentrations of other nitrogenous substances have been demonstrated in uremic plasma or
dialysate by newer methods. These include certain free
amino acids [ 1 7 - 2 1 ] , other organic acids [22,23], aliphatic amines (especially dimethylamine and ethanolamine) [24], aromatic amines [25], phenols and their
derivatives [18,26,27], indoles [18,28], guanidine derivatives [29], amino acid conjugates [19,30] and small
peptides having a molecular weight less than 4,000 [19].
Hicks et al. [18] tabulate 94 different specific com.
pounds and indicate some evidence for nearly 200.
SUBCELLULAR FUNCTIONS:

ENZYMATIC DISTURBANCES IN UREMIA
Elevated blood levels of pyruvate, acetoin and 2,3 butyleneglycol suggested to Th~len and Bigler [31] that the
normal metabolic transformations of pyruvate were partly
diverted to synthesis of the latter compounds and implied diminished adenosine triphosphate (ATP) synthesis
in uremia. In homogenates of brain and liver, but not
of heart and small intestine, added tyramine increased
acetoin biosynthesis. These investigators speculated that
diminished consciousness in uremia could be due to
cerebral ATP deficiency induced by several retention
products, such as tyramine. In this way, deficiencies in
enzymatic function might produce uremic symptoms in
vivo and may also serve in vitro as quantitative assay
systems. Recently reported examples of disturbed enzymatic functions as related to uremia are listed in Table I.

CELLULAR FUNCTION AND
MORPHOLOGY IN UREMIA
As demonstrated by Markson and Rennie [41] and by
Berman and Powsner [42], maturation of normoblasts
in suspension cultures is inhibited when uremic serum
(blood urea nitrogen, 69 to 168 mg per 100 ml) [41]
was added to the culture medium. Erslev and Hughes
[43] reported depressed S~Fe incorporation per nucleated
red cell and reticulocyte in rabbit marrow suspensions
when the medium incorporated uremic serum (nonprotein
nitrogen, 100 to 200 mg per 100 ml); but inhibition was
not evident in autoradiographic studies by Markson and
Moore [44] in which the per cell uptake of glycine-2:4C,
formate-14C and methionine-3sS was similar whether the
normoblasts were cultured in uremic serum (blood urea
nitrogen, 61 to 170 mg per ! 0 0 m!) or in normal serum.
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This suggested that cellular hemoglobin and deoxyribonucleic acid (DNA) synthesis were not impaired.
Uremia may be associated with precisely measurable
alterations in cellular compositional homeostasis, as
shown by Welt and colleagues [-45,46]. Erythrocyte sodium concentration was found to be elevated beyond
the upper limit of 12 mM per L in approximately one-fourth
of the uremic patients studied. The elevated cell sodium
levels occurred despite elevated levels of erythrocyte ATP
(the energy source for sodium efflux) and seemed related
to decreased activity of glycoside-sensitive ATPase. with
diminished glycoside-sensitive efflux rate constants for
sodium. The associated defects could be induced in
normal erythrocytes incubated m uremic plasma and
then were shown to be reversible in time n patients
treated by maintenance dialysis. Similar disturbances
in intraerythrocytic homeostasis were discovered in patients with burns, metastatic carcinoma and in a patient
with diabetes mellitus, infection and shock. Related
erythrocytic abnormalities occur n patients with cystic
fibrosis of the pancreas and their parents [47]. Welt
speculates that "sick cells" may share one or more of
these manifestations of molecular pathology.
Elevated ATP and 2,3-diphosphoglycerate levels in
erythrocytes from uremic patients were also found by
Hurt and Chanutin [48], with declines following dialysis.
Kuroyanagi and colleagues [49] also demonstrated
elevated erythrocyte ATP levels in uremia, together with
augmented levels of adenosine diphosphate (ADP), a
normal ATP:ADP ratio and diminished incorporation of
radiophosphorus into polyphosphorylated compounds.
The latter inhibition was inducible n normal erythrocytes
by incubation in plasma from uremic patients and was
attributed to inhibition of stromal ATPase, among several
alternatives.
Cytotoxic morphologic effects were demonstrated by
Henkin et al. [50] in HeLa cell cultures exposed to serum
from some patients with chronic glomerulonephritis,
occasionally in patients with a variety of other diseases
but not in normal volunteer subjects. The rounding of
cells, cellular degeneration and detachment, and refractile granularity were also observed in the absence of
significant azotemia, and normal cell growth occurred
in serum from patients with marked azotemia. Urinary
flow in these patients is not recorded. The cytotoxic
influence disappeared from the serum of patients treated
with dialysis and thereupon appeared in the initial
dialysates in all such cases.
Glucose utilization was found to be depressed in
normal erythrocytes incubated in ultrafiltrates of plasma
from patients with several types of azotemic, acute or
chronic renal failure, according to Morgan and Morgan
[51].
Although essentially normal phagocytic activity, complement levels and humoral antibody response to tetanus
immunization have been reported in uremia [52], cellular
evolution of the inflammatory response is altered from
control as observed by means of the Rebuck window
technic [53] and evidenced by reduction in lymphoid
and macrophage response. Suppression of immunologic
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TABLE I
Source of "Uremic" Material

