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Summary.-In a series of 3 experiments, beagle dogs were dosed orally with lead
carbonate and the histochemical and histological changes in the liver and kidney
assessed. Dosing at 50 mg/kg per day for 5 weeks resulted in well documented
histological changes in the kidney and hydropic degeneration in the liver; significant
alterations in the activity of the majority of enzymes studied were also seen in both
organs. In dogs dosed for one week at 50 or 100 mg/kg no histological changes were
seen and histochemical alterations were mainly confined to the dehydrogenases and
NADPH diaphorase. A third group of dogs was dosed for 3 weeks; during a subse-
quent recovery period of almost 2 months the mild clinical effects produced by lead
during the dosing period were quickly reversible except in 2 dogs. At the end of the
recovery period histochemical alterations were evident in both organs of these 2
dogs principally shown by a reduction in the dehydrogenases of the liver.
The findings are interpreted as an effect by lead on a range of cellular enzymes

particularly those involved in energy production, these effects being still demon-
strable after an extended recovery period.

OVERT pathological effects of lead
poisoning are mainly confined to the
kidneys, brain, erythrocytes and haem
synthesis (Goyer and Rhyne, 1973). At
least some of the effects of lead are known
to be due to enzyme inhibition and lead
appears to act at a large number of bio-
chemical sites (Ulmer and Vallee, 1969).
For most enzyme systems, however, the
concentrations of lead required for inhibi-
tion in vitro are reported to greatly exceed
those found in the blood of individuals
with clinical lead poisoning (Vallee and
Ulmer, 1972). Histochemical observa-
tions on tissues of lead poisoned experi-
mental animals provide an opportunity
to examine effects on enzyme systems in
vivo. The few reports of this type of
investigation include studies on striated
muscle and myocardium (Kosmider, Enek
and Gzhibek, 1964), liver and kidney
(Sroczynski and Zajusz, 1966) and liver
(Zegarska and Zegarski, 1968).

The present series of experiments,

using the dog, was designed to further
investigate the effects of differing condi-
tions of lead intoxication on a number of
liver and kidney enzymes using histo-
chemical methods. Provision was made
for a study of the reversibility of changes
induced by lead and, by using routine
histological examination, a correlation
was attempted between morphological
and histochemical changes in these tissues.

MATERIALS AND METHODS

Three experiments were performed using 18
beagle dogs of less than 1 year of age. The
animals were housed individually and fed a
proprietary tinned dog food and biscuit meal
and supplied with water ad libitum.

In Experiment A, 2 dogs (numbered 1 !
and 29) were dosed orally each day for 7 days
with lead carbonate at a dose level of 50 mg of
lead/kg of bodyweight. A further 2 dogs (3&
and 49) were dosed for 7 days at a level of
100 mg of lead/kg of bodyweight. Two dogs
(56' and 69) acted as undosed controls.

In Experiment B, chronic oral dosing of 2
dogs (76' and 8?) was carried out with lead
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carbonate at a daily dose level of 50 mg of
lead/kg of bodyweight; because of marked
deterioration in bodily condition they were
killed after 5 weeks' dosing. Two dogs (9&T
and 10?) acted as undosed controls.

In Experiment C, 4 dogs (11&, 12&, 13?
and 14?) were dosed orally with lead carbonate
at a daily dose level of 50 mg of lead/kg of
bodyweight for 3 weeks; a period of 71 weeks
was then allowed to elapse during which the
dogs were not treated and thev were killed at
the end of this period. Four dogs (15&, 16S,
17? and 18?) were left undosed as controls
and killed at the same time.

All dogs were weighed once each week and
their clinical condition was recorded daily.

At the termination of each experiment the
dogs were deeply anaesthetized by intravenous
injection of pentobarbitone and killed by section
of the cervical blood vessels followed by ex-
sanguination. A small piece of liver and kidney
was removed and quenched in a mixture of
iso-pentane and solid carbon dioxide. These
tissues were sectioned immediately using a
cryostat microtome and the sections stained for
demonstration of the activity of the following
enzymes: acid phosphatase (AcP) by a modified
Gomori method with incubation for 20 min
(Pearse, 1968a) and alkaline phosphatase (AlkP)
by the Gomori method with an incubation time
of 15 min (Pearse, 1968b); adenosine triphos-
phatase (ATPase) using lead nitrate with an
incubation time of 30 min (Pearse, 1968c);
glucpse-6-phosphatase (G6Pase) bythemethodof
Zugibe (1970) with glucose-6-phosphate as
substrate and using lead nitrate with an incuba-
tion time of 30 min. The activity of isocitric,
glucose-6-phosphate (G6P), f hydroxy butyric
(,BHB) and succinic dehydrogenases (dh) was
demonstrated by the methods of Zugibe (1970)
employing Nitro BT with NAD or NADP as
co-enzyme and the appropriate substrate; the
incubation time was 20 min in each case. In
addition, sections were stained for NADH and
NADPH diaphorase activity by the methods
described by Zugibe (1970).

