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Summary tional 2 0 4  samples of arterial blood were obtained hourly for 

The acute systemic and neuropathologic effects of E. coli endo- 
toxin were determined in neonatal dogs. Administration of suble- 
thal (LDo), moderate (LD50), or lethal (LDlo0) doses of endotoxin 
produced significant arterial hypotension, metabolic (lactic) aci- 
dosis, and hypoglycemia. Neuropathologic changes consisted of 
widespread inflammation in both grey and white matter; however, 
necrotic lesions were found only in forebrain white matter. 

determination ofplasma glucose and lactate levels by fluorometric 
analysis according to the method of Lowry and Passoneau (19). 
Body temperature was monitored by means of a rectal thermo- 
couple (Yellow Springs) and maintained by a servo-controlled 
heating lamp. After insertion of the catheter, halothane was 
withdrawn and the animals allowed to spbntaneously breathe 
room air. The wound was sutured and periodically infiltrated with 
xylocaine, 1%. A low (LDo), moderate (LD~o), or high (LDIoo) 

Bacterial infections in the human infant are an important cause 
of subsequent mental retardation, cerebral palsy, and epilepsy (18, 
22, 23, 25). The morbidity and mortality associated with perinatal 
bacterial infections have been attributed to bacterial endotoxin, a 
lipopolysaccharide component of the bacterial cell wall. Because 
administration of endotoxin to laboratory animals mimics human 
septicemia (1, 4, 8, 14), the systemic and neuropathologic disturb- 
ances induced by endotoxin are of considerable interest. 

Studies by Gilles et al. (12) have shown that administration of 
E. coli endotoxin to newborn kittens produces extensive brain 
injury. The acute systemic changes occurring during neonatal 
endotoxemia have not been described in detail. We, therefore, 
undertook a series of experiments in neonatal dogs to determine 
the acute neuropathologic changes occurring during endotoxemia 
as well as the critical physiologic and and metabolic parameters 
(blood pressure, heart rate, arterial blood gases, glucose, and 
lactate levels), which might be associated with those neuropatho- 
logic changes. Although these systemic parameters have not been 
studied during endotoxemia in the neonatal dog, they have been 
shown to be important predictors of mortality in the endotoxin- 
treated adult dog (5, 9, 17, 20). 

MATERIALS AND METHODS 

Dose-response curve. Mongrel dogs, 1-10 days of age, were 
selected because their state of neurologic development at birth 
resembles that of the human infant of approximately 34-40 wk 
gestation (16). Trials were conducted in 16 animals to determine 
the dose of E. coli endotoxin that would result in 0, 50, and 100% 
mortality when injected subcutaneously. A lyophilized prepara- 
tion of endotoxin from E. coli 055:B5 (Difco Laboratories) was 
chosen because this organism is a pathogen for human neonates, 
may be transmitted by nursery personnel (28), and has been 
previously used in neuropathologic experiments (12). 

Systemic responses to graded endotoxemia. The physiologic and 
metabolic responses of the animals were examined before and 
after administration of endotoxin. The animals were rapidly anes- 
thetized with halothane (0.5-3.5%) in oxygen by mask. After 
infiltration of a local anesthetic (xylocaine, I%), the femoral artery 
was exposed and catheterized with a 30 gauge Teflon catheter to 
monitor arterial blood pressure (Beckman, R711). Intermittent 
200 4-samples of arterial blood were withdrawn for determination 
of arterial blood gases (Radiometer, model BMS 3-MK 2). Addi- 

dose of E. coli endotoxin was then injected subcutan&usly, and 
the animals monitored for 4 h. Control animals (n = 5 )  were 
similarly catheterized and monitored but instead received an 
intraperitoneal injection of sterile saline. 

Acute neuropathologic effects of graded endotoxemia. After the 
4-h period of monitoring, the animals were gavage-fed powdered 
bitch's milk (Esbilac, Borden) and placed in a thermostatically 
controlled incubator at 32OC. Twenty-four hours later they were 
anesthetized with an intraperitoneal injection of pentobarbital 
sodium. A thoracotomy was performed and the animals were 
perfuse-futed with FAM (formalin-acetic acid-methanol in a ratio 
of 1:1:8), which was injected through the aorta. The brains were 
removed, processed, and embedded in paraffin. Ten-micron sec- 
tions were cut and stained with hematoxylin and eosin, cresyl 
violet, lux01 fast blue, and phosphotungstinic acid-hematoxylin. 

RESULTS 

Dose-response trials. Animals receiving 6 mg/kg of endotoxin 
(n = 4) quickly became lethargic and listless. All died within 12 
h after endotoxin administration (LDloo = high dose). Dogs given 
smaller doses of endotoxin developed coryza and became inactive 
but mortality was less. Half of the animals receiving 2-4 mg/kg 
( n  = 6) of endotoxin (LD50 = moderate dose) died. There were no 
deaths in the group (n = 3) receiving 0.5-1.0 mg/kg (LDo = low 
dose) of endotoxin. 