Enzymeor Reaction

Effect

Reference

Urea; guanidine

Xanthine oxidase

Inhibition

32

Urea solutions, 0.05-0.2 M

Monoamine oxidase

Inhibition

33

Serum from human patients,
blood urea nitrogen range 100200 mg %

Glucose oxidation by rat brain mince

Acceleration

Ultrafiltrate through cellophane
of serum from human patients,
blood urea nitrogen < 100 mg %
and>150mg%

Lactic dehydrogenase

Inhibition if blood urea
nitrogen >150 mg%

35

Aqueous solutions, 10-L10 -4 M,
of 20-24 specific phenolic acids
previously [16] identified in
human uremic serum or dialysates

Respiration (guinea pig brain slice)
Anaerobic glycolysis
DOPA decarboxylase
5-hydroxytryptophan decarboxylase
Monoamine oxidase
Glutamic-oxalacetic transaminase
Glutamic-pyruvic transaminase
Glutamic acid decarboxylase
5'-nucieotidase
Lactic dehydrogenase

10 to 58% inhibition
18 to 85% inhibition
10 to 98% inhibition
10 to 96% inhibition
0 to 100% inhibition
0 Lo 96% inhibition
0 to 100% inhibition
] 0 t o 73% inhibition
0to 80% inhibition
0 to 100% inhibition

36

N-methyl-2-pyridone-5-formamidoacetic acid

ZH-leucine incorporation into protein
by cell-free rat liver homogenate

Inhibition

37

Liver from uremic rats,
blood urea nitrogen 181-269 mg %

L-(U-l~C)-Ieucine incorporation
into protein by cell-free extract
of liver homogenate

Accelerated

38

Serum from human patients,
blood urea nitrogen 100-300 mg %,
creatinine, 5.4-30 mg %

Oxidative phosphorylation by rat
liver mitochondria

Inhibition with glutamate
-t- malate as substrates

39

Plasma from uremic humans,
(blood urea nitrogen (38-222 mg %)
Guanidinosuccinic acid

ADP-induced platelet factor 3 activity
(Stypven time, modified)

