
the traumatized appendage had become 
severely atrophied and 80 to 90 percent 
of it was necrotic, so it is likely that the 
innervation of the area was drastically 
affected (11). 

In conclusion, hypovolemia produced 
by ultrafiltration of the blood is a suf- 
ficient stimulus for thirst in sheep, and 
crushing the left atrial appendage elimi- 
nates this behavioral response. These 
findings add to the advances made during 
the past decade in elucidating the physio- 
logical bases of thirst-especially in the 
identification of relevant stimuli and the 
location of receptors on which they act 
(4, 15, 18). To date, however, destruc- 
tion of such receptor sites in the central 
nervous system has invariably disrupted 
the drinking response to more than one 
stimulus (19). Our results may constitute 
the first example of neural damage that 
specifically eliminates the drinking re- 
sponse to one stimulus for thirst. 
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Nonenzymatic Browning in vivo: 
Possible Process for Aging of Long-Lived Proteins 

Abstract. The incubation of lens proteins with reducing sugars leads to the forma- 
tion offiorescent yellow pigments and cross-links similar to those reported in aging 
and cataractous human lenses. Called nonenzymatic browning or the Maillard reac- 
tion, this aging process also occurs in stored foods. Reducing sugars condense with 
the free amino group of proteins, then rearrange and dehydrate to form unsaturated 
pigments and cross-linked products. Although most proteins in living systems turn 
over with suficient rapidity to avoid nonenzymatic browning, some, such as lens 
crystallins and skin collagen, are exceptionally long-lived and may be vulnerable. 

The initial stage of the Maillard reac- 
tion, nonenzy matic glycosylation, has 
been shown to occur in vivo (I). Glucose 
or glucose-6-phosphate reacts with the 
terminal amino group or the €-amino 
group of lysine residues in proteins. The 
condensation product, an aldosylamine, 
undergoes an Amadori rearrangement to 
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form a 1-deoxyfructosyl adduct. Ama- 
dori products have been detected in he- 
moglobin (2), erythrocyte membrane 
protein (3), lens crystallins (4), collagen 
(5), albumin, and serum proteins (6). 
In the later stages of the Maillard re- 
action, during nonenzymatic browning, 
the Amadori product undergoes multiple 
dehydrations to form yellow-brown flu- 
orescent products and protein cross- 
links that decrease the protein solubil- 
ity (I). 

Similar changes have been observed in 
the aging and cataractous human lens. 
These include protein aggregation (7), 
decreased protein solubility (8), oxida- 
tion of sulfhydryl groups (9), production 
of nondisulfide covalent cross-links be- 

Fig. 1. Absorption spectra of human and bo- 
vine lens protein digests, as recorded with a 
Beckman Acta CIII spectrophotometer. The 
concentration in all samples was 8 mglml in 50 
mM ammonium bicarbonate buffer (pH 8.75). 
Spectra: a ,  cataractous human lens proteins; 
b ,  bovine lens proteins incubated with 5 mM 
glucose-6-phosphate; c ,  bovine lens proteins 
incubated with 5 rnM glucose; and d, control 
lens (incubated without hexose). The spectrum 
of the digests from young noncataractous hu- 
man lenses was identical with spectrum d. 
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tween proteins (10, l l ) ,  increased pig- 
mentation in the lens nucleus (10, 12), 
and a dramatic increase in protein-bound 
blue fluorescence not attributable to 
tryptophan (13). Although a photooxida- 
tive effect has been implicated as a pos- 
sible mechanism for protein cross-link- 
ing and pigmentation in the human lens 
(12, 14-16), the nature of the main pro- 
tein-bound fluorophore and chromophore 
has not been elucidated. 

The discovery of Amadori products 
with lysine residues in lens crystallins of- 
fers a new insight into the basis for the 
pigmentation and cross-linking based 
upon the nonenzymatic browning re- 
action with lysine residues. To study 
the effects of the Maillard reaction on 
lens proteins, we incubated sterile solu- 
tions of bovine cortical lens proteins (30 
mglml) for 10 months at 37°C in 50 mM 
potassium phosphate buffer (pH 7.4) 
with 5 mM glucose or glucose-6-phos- 
phate. The deaerated solutions were in- 
cubated in the dark in sealed tubes to 
prevent photooxidation. The solutions 
were subsequently dialyzed against 7M 
urea in 0.1M tris-HC1 (pH 8.6) containing 
50 mM dithioerythritol, and alkylated 
with iodoacetate. The alkylated proteins 
were dialyzed against 0.2M ammonium 
bicarbonate and digested four times with 
1 percent (by weight) Pronase P (Sigma, 
type 6). The same procedure was used to 
prepare a protein digest of human lens 
proteins. Thirteen cataractous lenses 
[ages 55 to 72 years, stages 3 and 4 in 
Pine's classification (lo)] were decapsu- 
lated and stirred overnight at 4°C in 13 
ml of deaerated O.1M tris-HC1 (pH 8.6). 
The homogenate was centrifuged at 
20,000g for 20 minutes. The precipitated 
yellow insoluble fraction was reduced 
with dithioerythritol and alkylated as 
described above. The alkylated proteins 
were solubilized by digestion with Pro- 
nase. 

