
652

Vol. 41. No. 6
November. 1982

pp. 652-663

¿-----_.~..",-.,------_...----------- ......•._-~

DAVID HOLTZMAN, M.D., PH.D., CATHERINE DE VRIES, M.S.,

HUNo NOUYEN, B.A., NANCY JAMESON, JAMES OLSON, PH.D.,

MICHAEL CARRITHERS, ANO KLAUS BENSCH, M.D.

Development of Resistance to Lead Encephalopathy During
Maturation in the Rat Pup

Journal of Neuropathology and Experimental Neurology
Copyright @ 1982 by the American Association c)f Neuropalhologisls

Key Words: Brain edema. Cell respiration, Encephalopathy, Lead.

INTRODUCTION

The rat PUpfed inorganic lead has been studied extensively as an animal model for
human lead encephalopathy (1-9). The lead-fed pup develops an often fatal en-
cephalop8;thy, marked by hemorrhage and edema in the cerebellum, while lead
feedings in the adult rat do not result in encephalopathy (1, 2). From the results of
previous studies, we proposed that effects of lead on cellular aerobic energy metabo-
lism are important in the pathogenesis of lead encephalopathy (9-11). Consistent
with this hypothesis is the observation that lead concentrations in cerebellar mito-
chondria from lead-fed adult animals are lower than in cerebellar mitochondria from
pups fed inorganic lead (9).

In order to test these proposed mechanisms of lead toxicity in the immature brain
and of resistance to that toxicity in the mature brain, we have determined more
precisely the age period during which the rat beco mes resistant to lead en-

Abstract. The purpose of this study was to determine the maturational period during
which the rat pup becomes resistant to the toxic effects of lead on the brain. Pups
were fed lead, as lead acetate, by esophageal catheter for 14days beginning at various ~
ages between 14-24 days. The daily lead doses, which produced a hemorrhagic
cerebellar encephalopathy in at least 50% of pups, were 400 J.tg Pb/g body weight
for animals fed from 14 days of age, 800 Wilg for animals fed from 16 days, and 1600
J.tglg for animals fed from 18 days. In contrast, pups fed even higher lead doses
beginning at 20 days showed only a patchy cerebeUar edema by light rnicroscopy
while pups fed from 24 days had normal cerebellums by light microscopy. The en-
cephalopathic ¡ead doses in the younger pups resulted in the same cerebellar lead
concentrations (about 30 J.tglg protein) as the higher lead doses fed pups beginning
at 20 or 24 days. When corrected for blood lead concentrations, the cerebellar lead
concentrations were 20- 25% higher in the encephalopathic compared to the older
encephalopathy-resistant animals. This difference may be accounted for by cerebellar
hemorrhages in the younger animals. Polarographic studies showed inhibition of
respiration in cerebella~ sIices from animals fed lead from 14 days of age but not
in animal s fed from 20 or 24 days of age. Our results suggest that, during the en-
cephalopathy-sensitive age periodo a critical cerebellar concentration of lead is
associated with the encephalopathy. Resistance to ¡ead encephalopathy in older
animals. with similar cerebellar lead concentrations, may be related to a capacity
to~uesíer lead in new cellular locations away from its site of action on aerobic
e-;;;;:gy metabolism. . '-- ---
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RESISTANCE TO LEAD ENCEPHALOPATHY

cephalopathy. Pups were fed lead by esophageal catheter once daily for 14 ~ays
beginning at various ages between 14-24 days. During the period of lead feedmgs,
animals were studied for Iight microscopic evidence of cerebellar encephalopathy
and for associated changes in weight gain, packed red blood cell. volume (PCY),
blood lead concentration, brain water content and lead concentratlon, and resplfa-
tion in cerebellar slices.

MATERIALS ANO METHOOS
Materials. Oligomycin and dinitrophenol (DNP) were obtaine~ from Sigma C~emical CO.