Systemic effects of graded endotoxemia. Marked metabolic de- 
rangements also followed the injection of endotoxin. A significant 
(P  < 0.05, Student's t test) dose-related decline in pH occurred at 
every hour after endotoxin administration in the experimental 
animals (Fig. 1). At 3 h, the pH of the control animals was 7.42 * 0.03 (all values are mean k s.e.). The pH of the animals 
administered a low dose of endotoxin was 7.27 f 0.02 (P < 0.001); 
of those given a moderate dose, 7.24 k 0.02 ( P  < 0.001); and of 
those receiving a high dose, 7.18 k 0.02 (P < 0.001). There were 
no significant changes in arterial Po2 or Pcoz levels. 

Alterations in plasma glucose and lactate levels (Fig. 2 and 3) 
also developed in the endotoxin-treated animals. Arterial glucose 
levels in the control animals declined slightly during the 4-h 
period of observation. In contrast, the experimental animals de- 
;eloped an initial mild (nonsignificant) inhease in arterial glucose 
levels, followed bv a vrofound fall in glucose concentrations. Four 
hoursafter endotoxi; administration,"the glucose concentration of 
the low dose group was 1.94 + 0.6 mmole/liter ( P  < 0.01) and 
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Fig. I .  Arterial pH in control and endotoxin-treated animals 
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Fig. 2. Percent change in arterial glucose levels in control and endo- 

toxin-treated animals. 

that of the moderate dose group, 2.19 + 0.16 mmole/liter ( P  < 
0.001), was in contrast to that of the control animals, 4.7 * 0.5 
mmole/liter (Fig. 2). At 3 h, arterial lactate concentrations in the 
control animals was 2.09 + 0.24 mmole/liter, compared to 4.17 
& 1.16 (P  < 0.05) in the low dose group, 2.81 + 0.16 (P  < 0.05) in 
the moderate dose group, and 3.83 + 0.8 mmole/liter (P < 0.05) 
in the high dose group (Fig. 3). 

Mean arterial blood pressure declined significantly in all exper- 
imental groups compared to control animals (Fig. 4). Three hours 
after endotoxin administration, mean arterial blood pressure of 
the control group was 67 f 5 mmHg in contrast to the low dose 
group (39 + 3 mmHg, P < 0.01), to the moderate dose group (44 
+ 4 mmHg, P < 0.01), and to the high dose group (41 + 2 mmHg, 
P < 0.01). The heart rate and temperature of the experimental 
groups did not differ significantly from those of the control. 

Acute neuropathologic ejyects of graded endotoxemia. The brains 
of animals, which had been given 6 mg/kg of endotoxin and had 
died of hypotension within 3-12 h of injection, appeared normal 
on gross and microscopic inspection. Dogs, which had been given 
smaller doses of endotoxin and had survived, were afebrile and 
appeared clinically well at 24 h; however, their brains showed 
widespread inflammation, which was characterized by intense 
polymorphonuclear inflammatory infiltrate that equally affected 
cortical and deep gray matter, white matter (Fig. 5 and 6), 
brainstem (Fig. 7), and cerebellum. The infiltrate was most marked 
in the perivascular regions, but polymorphonuclear leukocytes 
were also evident deep within the neuropil. 

Extensive areas of coagulative necrosis were present with prom- 
inent axonal spheroids in the cerebral white matter (Fig. 6). 
Necrosis was particularly prominent in the white matter of corpus 
callosum, anterior commissure (Fig. 6), and of the periventricular 
regions (Fig. 5). In rare instances, injury extended into gray matter 
structures adjacent to the necrotic white matter (Fig. 5). The 
intensity of pathologic injury was more severe in animals which 
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Fig. 3. Percent change in arterial lactate levels in control and endo- 
toxin-treated animals. 
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Fig. 4. Percent change in arterial blood pressure in control and endo- 
toxin-treated animals. 
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Fig. 5. Coronal section of brain. There are numerous foci of necrosis in the periventricular white matter (arrowheads). One lesion has extended to 
secondarily involve the hippocampus (arrow). Lux01 fast blue, x5.5. 
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Fig. 6. Anterior commissure. There are many polymorphonuclear leukocytes within an area of necrosis (N) in the anterior commissure. Axonal 
spheroids (arrowheads) are conspicuous in the periphery of the lesion. Hematoxylin and Eosin, x90. 
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Fig. 7. Pontine tegmentum. Numerous polymorphonuclear leukocytes are present both in the perivascular spaces and parenchyma of the pontine 
tegmentum. Hematoxylin and Eosin, x560. 

received 4 mg/kg of endotoxin and minimal in those given only 
0.5 mg/kg. 