Elevates Stypven times

40

responsiveness, reflecting further cellular dysfunction,
characterizes uremia, as has been demonstrated in a
variety of ways [e.g.,54].
DYSFUNCTION OF TISSUES, ORGANS AND
ORGAN SYSTEMS IN UREMIA
The capacity of renal tubules to take up para-aminohippurate (PAH) from the surrounding medium in vitro
is readily measured and was found depressed to 2 8 t o
57 per cent of normal by White [55] in rat renal cortical
slices incubated in uremic rat serum (blood urea nitrogen, 240 to 312 mg per cent). This effect was confirmed
by Hook and Munro [ 5 6 ] who also demonstrated a
depressant influence of fasting and enhancement of
transport when slices were incubated in serum from
sham operated rats. Transport of an organic cation,
N-methyl nicotinamide, was not affected in any of the
experimental procedures. Pruess et al. [57] found similarly decreased PAH uptake by isolated rabbit renal
tubules incubated in human uremic serum and peritoneal
dialysate, and a lesser effect in the serum from the
same patients treated with peritoneal or hemodialysis.
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In a study of wound healing in dogs made azotemic
by uranyl poisoning reported by Nayman [ 5 8 ] , wound
disruption occurred if renal failure was induced within
five days of laparotomy but not after nine days or in dogs
subjected to vigorous hemodialysis immediately after
la pa rotomy.
In vitro oxygen consumption was measured by Lascelles
and Taylor [59] utilizing the Warburg technic in cerebral
cortex, whole kidney and liver slices incubated in media
containing serum ultrafiltrates from uremic patients or
various substances (singly or in combination) known
to accumulate in uremic serum. Urea (500 mg per cent)
and mixtures of various other metabolites, but not the
single metabolites tested, inhibited oxygen utilization.
The ultrafiltrates produced no inhibition, a disappointing
result.
Using measurements of forearm blood flow and
arteriovenous differences in solute concentration in
uremic patients (blood urea nitrogen greater than 125
mg per cent) and normal subjects, Westerve!t [60]
described a reduction of glucose uptake in uremic
patients to 25 per cent of normal (1.6 versus 8.3 ~M
per 100 ml forearm Volume per minute), equal potassium
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Fig. 1• E f f e c t o f a c u t e renal f a i l u r e i n d u c e d by u r e t e r a l o c c l u s i o n on
motor (FR) and c o u n t i n g b e h a v i o r in a r h e s u s m o n k e y . With i n c r e a s i n g
azotemia c o u n t i n g a c c u r a c y d e c r e a s e s and b e c o m e s m o r e v a r i a b l e
while motor b e h a v i o r is m a i n t a i n e d . B o t h i n d i c e s are a b n o r m a l as
blood urea n i t r o g e n e x c e e d s 250 m g per 100 ml and are r e s t o r e d to-

w a r d n o r m a l by p e r i t o n e a l d i a l y s i s . In t h e l a t t e r , urea w a s added t o a
f i n a l d i a l y s a t e c o n c e n t r a t i o n of 265 m g urea n i t r o g e n per 100 ml.
C o u n t i n g data are p l o t t e d as d a i l y and t w o d a y a v e r a g e s u n t i l d a y 11
w h e n t h e scale is e x p a n d e d into real t i m e a n d session by session perf o r m a n c e is s h o w n .

fluxes, equal lactate release per micromole (/~M) glucose
uptake and reduced inorganic phosphate uptake to 40
per cent of normal• These results were interpreted to
indicate a diminished responsiveness of intact forearm
muscle to insulin in uremic subjects.
Kiley and Hines [61,62] have presented evidence
from electroencephalograms of uremic patients, correlating increased severity of clinical uremia with an increased
proportion of wave frequencies less than 8 cycles per
second. Modal frequencies increased toward normal with
recovery of renal function or with adequate therapy
especially including dialysis, paralleling clinical improvement, but not in regular correlation with conventional
plasma chemical values. Methods of automated reduction
of electroencephalographic signals are in hand to render
this method more readily available for clinical purposes.

organization. For example, impaired carbohydrate tolerance in the whole organism with features suggesting
peripheral insulin unresponsiveness (impaired glucose
uptake) has been linked by Cohen and Horowitz [65]
to inhibition of ADP-induced platelet factor 3 deficiency
in uremic patients. The latter defect, implicated in uremic
bleeding, has been correlated with levels of guanidinosuccinic acid (GSA) before and after dialysis treatment.
A GSA-induced defect in phosphorylating coenzyme
function is postulated which inhibits the effect of A D P
on platelet factor 3 release and upon hexokinase or other
enzymes involved in cellular glucose uptake. Impairment
of both glycogenesis and glycogenolysis points to the liver
as a principal site of this defect in carbohydrate metabolism, a site in which the requirement for ATP is greatly
enhanced by the increased requirement for urea synthesis
from ammonia and deamination reactions. The latter
point is also underscored by the report of Hutchings
et al. who induced a degree of carbohydrate intolerance
by adding urea to the dialysate during dialysis [66].
Impaired carbohydrate tolerance is otherwise usually
improved by hemodialysis in chronic renal failure [67,68]
or by diuresis and recovery in acute renal failure [69].
Uremic carbohydrate intolerance has been differentiated
from the effects of starvation, infection, inactivity, electrolyte and hereditary factors, and appears to be independent of qualitative and quantitative defects in insulin
or of circulating antagonists [66,69]. Abnormalities in