The ultraviolet absorption and the flu- 
orescence properties of the protein di- 
gest from browning products obtained in 
vitro were investigated and compared 
with those of digests of cataractous 
lenses. The absorption spectra were re- 
corded from 300 to 400 nm (Fig. 1). A 
yellow pigment was formed when bovine 
lens proteins were incubated with glu- 
cose and glucose-6-phosphate. A similar 
absorption spectrum, with a shoulder at 
330 nm, was detected in the protein di- 
gest of human cataracts. This similarity 
was more apparent when the fluores- 
cence excitation maxima were com- 
pared. In addition to the excitation maxi- 
mum with tryptophan, three new maxi- 
ma at 360, 400, and 470 nm were 
detected in solutions of crystallins in- 
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cubated with hexoses (Fig. 2A). These 
maxima closely resemble those observed 
for the protein digest of cataractous 
lenses (Fig. 2B). No similar excitation 
maximum was found for bovine lens 
crystallins incubated without sugar or for 
protein digests from 20- to 24-year-old 
normal human lenses prepared as de- 
scribed above. The emission maximum 
of the major fluorescent chromophore in 
the digest of cataractous lens proteins 
was detected at 430 nm when excited at 
360 nm. Digests of bovine crystallins that 

300 350 400 450 500 

Wavelength (nrnl 

Fig. 2. Excitation spectra (uncorrected) of hu- 
man and bovine lens protein digests, as re- 
corded with a Perkin-Elmer model 204 fluo- 
rescence spectrophotometer. The concentra- 
tions are the same as in Fig. 1; the sensitivity 
for the spectra in (B) is four times less. (A) 
Bovine lens crystallins incubated without 
sugar (a) ,  with 5 mM glucose ( b ) ,  and with 5 
mM glucose-6-phosphate (c). (B) Human lens 
proteins from cataractous (d) and young 
normal ( e )  lenses. 

had been incubated with glucose and glu- 
cose-6-phosphate had emission maxima 
at 425 and 430 nm, respectively, when 
excited at 360 nm. 

We also investigated whether nonen- 
zymatic browning could account for the 
covalent nondisulfide cross-links ob- 
served in proteins of senile and cata- 
ractous lenses. The solutions of bovine 
crvstallins incubated with hexoses were 
fractionated by gel filtration in urea on 
Sephadex G-200 in the presence of di- 
thioerythritol. Nondisulfide cross-linked 
aggregates with a molecular weight 
greater than 200,000 were detected in 
crystallins incubated with glucose-6- 
phosphate (17 percent of total proteins) 
and glucose (5 percent of total proteins), 
but not in the control, which had been 
incubated without hexose. The increased 
amount of cross-linked proteins in sam- 
ples incubated with glucose-6-phosphate 
is consistent with the greater browning 
reaction rate that generally occurs with 
phosphorylated reducing sugars (17). 

Several lines of evidence support the 
possibility that nonenzymatic browning 
may be involved in aging and catarac- 
togenesis. First, A. Pirie observed a 26 
percent decrease in lysine residues and a 
46 percent increase in tyrosine in hydrol- 
ysates of cataractous proteins when 
compared with native crystallins (I). 
When we analyzed an acid hydrolysate 
of a-tert-butyloxycarbonyllysine that 
had been incubated with radioactively la- 
beled glucose, we observed a radioactive 
and ninhydrin-positive peak coeluting 
with tyrosine (18). This suggests that the 
reported increase in tyrosine residues 
may be due in part to modified lysine res- 
idues. Second, Amadori products of ly- 
sine residues are present in lens crystal- 
lins (4) and accumulate in the aging lens 
(19). Finally, both the findings of Mo- 
hammad et al. (20) on the browning of 
albumin with glucose and our results 
suggest that the initially formed Amadori 
product is able to rearrange at physiolog- 
ical p H  and temperature to form a more 
stable pigmented protein adduct. The 
lens may be particularly vulnerable, 
since it contains a high percentage of 
crystallins synthesized during fetal life 
and not turned over (21). Although the 
structures of the pigments and cross- 
links have not yet been identified, it is 
likely that osulose, cis-osulose-3-ene, 
and 5-hydroxymethylfurfuraldehyde are 
involved in the browning process (I). 