Histologic sections from the liver, lung, kidney, spleen, and 
heart were also examined. None of these organs showed areas of 
necrosis such as was present in brain, although the spleen did 
contain polymorphonuclear infiltrates. 

dog (5, 20). Endotoxin-induced hypotension is believed to be 
related to the release of vasoactive substances (histamine, sero- 
tonin, and kinins) with secondary peripheral pooling of blood and 
to a direct myocardial depressant effect of endotoxin. 

Few studies of the neuropathologic potential of endotoxin have 
concentrated on the perinatal period (1, 21). The teratologic 
potential of endotoxin has been evaluated in fetal rats and rabbits 
(15, 24). These studies demonstrate an increased incidence of 
central nervous system anomalies (hydrocephalus, microcephaly, 
anopthalmia) after endotoxin exposure; however, the paucity of 
cerebral white matter in the fetal rat brain renders the animal a 
poor experimental model to study a disorder that has a predilection 
for white matter injury (12). 

The sole investigation of the neuropathologic potential of endo- 
toxin in the neonatal animal was conducted by Gilles et al. (12). 
Small doses of E. coli endotoxin administered to neonatal kittens 
resulted in astrogliosis, calcifications, and necrotic cystic lesions in 
forebrain white matter in over 90% of the animals. These investi- 
gations also disclosed acute inflammation, but principal attention 
was directed toward elucidating the chronic, rather than the acute 
histologic reaction. Our neuropathologic findings of multiple ne- 
crotic lesions in cerebral white matter are most likely the forerun- 
ner of the chronic cystic cavities noted in endotoxin-treated ani- 
mals (12). 

These studies document the intense inflammatory response 
induced by endotoxin in the brain of the neonatal dog. Previous 
studies have established that endotoxin has a propensity for 
causing inflammation and vascular damage. A widespread inflam- 
matory response consisting of swelling of endothelial cells, migra- 
tion of neutrophils, edema, and extravasation of cellular elements 
has been reported in organs other than the brain (13). Light and 
ultrastructural techniques have documented the ability of endo- 
toxin to damage the vascular endothelium (3,6, 11). Inflammatory 

DISCUSSION 

The metabolic alterations observed in our endotoxin-treated 
neonates parallel those reported in their adult counterparts. Just 
as adult dogs develop a metabolic acidosis soon after endotoxin 
exposure (5, 20), neonatal dogs also develop a metabolic acidosis 
when exposed to even low doses of endotoxin. Slightly less than 
one-half of the total base deficit in the endotoxin-treated animals 
can be attributed to accumulation of lactate (moderate dose group 
at 4 h: base deficit, 10 mmole/liter and lactate, 4.5 mmole/liter). 
The increase in lactate presumably results from impaired tissue 
perfusion (14). A combination of other organic acids and keto- 
acids account for the remainder of the metabolic acidosis (5, 20, 
26. 27). , , 

Administration of small doses of endotoxin to neonatal dogs 
causes an initial hyperglycemia followed by profound hypogly- 
cemia, much as occurs in the adult dog. The initial hyperglycemia 
is related to glycogenolysis and gluconeogenesis, whereas the 
profound hypoglycemia is due to depletion of hepatic glycogen 
and increased glucose oxidation (9). Endotoxin-induced hypogly- 
cemia may be fatal in some species (7). Conversely, maintenance 
of arterial glucose may prevent death in adult dogs during other- 
wise irreversible endotoxin shock (17). 

The significant arterial hypotension (without corresponding 
changes in heart rate), which occurred in these neonatal animals, 
is similar to that which develops in the endotoxin-treated adult 
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changes have also been noted in the brains of humans dying of 
septic shock (1 1). 

Can the brain lesions in our animals be ascribed solely to the 
inflammatory effect of endotoxin alone? What role is played by 
the concomitant hypotension, acidosis, and hypoglycemia? The 
multiple derangements associated with endotoxemia make these 
questions difficult to answer with any certainty (7). Because 
endotoxin elicits an inflammatory response throughout the central 
nervous system, the confinement of necrotic lesions to the white 
matter of the forebrain remains puzzling. Nonetheless, it is un- 
likely that inflammation, which was present in both cerebral grey 
and white matter and brainstem, would result in necrosis only of 
cerebral white matter. In addition, acidosis and hypoglycemia in 
the absence of hypoxia are not known to produce cerebral white 
matter damage (2, 10). It is conceivable that regional disturbances 
in brain blood flow or metabolism in telencephalic white matter 
may render these areas selectively vulnerable. Preliminary studies 
suggest that significant hypotension may result in selective is- 
chemia of forebrain white matter (29). Further studies to define 
the cerebrovascular and cerebral metabolic changes occurring 
during neonatal endotoxemia are in progress. 
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