Cryostat sections were also stained for fat
with Oil-red-O and for glycogen with periodic
acid-Schiff. Specimens of liver and kidney
were also fixed in 10% buffered formol saline,
routinely processed, sectioned at 5 ,um and stained
with haematoxylin and eosin (H. and E.).

RESULTS

The clinical condition and bodyweight
of the dosed dogs in Experiment A did
not differ significantly from the controls.
In Experiment B the bodyweight of the
dosed dogs declined as the treatment

period progressed and this was accom-
panied by a pronounced fall in bodily
condition; at the end of the experiment
each dosed animal had an emaciated
appearance and weighed only just over
half as much as its respective control. In
Experiment C all dosed dogs suffered a
slight check in bodyweight gain during the
dosing period with some loss of condition.
During the ensuing " recovery " period
the bodyweight and appearance of 2 dogs
(11& and 13y) became similar to the
controls; in the case of 12,3 and 14Y
slow recovery occurred but neither dog
had fully regained its bodily condition by
the end of the experiment.

The histochemical results for each
experiment expressed as a comparison of
the intensity of the reaction with the
respective controls are shown for each
dosed dog in Table I for the liver and in
Table II for the kidney.

The only evidence of pathological
change to the liver and kidney, as shown
in H. and E. sections of fixed material,
was seen in the dogs of Experiment B. In
the livers the change consisted of the pre-
sence of groups of distended, vacuolated
hepatocytes often with pyknotic nuclei;
these cells were predominantly located in
the midzone of the lobule and were con-
sidered to be undergoing hydropic de-
generation since no fat was demonstrable.
These cells also lacked enzyme activity;
however, it was noteworthy that the
increased activity of all enzymes in the
liver, with the exception of NADPH
diaphorase where a reduction was seen,
was most marked in the cells adjacent to
those showing degenerative changes; the
increased activity of glucose-6-P dh and
,8 hydroxy butyric dh was especially
marked. Increases in liver acid and alka-
line phosphatases were only recorded in
this experiment, the former being mainly
seen as an increase in Kupffer cells show-
ing activity and the latter as widespread
canalicular, and occasionally cellular, acti-
vity especially in periportal and midzone
areas. In H. and E. sections of the
kidneys of the dogs in this experiment
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Fia. 1. Liver of dog 7&3 (50 mg/kg of lead for 5 weeks) showing hydropic degeneration predomi-
nantly in midzone. H. and E. x 200.

FIG. 2. Kidney of same dog showing degenerative changes in the straight proximal tubules. Arrow
indicates nuclei with inclusions. H. and E. x 500.
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FIG. 3.-Activity of alkaline phosphatase in the liver. x 125. (a) Dog 10? (control). Activity
virtually confined to vessels in periportal area. (b) Dog 8Y (50 mg/kg of lead for 5 weeks).
Increased activity especially in periportal area.
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TABLE I.-Summary of Histochemical Changes in the Livers of Dogs Dosed
with Lead Compared with Control Dogs

Enzyme
AcP

AlkP

ATPase

G6Pase

NADH diaphorase

NADPH diaphorase

Isocitric (lh

G6P (lh

l3HBdh

Succinic dh

Glycogeni

Expt. A Expt. B
Dosed for 1 week 50 mg/kg for

50 mg/kg 100 mg/kg 5 weeks

id 2? 3 4? 73 8?
0 0 0 0 INC INC

+ ++
0 0 0 0 INC INC

++ ++
0 0 0 0 INC INC

+ ++~
RED RED
+ +-

0 INC 0 INC

Expt. C
50 mg/kg for 3 weeks and

killed 71 weeks later

11i 12? 13S 14?
0 0 0 0

0 0 0 0

0 0 0 0

0 RED

0 0 0 0 0 0 0 RED
++

INC 0 INC 0 RED RED
++ + + +
INC INC INC
+ + ++
0 0 INC

+
INC RED INC
++ +++-+++
INC

-4-

INC
+-
INC
+

INrC

0 INC INC

0 INC
++

INC INC
+++ +++
INC INC
++ -++
ND ND

0 RED
+

RED RED
+ +±E
0 RED

++
0 RED

O RED
+

0 0 0 0 0 0 0 INC
++

0 RED

0 RED

0 0

0 RED
++

0 RED
±

0 RED
±

O RED
±

0 INC

Key to changes: INC Increase in intensity of reactioin compared to controls; RED = Reduction.
Degree of change: 0 = no difference from controls; + = slight difference; + + = moderate difference;
+ + + _ marked difference. ND = Not done.

mild degenerative changes were seen in
the straight proximal tubules of the inner
cortex. The changes consisted of cyto-
plasmic vacuolation of the lining epi-
thelial cells with small numbers of des-
quamated cells in the lumens; in many of
the epithelia] cells the nuclei were grossly
enlarged with a vesicular appearance and
the nuclei often contained large eosino-
philic inclusion bodies. Histochemical
findings consisted of a reduction in the
activity of all enzymes, mainly affecting
the proximal tubules and especially involv-
ing acid and alkaline phosphatases and
G6P dehydrogenase.