Nonenzymatic browning may be an 
important factor in the aging of tissues 
that are insulin-independent and thus ex- 
posed to high glucose concentrations, 
such as the lens, the basement mem- 
brane of arteries, the nerves, and the in- 
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terstitial tissue of the skin. In diabetes, 
the Maillard reaction may accelerate ag- 
ing in these tissues and contribute to the 
earlier onset of cataracts and athero- 
sclerosis. 
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Opiate Antagonist Improves Neurologic Recovery 
After Spinal Injury 

Abstract. The opiate antagonist naloxone has been used to treat cats subjected to 
cervical spinal trauma. In contrast to  saline-treated controls, naloxone treatment 
sign$cantly improved the hypotension observed after cervical spinal injury. More 
critically, naloxone therapy sign$cantly improved neurologic recovery. These find- 
ings implicate endorphins in the pathophysiology of spinal cord injury and indicate 
that narcotic antagonists may have a therapeutic role in this condition. 

Traumatic injuries to the spinal cord 
may cause neurologic impairment in two 
ways-by directly interrupting neuronal 
pathways and by initiating a series of 
pathophysiologic changes that lead to 
progressive ischemic damage to the spi- 
nal cord (I). There is experimental evi- 
dence that these ischemic changes are 
potentially reversible and result at least 
in part from a reduction in spinal cord 
blood flow (2). Under normal circum- 
stances, the spinal cord, like the brain, 
can maintain relatively constant blood 
flow over a wide range of blood pres- 
sures; such autoregulation is impaired af- 
ter injury (3). When this occurs, per- 
fusion of the cord becomes more directly 
dependent on systemic blood pressure. 
Since significant hypotension often ac- 
companies injuries of the cervical or up- 
per thoracic spinal cord (4) ,  this com- 
bined loss of autoregulation and de- 
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creased systemic blood pressure may 
potentiate ischemic changes observed af- 
ter trauma to these regions. We have re- 
cently demonstrated that the opiate an- 
tagonist naloxone reverses the hypoten- 
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Fig. 1 Effects of naloxone (N = 9, filled cir- 
cles) or saline (N = 13, open circles) treat- 
ment on mean arterial pressure after 500 g-cm 
trauma to the cervical spinal cord. Points rep- 
resent averaged values +. standard errors of 
the mean. 

sion caused by transection of the 
cervical spinal cord, thereby implicating 
endorphins in the pathophysiology of 
spinal shock (5). If endorphin activation 
also contributes to the hypotension 
caused by cervical spinal injury, nalox- 
one treatment should increase both sys- 
temic blood pressure and local spinal 
cord blood flow, thus limiting ischemic 
damage and improving neurologic func- 
tion. The purpose of our studies, there- 
fore, was to investigate the effects of par- 
enterally administered naloxone on 
blood pressure and neurologic recovery 
after low cervical spinal injury. 

Adult cats (2 to 3 kg) were anesthe- 
tized with intravenous pentobarbital (30 
mg per kilogram of body weight), para- 
lyzed with gallamine triethiodide, and 
placed on a ventilator. Blood pressure 
was continuously recorded on a Dyno- 
graph (Beckman) through the use of a 
femoral artery catheter connected to a 
pressure transducer (Statham). A femo- 
ral venous catheter permitted intra- 
venous drug administration. A laminec- 
tomy was performed to expose spinal 
segments Cs to T,; with the dura intact, 
the C, spinal segment was traumatized 
by dropping a 20-g lead weight a distance 
of 25 cm (500 g-cm force) onto a 10-mm2 
plastic impact plate which had been con- 
toured to match the curve of the svinal 
cord. This model, originally described by 
Allen (6) ,  has been extensively used in 
studies of spinal cord injury (7). Pilot 
studies indicated that these injury vari- 
ables would produce a moderately se- 
vere, reproducible spastic quadriparesis 
in untreated animals. Forty-five minutes 
after injury, animals were treated intra- 
venously with equal volumes of either 
naloxone hydrochloride (N = 9. Endo 
~aboratories) or saline (N = 13). Blood 
pressure was recorded and drugs were 
administered continuously over a 4-hour 
treatment period with an infusion pump 
(Harvard, model 975); the naloxone dos- 
age (a 2-mg bolus followed by 2 mg per 
kilogram per hour) was established from 
previous experiments (8, 9). Blood pres- 
sure was recorded during the 4 hours of 
treatment, after which the catheters 
were removed. The laminectomy site 
was closed in layers and the animal was 
allowed to recover in its home cage. 
Neurologic function was evaluated at 24 
hours, 1, 2, and 3 weeks by two neurolo- 
gists who were unaware of treatment or 
blood pressure findings. Neurologic sta- 
tus was rated according to an established 
five-point scale based primarily on motor 
function (10). Forelimb and hindlimb 
scores were determined separately as 
follows: 0, absence of voluntary move- 
ment; 1, minimal voluntary movement; 
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