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Fig. 4 Response-intensity plots obtained from the cone experi-
ments of Fig. 3. All response amplitudes have been normalized
against corresponding dark currents (see Fig. 3 legend). a,
Response amplitudes were measured at transient peak (M) and at
the end of the light step (O). b, Response amplitudes were measured
at 0.2 s (A) and 0.4 s ((J) after light onset, and at steady-state level
(@). The smooth curves were all drawn according to equation (1).

position on the light intensity axis, provides convincing evidence
that the underlying single-photon effects are invariant with light
intensity. Four other experiments gave similar conclusions.
Essentially the same results were obtained from cones. The
response-intensity family in Fig. 3a was obtained from a cone
in normal Ringer solution, whereas that in Fig. 3b was obtained
from a cone in test solution. Again, the prominent relaxations
shown in the control responses were absent in the test solution.
Measurements made from the experiments in Fig. 3 are shown
in Fig. 4. In Fig. 44, the normalized response amplitudes at both
the transient peak and at the end of the light step in Fig. 3a are
plotted against light intensity; in both cases the experimental
points fall substantially below the curve drawn from equation
(1), indicating light adaptation. We found the same in four other
experiments. In these experiments we unfortunately could not
make meaningful measurements of the response amplitude at
times earlier than the transient peak because the rather slow
membrane time constant in cones limits the rate of rise of the
response. In Fig. 45, the relations between response amplitude
and light intensity from Fig. 3b are plotted at times of 0.2 s and
0.4 s after light onset, and at the steady-state level. As for rods
under the same conditions, the relations can be fitted by the
theoretical relation assuming no light adaptation. Again, the
position of curve 3, which fits the steady-state relation, has been
calculated from the normalized amplitude and the integration
time of the response of a cell to a dim flash (inset of Fig. 3b).
The agreement between prediction and experiment is excellent,
with respect to both the form of the relation and its position on
the abscissa. Six other experiments gave much the same results.
The results described here strongly suggest that the Ca®*
feedback underlies practically all light adaptation exhibited by
retinal rods and cones. As mentioned earlier, this Ca®>* feedback
arises from a decline of free Ca®" in the receptor’s outer segment
during illumination, which occurs roughly with a time constant
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of 0.5 s in rods™!! and 0.1 s in cones'>'>. The faster Ca®>" decline

in cones is therefore consistent with the more rapid development
of light adaptation in these cells, as shown above. The mechan-
ism by which Ca®* affects the cGMP level is still not entirely
clear at present. At least part of this action appears to arise from
an inhibitory effect of Ca>" on guanylate cyclase, which syn-
thesises cGMP'*?!_ In addition, Ca®* may stimulate the cGMP
phosphodiesterase, directly or indirectly’®?>*. Finally, note
that, although amphibian rods and cones both exhibit light
adaptation, only the cones of the primate retina show this
phenomenon'’. A clue to the puzzle why primate rods do not
light-adapt may be derived from examining the Ca’" feedback
in these cells.
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Picomolar concentrations of lead stimulate
brain protein kinase C

Jasna Markovac & Gary W. Goldstein

Departments of Pediatrics and Neurology,
University of Michigan Medical School, Ann Arbor,
Michigan 48109-0570, USA

Recent growth studies in children suggest that there is no threshold
for adverse effects from the universal exposure to inorganic lead'.
The biochemical mechanisms mediating low-level toxicity are
unclear, but in several biolegical systems, lead alters calcium-
mediated cellular processes> and may mimic calcium in binding
to regulatory proteins®. Here we present evidence that lead stimu-
lates diacylglycerol-activated calcium and phospholipid-dependent
protein kinase, protein kinase C, partially purified from rat brain.
Picomolar concentrations of lead are equivalent to micromolar
calcium in kinase activation, so this regulatory enzyme is sensitive
to the lead levels expected from current environmental exposure.

Lead poisoning results in permanent brain damage’, high-
level exposure during childhood causing distinct neurological
problems and irreversible mental retardation®. Exposure even
to subclinical levels of lead produces intelligence deficits, poor
academic achievement’, hyperactivity, and deficient fine motor
control®, as well as short stature and decreased weight'. Depend-
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Fig.1 Dose-dependent stimulatiod of protein kinase C by calcium
(a) and lead (b).