(St. Louis, MO). Inorganic chemicals and solvents were the hlghest grade avai1ab~e (J. T.
Baker Chemical Co., Phillipsburg, NI). The standard laboratory chow (Ralston Punna Co.,
Sto Louis, MO) contained 1% calcium, 0.74% phosphorous, and 3.3 IV vitamin D/g. .
Lead feeding. Sprague-Dawley albino rats were used. Pregnant females were obtamed

before delivery to alIow accurate dating oflitters. Each Iitter was adjusted to eight pups on the
day of birth and maintained with one Iitter plus mother per cage. Litters were designated to
receive either Na acetate (NaAc) or Pb acetate (Pb(Ac)2) to begin at 14, 16, 18,20, OI'24 days
of age. During the feeding period alI pups were weighed once daily and the appropriate
quantity of NaAc or Pb(Ac)2 in about 0.25 mi H20 was administered by an esophageal tube.
Pups were observed each day for general activity, gait changes, hair loss, and other signs of
morbidity.

Pups were killed by decapitation after 2, 7, or 14 days of feedings. Blood was drawn into
microcapillary tubes and the packed red blood cell volume (PCV) was determined by centrifu-
gation. The brain was removed, observed for evidence of swelling or discoloration, and then
prepared for further study as described below. In parallel experiments whole blood was
colIected for analysis of lead concentration.
Brain water conteflt. Immediately after removing the brain, the cerebrum and cerebellum

were separated from the brain stem, blotted dry, and weighed. Each tissue was dried in an
individual crucible at 105°C for 4 hours (h). In initial studies, comparison of weights after four
and 24 h at this temperature showed that at each age drying was complete after four h. The
percentage of water in each region was (wet weight - dry weight/wet weight) x 100%.
Lead analysis. Lead contents of whole blood and of cerebral and cerebe}lar homogenates

were analyzed by graphite fumace atomic absorptiol1' spectrophotometry (12). After removal
of the brain, the cerebrum and cerebellum were separated from the underlying brain stem and
homogenized in deionized distilled water. An aliquot ofhomogenate (0.25 mi) was dissolved in
25% tetrámethylammonium hydroxide in ethanol (0.5 mI) and diluted with distiIIed water
(0.5-2.0 mI). This solution was injected into the graphite fumace attachment (Perkin Elmer
Model 2000) to the atomic absorption spectrophotometer (Perkin Elmer Model 206). Blood
lead concentrations were measured in a similar manner using a Varian Techtron carbon rod
atomizer lModel 61) and atomic absorption spectrophotometer (Varian Techtron Model
AA-51. AII solutions used in preparation of tissues for lead analysis were tested for lead
contamination at regular intervals. Fin.allead concentrations of brain tissue are expressed as a
fraction of the homogenate protein (13).
Tissue slice respiration. Immediately after removal of the brain, the cerebeHum was sepa-

rated from the underlying brain stem. Ten slices (300 }Lmthick) were taken from each hemi-
sphere. After teasing away white matter. the slices were cut into thin strips by hand and
suspended in 3 mi of a phosphate-buffered medium (pH 7.3) containing 0.9 mM CaC!", 2.0
KCI. I.5 mM KH2P04, 0.5 mM MgCI2• 137 mM NaCI, and 4.3 mM NaHP0

4
• About 0.3 ~I of

this suspension was placed in a 2 mi water-jacketed polarographic chamber (Gilson Co.,
Madison. Wl). The chamber was fiHed with air-saturated medium. Temperature was main-
tained at 37°C. Glucose was added to a final concentration of 50 mM. O., concentration was
measured with a Clarke platinum cathode assembly. polarized to -0.8- V, connected to aGilson oxygraph.

In most experiments, the respiratory rate became stable within a few minutes (min). If the

J Ncuroptlllt,,¡ Ex!, Xt'/lrol. \ '01 .¡/. ,Vo\'e,,,her, ICJH2



>1<Animals were considered encephalopathic if they showed at least one of the following characteristics: hindleg paresis, brownish dis-
coloration of the cerebellum, or cerebellar swelling. The results shown are the number of autopsy-verified encephalopathic animals as a
percentage of the number of animals fed the respective lead doses (shown in parentheses).
t The changes in body weights during the two weeks of Pb(Ach Ceedings are described qualitatively in comparison to control animals .

+ + indicates an increase in body weight of at least 100%; + indicates a gain of about 25- 50% oCoriginal body weight; Oindicates mean
body weights changed less Ihan 20%; - indicates a weight loss greater than 30% of original body weight.
* Packed red blood cell volumes (PCV) are expressed as the mean :t standard error of the mean (SEM) oCthe number oC determina-

tions shown in parenlheses for each age and lead dose. •* AII control animals received NaAc (1,200 ¡.¡.g/gbody weight in about 0.25 mI H20).
I The encephalopathic doses, defined as the lowest tested daily dose of Pb(Ac)2 which produced the cerebellar encephalopathy in at

least 50% of the pups in the respective age group, are indicated by an arrow (--».