In Experiment A, the effects on the
liver of short term dosing of lead resulted
mainly in increases in activity of the
dehydrogenases, the changes in enzyme
activity being more apparent in the dogs
given the higher dose level. The altera-
tion in activity of ,l hydroxy butyric dh

was especially marked. In the case of
glucose-6-phosphatase both dogs at the
low dose level showed a slight decrease
in activity but without any change in
G6P dehydrogenase. In the kidneys,
changes in activity were sporadic except
that in all dosed dogs there was a slight
reduction in NADPH diaphorase in the
proximal tubules.

Significant changes in enzyme activity
in the livers of the dogs of Experiment C
were almost entirely confined to the 2 dogs
(12S and 14y) whose bodily condition
had still not returned to normal at the end
of the " recovery " period. The changes
consisted of a reduction in the activity of
the dehydrogenases and glucose-6-phos-
phatase and were accompanied by an
increase in glycogen. The reduction in
isocitric dh was marked and was also seen
in a third dog. In the kidney no similar
pattern of changes was seen and altera-

105



D. J. WHITE

FIG. 4.-Alkaline phosphatase activity in the kidney. x 200. (a) Dog 10 (control). Inner
cortex showing activity in brush borders of proximal tubules. (b) Dog 89 (50 mg/kg of lead
for 5 weeks). Marked reduction in activity in the inner cortex.
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FIG. 5.-Activity of fl hydroxy butyric dehydrogenase in the kidney.
Strong activity in proximal tubules of inner cortex. (b) Dog 7,
Proximal tubules showing marked reduction in activity.

x 125. (a) Dog 9, (Control).
(50 mg/kg of lead for 5 weeks).
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TABLE II.-Summary of Histochentical Changes in the Kidneys of Dogs Dosed
with Lead Compared with Control Dogs

Enzyme
AcP

AlkP

ATPase

G6Pase

NADH diaphorase

NADPH diaphorase

Isocitric dh

G6P dh

#HBdh

Succinic dh

Expt. A
Dosed for 1 week

50 mg/kg 100 mg/kg
r, A

is 29 3 49
RED 0 RED 0
+ +
0 0 0 0 RED

0 0 0 0 RED
++

Expt. B Expt. C
50 mg/kg for 50 mg/kg for 3 weeks and

5 weeks killed 7j weeks later

7,5 89 l1& 129 13d 149
RED RED 0 0 0 0
+++F- ++

RED

RED

0 INC
-4-

0 0

0 0

0 0

0 0 0 0 RED RED 0 0 0 0
+ ±

0 0 0 0 0 0 0 0 0 RED
+

RED RED RED RED
+ + + 4-
RED 0
-F+

RED RED
± +

0 0 RED RED
-F- -F

0 INC 0 INC RED RED

RED 0 0 RED RED RED

0 0 0 0 ND ND

0 0 0 0

0 0 0 0

INC INC 0 RED
- - -F
0 0 0 RED

o 0 RED RED
-F -F-

Key to changes: INC = Increase in intensity of reaction compared to controls; RED = Reduction.
Degree of change: 0 = no differenc- from controls; + = slight difference; + + = moderate difference;
+ + + = marked difference. ND = Not done.

tions in activity were sporadic and gener-
ally slight except that dog 14 9 showed a
reduction in 3 of the dehydrogenases.

DISCUSSION

This series of experiments has shown
that significant changes in enzyme activity
occurred in the liver and kidney of dogs
poisoned with lead not only where histo-
pathological alterations were present but
also in the absence of any changes observ-
able with the light microscope. It has
also been demonstrated that alterations
in enzyme activity were still present in
dogs poisoned subacutely almost 2 months
after cessation of lead intake.