Methods. Protein kinase C activity was partlally purified from
freshly isolated brain of adult Sprague-Dawley rats. The brains
were washed and homogenized in buffer containing 20 mM
HEPES, pH 7.5, 2mM EDTA, 2 mM EGTA, 0:25 M sucrose and
10 mM 2-mercaptoethanol, and ther centrifuged for 1 h at 5,000g.
The resulting supernatant fraction was loaded on to a prewashed
DES52 ion-exchange column. The column was washed extensively
with homogenization buffer and the kinase actlvity was eluted with
0.2 M NaCl in the above buffer. The fractions containing protein
kinase C activity were pooled and used in subsequent experiments.
Protein kinase activity was assayed by a modification of the pro-
cedure described by Takai er al.'®, measuting the incorporation of
radiolabel from [*?P]ATP into endogenous cytosolic protein and
exogenous lysine-rich histones. In 250 ul total volume, the standard
reaction mixture contained 20 mM Tris-HCl (pH 7.4), 5mM
MgCl,, 5 png phosphatidylserine, 5 pg 1,2-dioleih (or equivalent
volume of double distilled H,0), 20 pg lysine-rich histones,
0.2nmol ATP, 2 wCi[*’P]JATP (4,000 Ci mmol~!, ICN), and a
specified concentration of a, CaCl; or b, lead acetate. The reaction
was initiated by addition of 100 ul pooled kinase fraction contain-
ing 1-3 ug protein, incubated for 5 min at 30 °C and terminated
by addition of 75 wl 12M glacial acetic acid. Phosphorylated pro-
teins were collected by adsorption on Whatman P81 phosphocel-
lulose papers. The filters were washed once in 30% acetic acid,
twice in 15% acetic acid and finally in acetone. The radioactivity
was quantitated by Cerenkov counting and protein content deter-
mined by the method of Bradford®. Protein kinase activity was
calculated as the difference in the activity in the presence and
absence of 1,2-diolein. Values plotted are the means of three
replicates +s.e.m. Data points without error bars represent s.e.m. <
5%. Equivalent results were obtained in three separate experi-

ments.

ing on the criteria used to define excessive exposure, as many
as 9-25% of pre-school children are at risk for adverse effects
from low levels of lead’. The biochemical mechanisms of lead
toxicity are unknown, but at least some of its deleterious effects
are attributed to interference with caleium-mediated proces-
ses>*, and lead is known to alter the metabolism of calcium in
several tissues'’

Protein kinase C is a calcium- and phospholipid-dependent
enzyme that can mediate cellular proliferation, differentiation
and function by phosphorylating critical regulatory proteins'’
This kinase is activated by a diacylglycerol second messenger
produced by receptor-mediated hydrolysis of inositol phos-
pholipids. Inositol trisphosphate is another product of this
hydrolysis that causes the release of calcium from the endoplas-
mic reticulum'?, We chose to investigate the effect of lead on
protein kinase C because it is regulated by calcium'® and is
critical in the control of cellular signal transduction''
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Fig. 2 Diacylglycerol-dependent activation of protein kinase C
in the presence of calcium or lead. Diacylglycerol requirements of
protein kinase C weré tested in the presence of a, 10> M calcium,
or b, 1071° M lead. CaCl; or iéad acetate at the appropriate con-
centration was added to the standard reaction mixture and the
kinase activity assayed in the presence of various amounts of
1,2-diolein (0-30 wg ml™"). Values plotted are the means of three
replicates +s.e.m. Data points without error bars represent s.e.m. <
5%. Equivalent results were obtained in three sepdrate experi-
ments.

Protein kinase C was partially purified from fresh rat brain
(see Fig. 1 legend for methods and assay conditions). Enzyme
activity was recovered by salt elution using ion exchange
chromatography and measured as diacylglycerol-spécific in-
corporation of radiolabel from [>*?P]JATP into exogenous lysine-
rich histones in the presence of lead or calcium. Figure 1 illus-
trates the stimulation of protein kinase C as a function of calcium
(Fig. 1a) and lead (Fig. 1b) concentration. There was no detect-
able diacylglycerol- and phospholipid-dependent protein kinase
activity in the absence of either cation. Kinase activity increased
with increasing calcium concentration, with a threshold in the
nanomolar range, peaked at 107> M, and then declined. This
decrease in activity reflects a reduced affinity of protein kinase
C for diacylglycerol at higher calcium concentrations. A similar
decline was observed in the preserice of lead at concentrations
>10"°M, suggesting an analogous mechanism for interaction
with protein kinase C. Protein kinase activity was stlmulated by
much lower concentrations of lead, with a threshold in the
picomolar range and a peak at 1071° M. We compared the
requirement for diacylglycerol of the kinase activity stimulated
by lead at 107'° M with the calcium-stimulated enzyme. Using
varying amounts of 1,2-diolein (0-30 pg ml™"), the kinetic plots
generated from these experiments were quite similar in general
shape (Fig. 2). There was no detectable phospholipid-dependent
protein kinase activity with either cation in the absence of
diolein. Comparison of the time course for protein kinase C
activation by either lead or calcium also indicates a similar
degree of protein kinase C-mediateéd substrate phosphorylation
by 107'°M lead and by 107> M calcium (data not shown). In
the presence of either cation, the reaction was linear up to 10 min
incubation at 30 °C. To determine whether tlie picomolar thresh-
old for the activation of protein kinase C is specific to lead or
is merely a ubiquitous effect of heavy metals, we tested several
different cations and heavy metals for their ability to stimulate
the kinase activity. As shown in Table 1, only lead was able to
activate this enzyme at 107'° M to a degree comparable with
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Table 1 Activation of protein kinase C by heavy metals

Protein kinase C activity

Condition (pmol mg™! min~")
No addition 11.8+45.3
Pb 550.1+77.3
Ca 43.8+70.8
Hg 17.9+44.1
Cu 22.4+40.9
Zn 47.3+10.2
Ba 349+143
Mb 38.8+16.4
Sr 33.9+6.7
Co 9.5+20.4
Fe 11.6£57.7
Mn 37.2+33.0
Ni 8.4+54.9