~r PCVs in animalS receiving the mínimum encephaIopathic doses of Pb(Ach beginning at 16and 18days oCage were significantly less
lhan the PCVs of animals receivíng 400 ¡.¡.gPb(Ach from 14 days of age (p < .00l).
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26.5 :t 1.0 (22)
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TABLE 1
Effects of Pb(Ac)2 Feedings for 14Days Beginning at Various Ages in the Rat Pup

Daily lead dose
(¡.¡.gPb/g body Deaths Encephalopathy>l< Change in

weight) (%) (%) body weightt

~ 12.5 O (16) ++
-->4001 62.5 62.5 (24) O
800 75 62.5 (8) O

1,200 100 100 (8)
o¡¡ 25 O (16) ++

400 12.5 O (8) ++
-->8001 38 63 (24) O
1,600 100 75 (8) O

O!l O O (8) ++
400 O O (8) ++
800 t5 25 (8) +

-->1,6001 46 63 (24) O
2,400 87 75 (8) O

o¡¡ O O (8) ++
1,600 O O (24) O
2,000 6.25 O (24) O
2,400 12.5 O (8) O

O!l O O (16) ++
2,400 O O (8) +3,200 O .. O (16) +
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656 HOLTZMAN ET AL.

cephalopathic dose for pups fed lead from 18 days of age, the 2Q-day-old aI1:imals
showed weight loss and decreased PCVs similar to or greater than those seen 10 the
younger encephalopathic pups. Pups fed these high lead doses ~ro~ 24 days of age
also showed similar decreases in PCVs. Unlike the younger aOlmáls, the pups fed
lead from 24 days of age continued to gain weight, but at rates much less than.th~se
of control animals. Pups fed 2,400 or 3,200 p.gPb/g body weight for 14days beglOOlng
at 24 days of age showed a 30% mean weight gain compared to greater than 100%
mean weight gain in control pups (p < .001). Pups fed lead from 20 and 24 days of age
did not develop hair loss. . . .
Light microscopy. The brains of at least two pups were studled by hg~t mIcros-

copy after receiving the encephalopathic lead doses (indicated b~ arrows 10Table 1)
for six and 14 days beginning at 14, 16, or 18 days of age (Flg. 1). Results were
compared to two NaAc-fed control animals studied at each of these age.s. The cere-
brums of pups begun on daily lead feedings between 14-18 days were elther normal
or showed minimal patchy edema. Cerebellar changes were extensive in these
animals after both six and 14 days of lead feedings. Large areas of edema were
present in the molecular, granular, and Purkinje celllayers and in the white matter of
more than 90% of the pups. Purkinje cells were spared .even in the presence oí
extensive edema. Focal hemorrhages were observed frequently in the molecular and
granular layers. Cell necrosis was evident in the granular and molecular layers and in
the white matter of about half the lead-fed pups. In a few instances, proliferation of
astrocytes was found in the granular layer and in the white matter. •
Pups fed higher daily doses beginning at 20 days of age showed much less exten-

sive lesions in the cerebellum. Animals fed 1,600 p.g Pb/g body weight for 14 days
showed slight patchy edema throughout alllayers oí the cerebellum. Of tWI;)pups fed
2,000 p.gPb/g body weight for 14days, one appeared normal and one exhibited only
focal edema in the molecular layer. The cerebellums from three of six pups fed 2,400
p.g Pb/g body weight for six or 14 days were normal. T,he other three cerebellums
showed slight patchy edema in the molecular, granular, and Purkinje layers with
occasional focal pericapillary hemorrbage and necrosis in the molecular layer and
white matter. Al the highest dose, 3,200 p.g Pb/g body weight, two pups showed
minimal patchy edema in the molecular layer and white matter after six days. After
14 days of receiving this dose, cerebellums from two animals were normal while
three showed changes similar to those seen after six days.
Four animals were studied after receiving 3,200 p.g Pb/g body weight for 14 days