Frank histopathological effects on the
liver and kidney were seen only in the
chronic experiment and these were ac-
companied by the most pronounced
changes in histoenzymatic activity. In-
creases in hepatic acid and alkaline

phosphatases were only seen in this study
thus providing further evidence for a toxic
effect of lead (Thorbecke et al., 1960).
The much reduced activity of the phos-
phatases in the kidneys of these dogs
formed only part of the generalized
reduction in all enzymes and confirmed
the histological observations of toxic
effect on the cortical tubules. These
findings are not fully in accord with those
of Sroczynski and Zajusz (1966) and
Zegarska and Zegarski (1968) but this
probably reflects the importance of the
timing of examination for activity in
relation to treatment. The former dosed
rabbits for 3 months and found that the
activity of acid phosphatase in the liver,
especially of emaciated rabbits, was much
reduced and the activity of alkaline
phosphatase showed no change; Zegarska
and Zegarski found an increase in acid
phosphatase and a marked reduction in
alkaline phosphatase in rabbits dosed
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J,

FIG. 6. Activity of glucose-6-phosphate dehydrogenase in the kidney. x 125. (a) Dog 15J
(Control). Activity mainly seen in straight tubules of the inner cortex. (b) Dog 11, (50 mg/kg
of lead for 3 weeks, killed 71 weeks later). Overall increase in activity in the inner cortex.
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FIG. 7.-Activity of succinic dehydrogenase in the kidney. x 1125. (a) Dog 18Y (Control).
Activity in the inner cortex mainly seen in the straight tubules. (b) Dog 15? (50 mg/kg of
lead for 3 weeks, killed 7i weeks later). Inner cortex showing overall reduction in activity.
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intravenously with lead acetate for 10
days in the absence of histological damage.
The observations by Sroczynski and
Zajusz of a reduction of both enzymes in
the kidney is, however, in agreement with
the present findings.

The most consistent trend in all 3
experiments was the alteration in the
liver of the activity of the dehydrogenases.
In the 1-week and chronic experiments
this took the form of an increase which,
with , hydroxy butyric and G6P dehydro-
genases, was sometimes marked; in the
" recovery " experiment the dehydro-
genases showed a reduction in activity
particularly in isocitric dh. It is known
that lead binds to and damages mito-
chondria (Goyer, 1968) leading to de-
creased respiration and partial uncoupling
of oxidative phosphorylation (Teras and
Kahn, 1966; Cardona, Lessler and Brier-
ley, 1971) and there is also evidence for
uptake of lead by other cell fractions with
effects on microsomal enzymes (Castellino
and Aloj, 1969; Alvares et al., 1972).
Other studies have demonstrated that lead
is only slowly removed from these frac-
tions and that it is particularly strongly
bound to mitochondria (Barltrop, Barrett
and Dingle, 1971). The most significant
alterations in the present experiments
have been seen in those enzymes predomi-
nantly located in the mitochondria and
the effect of lead in the acute and chronic
experiments can be interpreted as leading
to an increase in oxidative mechanisms
via the citric acid cycle with an increase
in fatty acid oxidation. These changes
were more marked at the dose level of
100 mg/kg compared with 50 mg/kg and
were also marked in the chronic experi-
ment. In this latter study it is difficult to
dissociate the effects of cachexia from
those of lead particularly in the case of
G6P dehydrogenase which showed a
marked increase; an increase in this
enzyme inainly reflects the use of alter-
native pathways for energy production
but its activity is also known to increase
in liver damage with persistence of altera-
tions long after the insulting agent is no

longer present (Jones and Cohen, 1962).
This persistence of effect was particularly
evident in the kidneys of dogs on the
" recovery " experiment. The evidence
from these experiments suggests that lead
exerted a primary effect on the mito-
chondrial enzymes but it cannot be said
with certainty whether the generally
mild effects on enzymes of the microsomal
and soluble fractions, glucose-6-phospha-
tase and NADPH diaphorase, occurred
secondarily to the effects on the mito-
chondrial enzymes or as a result of direct
contact with lead. Alterations in hepatic
glucose-6-phosphatase were slight and
variable and in the subacute and chronic
experiments showed no correlation with
the activity of other enzymes or with any
alteration in glycogen. In Zegarska and
Zegarski's subacute experiments with rab-
bits, this enzyme increased slightly in the
liver, but there was a concomitant marked
reduction in glycogen and succinic dh.
These authors also examined hepatic
enzyme activity in rabbits allowed a 10
to 14-day recovery period and found that
almost all enzymes had returned to
normal. This is in contrast to the present
study where after almost 2 months
recovery, 2 dogs showed a reduction in all
liver enzymes, except acid and alkaline
phosphatases and ATPase, in the pre-
sence of an increase in glycogen. Neither
of these animals had fully regained its
bodily condition and these findings indi-
cate the presence of a long lasting effect
of lead on cellular metabolic pathways
and thus on energy production. These
observations were made in dogs which
had been given moderately high doses of
lead for a short period sufficient only to
cause very mild clinical signs of intoxica-
tion. The possibility exists that a lower
intake of lead over a longer period could
result in similareffects especially as evidence
was produced for a more marked effect on
enzymes with an increasing dose of lead.
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for technical assistance and Mr D. Fare-
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