Each metal was tested in the standard reaction mixture at a concentra-
tion of 107" M as a substitute for CaCl, in the activation of protein
kinase C. Values represent means of three determinations *s.e.m. Lead
showed statistically significant activation of protein kinase C at P < 0.002
using a one-tailed t-test with Bonferroni correction for multiple com-
parisons®®, All other metals tested were not significantly different from
the untreated control at P < 0.05.

micromolar calcium, Different lead salts at picomolar concentra-
tions were also assayed for ability to activate the enzyme to
verify that the lead cation itself was responsible for the stimula-
tion of protein kinase C. The lead salts were all found to be
equally effective, and sodium acetate gave us no detectable
diacylglycerol-activated, phospholipid-dependent protein phos-
phorylation (see Table 2).

Protein kinase C phosphorylates various critical cell mem-
brane and transport proteins'!, and is thus a major site for
regulation of cellular growth and differentiation. The enzyme is
thought to be the cellular receptor for tumour-promoting phor-
bol esters'*. Mapping of these receptors and studies with mono-
clonal antibodies indicate that protein kinase C is widely dis-
tributed in the brain'*'¢, Using highly immunospecific poly-
clonal antibodies, the enzyme m the brain has been localized
largely to presynaptic terminals'’. This finding is consistent with
an important role for protein kinase C-mediated protein phos-
phorylation in the regulation of presynaptic function'’. Lead
accumulates in the synaptic regions of the brain and is thought
to interfere with the release of neurotransmitters'®!°, Here we
present evidence that picomolar concentrations of lead activate
partially purified rat brain protein kinase C to an extent similar
to that stimulated by micromolar calcium. At 107!° M lead, the
requirement of the protein kinase for diolein was similar to that
found with 1075 M calcium, the standard condition for assay of
protein kinase C. This suggests that lead mimics calcium in the
activation of protein kinase C.

Nishizuka and coworkers investigated the effects of several
heavy metals on this enzyme and found that at mlcromolar
concentratlons some can activate protein kinase C*°, but lgad
was not included in these investigations. We ﬁnd that the
response at picomolar levels was specific for lead (Table 1).
Several studies report other lead-induced biochemical effects.
At micromolar concentrations, lead can reversibly inhibit (Na*™+
K*)-ATPase activity’'. At concentrations >10"> M lead inter-
feres w1th acetylcholine metabolism, a calcium-dependent pro-

-cess?2. Over the same concentration range, this toxicant also
1nh1b1ts the calcmm medlated a-adrenergic regulation of pyru-
vate kinase activity?®, Earlier work has shown that micromolar
lead activates calmodulm sensitive phosphodlesterase and pro-
motes potassium loss from erythrocytes by replacing calcium®*
We investigated the effects of lead on calcium/calmodulin-
dependent protein kinase activity and found a stimulatory effect
at 107> M but no activation at 107*° M (data not shown). The
activation of protein kinase C by picomolar levels of lead is

Table 2 Effect of lead salts and sodium acetate on protein kinase

activity
Protein kinase C activity
Salt (pmol mg™! min~"')
None ND*
Lead acetate 610.1+47.2
Lead chloride 672.0+64.6
Lead citrate 635.7+78.8
Sodium acetate ND

Protein kinase C was activated by the addition of the specified com-
pound to the standard reaction mixture at 107’ M. Values represent
means of three determinations *s.e.m. All three lead salts showed
statistically significant activation of protein kinase C at P << 0.005 using
a one-tailed t-test with Bonferroni correction for multiple comparisons.

* No detectable protein kinase C activity.

particularly significant considering the concentrations found in
patients exposed to the toxin. Lead has no known biological
value, so its optimal concentration in living systems is zero.
Because of worldwide environmental exposure, the ‘normal’
blood concentration of lead is between 5 and 25 pg per 100 ml
of whole blood or 107° M (ref. 9). Relatively small increases in
the blood concentration of lead (>30 pg per 100 ml) are toxic®
and variations within the accepted normal range may produce
adverse neurobehavioural®*® and growth effects'. As 95-98%
of the lead is bound in red blood cells, ~107* M is present in
the plasma?’. If the distribution of lead between plasma and
cytosol is analogous to that of calcium (10,000: 1), the cytosollc
concentration of lead in exposed individuals should be in the
picomolar range. Therefore if a specific enzyme is a target for
lead toxicity, then it must be sensitive to extremely low con-
centrations. To our knowledge, the stimulation of protein kinase
C represents the first observation of a lead-induced biochemical
alteration in the picomolar range. As a result of its effects on
protein kinase C, lead can potentially induce changes in both
the specificity and rate of substrate phosphorylation by this
enzyme. We propose that the marked sensitivity of protein kinase
C to lead makes this regulatory enzyme a potential mediator of
lead toxicity.

We thank Dr A. Lorris Betz for reviewing this manuscript.
This work was supported by the National Institutes of Health.
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