beginning at 24 days of age. There were no lesions in the cerebellums of these
animals.
Brain water contento Cerebral and cerebellar water contents in pups fed an en-

cephalopathic lead dose from 14days ofage and fed higher lead doses from 20 and 24
days of age were compared to age-matched NaAc-fed controls (Table 2). These
results support the light microscopic observations. A two-factor analysis of variance
indicates that lead feedings begun at 14days of age resulted in small increases in the
water content of the cerebellum (p < 0.05) but not the cerebrum. A similar analysis
shows no significant increase in the cerebral or cerebellar water content in pups red
lead from 20 days ofage, consistent with the minimal, patchy cerebellar edema seen
by light microscopy. In animals fed lead from 24 days of age, there also was no
change in cerebral or cerebellar water content.
Lead concentrations. Cerebellar le~d concentrations in pups fed encephalopathic

lead doses beginning at 16or 18days of age were about 30 J.LgPb/g protein (Table 3).
The concentrations of lead were similar in the cerebrum and cerebellum at each of
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82.67j:' 0.22
(4)

82.85j: 0.57
(7)

, ~1.13j: 0.27
(9)

, Cerebellum

NaAc Pb(Ach

~... '

Cerebrum
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NaAc ' Pb(Ach

2

7

2

7

2

7

14

14

14

Duration
of feedings

(days)

,•...•.~~._."1IilIiIiiic" .,.•.-¡'- --'''''''-r

Age al slart
óf feedings

(days)

TABLE 2
Waler Conlenl in Cerebrums and Cerebellums of Rat Pups Fed Pb(Ac)2 or NaAc Beginning al Various Ages*

Water content
(% H20)

14
(400¡.¡.gPb/g

body weighl)

20
(2,000¡.¡.gPb/g

body weight)

24
(3,200¡.tg Pb/g

body weight)

83.46j: 0.23 83.48j: 0.14 83.ió j: 0.34
(4) (4) (4)

82.11j: 0.04 82.25j: 0.10 81.51j: 0.12ro m ro
80.95j: 0.08, 80.93j: 0.11 80.67 :f 0.11

(9) (9) (9)

~80.86j: 0.12 81.34j: 0.04 -, 80.16 j: 0.24 80.88 ::t 0.11
W " WW W

81.18j: 0.10 ' 81.10j:0.09 \- 80~95j: 0.16, f,; 80.56 j: O.O? '
(4) (4)" (4) ,(4)' .,"

80.00j: 0.14 79.99 j: 0.10 ,; ,80.07 j: 0.04 80.39 j: 0.69 , ,"
(4) '~ (4), . . - '~:, ,(4) ,.(~)-, ': '" •

81.6Sj: 0.05 81.37j: 0.15 ';' ,,4',~'8L34 j: 0.]7' ";"" ", 8l.23 j:O.22>r,
(4) , , (4)" " . ";:' '(4) , (4), o,'

81.16j: 0.16' 80.86 j: 0.13,': .80.78 j: 0.13 80.76:!:;0.28.
(4) (4), ' ,~:"(4), (e" (4) r',

79.34j: 0.08 79.77 j: 0.19 ". 79.30 j: 0.23 , ' 79.51 j: 0.38
(4) (4) (4) (4)

* Water C?nlenlS are expressed as the percentage of water calculated as (wet weight - dry weight/wet weight) x 100 (see Methods),
Each, value IS the mean j: SEM of the number of measurem~nts shown in parenthesis. ,
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TABLE 3
Concentration of Lead in Cerebrums and Cerebellums of Rat Pups Fed NaAc or Pb(Ach

for 14 Days Beginning at Various Ages

Lead concentrations*

Age at start of Daily lead dose Cerebrum Cerebellum
lead feedings (¡.t.gPb/g body (¡.t.g1g (¡.t.g/g Whole bloodt

(days) weight) protein) protein) (¡.t.g1ml)

14-24t O 5.04 :!: 1.67 5.78 :!: 1.81 1.16 :!: 0.16
(9) (8) (13)

14 4()():l: 26.82 :!: 8.33 51.58 :!: 17.03 11.31 :!: 0.84
(4) (5) (14)

800 22.40 :!: 9.86 16.20:!: 3.91
(2) (4)

16 80O:t 22.11 :!: 5.33 32.64 :!: 5.09 12.48 :!: 1.02
(3) (3) (8)