WHOLE
IN
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The reader is referred to recent reviews [63,64] which
appraise defects in erythropoiesis and in carbohydrate,
lipid and bone mineral metabolism in uremic subjects.
The characteristic metabolic defects of the uremic state
which affect the whole organism involve the integration
of organ systems. Such integrative defects may cause
or be caused by biochemical or hormonal derangements
which may also be detected at lower levels of biological
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fat metabolism in uremia are reported [70]. The means
by which the skeletal and hematopoietic systems contribute to the uremic state have been well reviewed elsewhere [63,64].
However, uremia continues to be most characteristically defined on clinical grounds in terms of neurobehavioral findings in the whole organism. Appropriate neurobehavioral manifestations may therefore serve in test
systems having unique relevance to uremia. The precedent for such an approach is effectively illustrated in
studies of the actions of various drugs [71-73].
After the initial experiments* in rats by Essman [7476] several operant conditioning technicst have been
employed in this laboratory for the behavioral evaluation
of a variety of uremic states in primates [5,77-80].
Recently, use has been made of a counting task requiring
sustained alertness. It appears to be a convincing analog
of "higher mental processes" in man and has demons t r a t e d significant sensitivity to the developing uremic
state. Sessions involving the complex counting task are
alternated throughout each twenty-four hour period with
rest intervals and sessions in which much simpler, repetitive, motor (lever-pressing) behavior is required (FR). Representative data following bilateral ureteral ligation are exemplified in Figure 1. As blood urea nitrogen levels rose,
counting accuracy deteriorated while the animal remained
clinically well and concurrent motor (FR) performance
remained unimpaired. Further deterioration in both indices preceded, and restoration followed, peritoneal
dialysis despite small changes in blood urea nitrogen.
The model thus appears able to detect changes inherent
in renal failure with minor or moderate changes in such
conventional indices as the blood urea nitrogen, and
well in advance of clinically detectable illness.
Peritoneal dialysis in such uremic, trained animals
returns counting accuracy virtually to the normal range.
This occurred in the experiment in Figure 1 even though
urea was added to the dialysate to maintain a high
blood urea nitrogen. By so manipulating the chemical
composition of the dialysate, each chemical change may
be assayed separately at least for its acute contribution
to the quantitative behavioral deficit.
The refinement of such quantitative behavioral test

* The principles o f laboratory animal care as promulgated by the
National Society for Medical Research were observed.
? Operant conditioning involves establishing control of an organism's
behavior by manipulating the consequences of that behavior especially
with regard to reward and punishment.

TESCHAN

systems [73] contrasts with observer descriptions of
gross behavioral abnormalities [81,82], in which the
temptation is great to label as "uremic" whatever overt
signs illness may follow an induced chemical change.
Despite similar limitations of control and precision,
psychologic testing has also been attempted in patients
with uremia. In one study [83], patients whose blood
urea nitrogen concentrations varied between 67 and 300
mg per 100 ml showed evidence of emotional disturbances
and diminished performance in tasks "generally sensitive
to cortical dysfunction." Test results did not correlate
statistically with the degree of azotemia; and the study
did not include clinical assessments, other chemical
measures, urinary output data or a follow-up during the
subsequent program of maintenance dialysis.
Clinical studies in man analogous to that in Figure 1
could be conceived in which dialysate composition is
adjusted to prevent dialysis of one or more molecular
species of interest in uremia. Apart from the ethical
risks of such procedures in patients whose ability to
give "informed consent" may be in doubt or jeopardy,
the requisite, conceptually adequate objective and sufficiently precise criterion measures of "uremic" behavioral
disturbances remain to be established for man and
should logically precede such chemical manipulations
in human patients.
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