18 400 5.74 :!: 0.60 6.21 :!: 0.63
(4) (4)

800 14.75 :!: 3.78 15.79 :!: 0.18
(3) (2)

1,600:1: 22.66:!: 2.68 29.90:!: 7.16 9.94 :!: 0.52
(2) (2) (8)

20 1,600 17.99 :!: 3.96 27.74 :!:5.19
(10) (12)

2,000 27.65 :!: 5.04 30.75 :!: 2.78
(11) (12)

2,400 41.28 :!: 17.72 27.55 :!: 2.90 16.75 :!: 1.18
(3) (4) (8)

24 2,400 19.83 :!: 1.80 29.14 :!: 3.05
..• (4) (5)

3,200 18.94:!: 1.90 27.65 :!: 5.51 16.36 :!: 1.16
(5) (5) (13)

..•

.•

..•

* Each value for lead concentration is the mean:!: SEM of the number of measurements
shown in parentheses. o

t The results for control animals receiving no lead (O)were pooled for all animal s fed NaAc
(1,200 ¡.t.g/gbody weight) for 14 days beginning at various ages from 14-24 days. The lead
values were the same in the brains of animals fed NaAc from these various ages.

:1:These lead doses, begun at the particular ages, resulted in encephalopathy in at least 50%
of the pups (see Table 1).

these ages. Higher lead concentrations in the cerebellums of encephalopathic pups
fed from 14 days were probably due to the presence of red blood cell-bound lead
resulting from the more extensive hemorrhages (16). Generally, the same lead doses
(e.g., 400 or 800 JLg Pb/g body weight) resulted in higher cerebellar lead concentra-
tions in younger compared to older pups. In animals fed high daily doses of lead
from 20 days of age, in which there was light microscopic evidence of only patchy
edema, and in animals fed lead from 24 days, in which there was no indication of
lead toxicity, cerebellar lead concentrations were the same as those found in en-
cephalopathic younger pups.

The levels of lead in whole blood were about 30% higher in the older animals fed
higher daily lead doses compared to the blood lead levels in the encephalopathic
younger animals (Table 3). These values were used to correct for the blood lead in
the cerebellums. Assuming a maximal blood volume of 5% (17) and brain protein
concentration of 100 mg!ml (18), the lead in the cerebellar parenchyma may be as

J ¡Vt'uroplltllOl Erp .Ve'urol, Vo/4/. ¡Vol'f!mhf!r. /9R2
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TABLE 4
Respiration in Cerebellar Slices from Rat Pups Fed NaAc or Pb(Ach Beginning at Various Ages

¡~

Oligomycin-
DNP-inhibited

stimulated

Age at start Duration of
Basal respiration*

,respiration*
respiration* '

::o

of feedings feedings

m
(J)

i-" (days) (days) NaAc Pb(Ac)2 NaAc Pb(Ac)2 NaAc Pb(Ac)2 Cñ;:,
14 2 17.5 :t l.3 16.0:t 2.1 8.5 :t 0.4 7.6:t 0.6 26.3 :t' 1.5 ' 30.0:t 1.4 ' Z ,

(')
,1 •

(8) (8) (3) (3) (5) (5) m

(400 J.tg Pb/g 7 19.1 :t 1.4 19.8 :t 1.4 9.5 :t 0.8 7.5 :t 0.6 32.7 :t 2.4, ' 33.8 :t l.J ' "'J ...¡

body weight)
(J2) (12) (3) (3) (9) (9) .'~~ • i-

O -j-
I"'

14 18.6:t 0.9 16.3 :t 0.8 9.5:t 0.7 , 9.3 :t 0.5 33.8 :t 1.4 32.8:t 1.0 m
(J2) (JI) (3) (3) (9) (8) ;¡.1:

O

20 2 15.9:t 0.8 15.4:t 1.1 11.1:t 0.9 1O.4,:t0.5 27.6 :t 2.2 22.1 :t_2.3 m
(8), (8) (4) (4) (4) (4) Z

(')

•...
(2,000 J.tg Pb/g 7 13.5 :t 0.8 14d :t 1.3 9.2:t 0.8 8.8 :t 0.6 29.0:t 2.2 - 30.1 :t 4.6 m

~

~

:i body weighl) -
(8). (8) (4) (4) (4) (4)

-- :I:

4
14 13.6 :t 1:3' 11.1 :t 0.6 8.2 :t 0.3 7.3 :t 0.4 24.3 :t1.9 ,'18.3 :t 2.0 ;¡.

1"'-

::.

(8) (6) (4) (3) (4) (3) O

[

~

24 2 13.5 :t 0.7 15.~ :t 1.0 8.5 :t 0.5 1O.0:t' 1.0 265:t 2.9 34.3 :t 1.8 ;¡.

;>:

...¡

'"

(8) (8) (4) (4) (4) (4) :I:

""

~ (3,200 J.tg Pb/g 7 19.3 :t 1.8 -16.8 :t 1.1 13.5 :t 1.6 11.8 :t 0.8 34.1 :t 1.2 35.0 :t 2.8 ><:

" bódy weight)
(8) ,-- (8) (4) (4) (4) (4)

~;:.
14 15:0:t 0.9 14.2 :t 1.5 9.7:t l.3 8.1 i 0.9 29.0:t 1.4 33.0:t 2.9

~
(8) (6) (4) (3) (4) (3)

~
?

' Th, '"pi,",o" <al" a" exp'm,d ;0 o at O/m. prot,io m;naod w're """ored " d''''rihe<! ;0 th, ",,\ho,"- Etoeh'"o" ;, tb<'m"n " SEM o, th, "omite•• , •• imal"howo;o p",ot~"". , ,,'o' .' .' ,~ '-
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cerebellar slices no increase in phosphorylation-independent respiration
(oligomycin-insensitive respiration) early in the course oflead feedin~s i~seen as it is
in isolated mitochondria. The increase in maximal respiratory capaclty m cerebellar
slices from older nonencephalopathic lead-fed pups may b.esecondary to an increase
in mitochondrial respiratory chain cytochromes, as found in lead-fed adult rat cere-
beUar mito¿hondria (20).
It is probable that lead acts upon the immature brain by several mechanisms.

Studies demonstrating endothelial ceU hypertrophy and increased capillary cellular-
ity in response to lead suggest that the toxic effects of lead on immature capillary
endothelium lead directly to thrombosis, hemorrhage, edema, and parenchymal cell
necrosis (3-5, 8). We have proposed that lead primarily inhibits cellular energy
metabolism, possibly in capillary endothelium as well as in parenchymal ceUs, in the
developing brain (1, 6, 7, 9). Primary effects of lead on parenchymal and capillary
cell respiration could alter the control of water and electrolyte concentrations, thus
contributing to the genesis of cerebellar edema (21- 24). Inhibitory effects of lead on
both cortical microperfusion and on cell respiration could be additive in the
pathogenesis of cell necrosis in the lead-induced encephalopathy.
The mechanism or mechanisms by which the mature brajn is resistant to lead

toxicityaiso are undear at this time. The cerebniñi appears to become resistant to
lead toxicity at ayounger a~e than the cerebe1hiñl,1n spite of similáflead leveis in the
two regions (8, 25). From the present réSú1ts, we confirm the observation that cere-
oeTIai1eadlevels remain as high in the older resistant animals fed higher lead dos~
iñthe encephalopathic younger animals (8, 9). The mildly increased lead concentra-
tíon in the cerebellar parenchyma of the younger animals probably can be accounted
for by the hemorrhages in the encephalopathic cerebellums (16). The development of
re¿lstance to lead toxicity may be due to differences in the subcelluÍar or cellular
dlstribution of lea~nle brain. Consistent with this hypothéSis and the proposal that
lead acts on mltochondrial respiration, hisher concentrations of lead are found in
cerebellar mitochondria fronrpups fed léad beginning át~14 days tnan m ce~ebenar
ñUtOChóndriarrom lead-fea-adults (9). A similar association -oraltered intracel1üfar
l~d distribution and resistance to Íead toxicity q¡ay occur.in capillary endotheltum,
since abnormal brain capillaries from immature Iead~ed pups have the same lead
concentrations as normal-appearing capillaries from older lead-fed pups (26). The
proposed mechanisms of resistance to lead toxicity in the ratbrain will be studied
further using the short age period of 18-24 days during which time the rat pup first
exposed to lead changes from an encephalopathy-sensitive to an encephalopathy-
resistant state.
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