bstract. Well-myelinated cultures of mouse
dorsal root ganglia incubated for 48 h with §-aminole-
vulinic acid (ALA) showed intense porphyrin fluorescence
localized in myelin sheaths but not in axons or neuronal
somata. When the cultures were continuously incubated
with a high concentration of lead, focal swelling and seg-
mental degeneration of myelin began to develop within
2 wk. Incubation of cultures with ALA after 3 wk of lead
treatment revealed markedly decreased porphyrin fluo-
rescence in myelin sheaths compared with untreated con-
trols. After 6 wk of lead treatment, myelin showed severe
segmental degeneration. Porphyrin fluorescence from
ALA at this time was barely detectable in these cultures.
No fluorescence was visible in the demyelinated axons;
however, silver-impregnation staining after fixation dem-
onstrated continuity of the axon despite the severe loss
of myelin. When cultures were continuously incubated
with lead and heme together for 6 wk, the segmental
demyelination seen in cultures treated with lead alone
did not occur. These findings suggest that the lead-induced
segmental demyelination in cultured mouse dorsal root
ganglia may be due to toxic effects of the metal on the
heme biosynthetic pathway in myelinating cells and that
exogenous heme may counteract this toxic effect of lead.

Introduction

Segmental demyelination of peripheral nerves in experimental
animals as a consequence of chronic lead toxicity was first de-
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scribed by Gombault in 1880 (1). Subsequent studies have shown
variability in this change in myelin during chronic lead exposure.
This variability has been attributed in part to age and species
differences in animals and to differences in duration of exposure
and doses of lead employed in such studies (2-6). Although
there is no conclusive evidence as to whether lead primarily
affects neuronal elements, non-neuronal elements, or both,
studies dealing with this question (3-5) have suggested that lead
produces a primary lesion in Schwann cells and that the neuronal
lesions are due, in part, to pathological changes that occur in
these supporting cells.

Studies in non-nervous tissues such as hematopoietic cells
and liver (7-12) have identified toxic effects of lead on specific
enzymes of the heme biosynthetic pathway. Recent studies that
used organotypic cultures of dorsal root ganglia derived from
the chick (13, 14) and the mouse (15) have provided clear ev-
idence for the presence of the porphyrin-heme biosynthetic
pathway in this peripheral nervous system tissue. Porphyrin
synthetic activity in this tissue system was shown to be localized
predominantly in Schwann cells rather than in neuronal cells
and was sensitive to the toxic effects of lead (14).

The fact that chronic lead exposure produces damage to
Schwann cells (3-5), the demonstration that lead impairs the
integrity of the heme biosynthetic pathway (7-12), and the pri-
mary localization of the pathway in the supporting elements of
dorsal root ganglia (13-15) have led us to study the possible
relationship between lead-induced demyelination and impaired
porphyrin-heme biosynthesis in this model system.

Methods

Preparation and treatment of the cultures

Cultures of mouse dorsal root ganglia were selected for this study because
of their capacity to produce abundant myelin under normal culture
conditions. Cultures were prepared from 16-18-d fetuses. Ganglia were
removed under sterile conditions via the dorsal approach. For each
culture, two ganglia were placed directly on a collagen-coated glass cov-
erslip carrying 50 ul of nutritive medium composed of Eagle’s minimal
essential medium (60%), 9-d chick embryo extract (10%), human placental
serum (30%), glucose (6 mg/ml), and nerve growth factor (Collaborative



Research, Inc., Waltham, MA) (250 U/ml). The coverslips were then
sealed individually into a Maximow chamber (double-coverslip assembly).
Subsequently, the cultures received fresh medium twice a week, but no
further washing was carried out.

Cultures were examined with bright-field optics and sequentially
photographed in the resting state or under experimental conditions.
Fixation for light-microscopic staining procedures was carried out by
immersing the coverslip directly in the fixative. The coverslip was then
taken through standard dehydration and histologic staining procedures
for the desired stain, and permanently mounted (culture-side down) on
a glass slide.

Experimental procedure

Treatment with lead. 16 well-myelinated cultures were selected at 21-
24 d for chronic exposure to lead. Lead acetate was added to each culture
in medium in a final concentration of 10 uM. This dosage of lead was
shown previously to produce a maximal inhibition of porphyrin for-
mation in organotypic dorsal root ganglion cultures from chick embryos
(14). Thereafter, each culture received replenishment of the medium
containing the same level of lead twice a week.

Treatment with 5-aminolevulinic acid (ALA)." After exposure to lead
acetate for periods of 6 wk, nine cultures were incubated with 10 mM
ALA for 48 h. The cultures were then examined by dark-field and
fluorescence microscopy (primary filter, BG12; secondary filter, BG530;
E. Leitz, Inc., Industrial Div., Rockleigh, NJ) and photographed. The
individual myelinated fibers in each culture were located first by dark-
field microscopy and then examined for porphyrins by fluorescence
microscopy, and the fibers were photographed. Sibling control cultures
incubated with ALA (10 mM) alone for 48 h were viewed and photo-
graphed by fluorescence microscopy for qualitative comparison of flu-
orescence.

Treatment with heme. Four well-myelinated cultures were incubated
with heme in the medium in a final concentration of 100 uM for up
to 6 wk. As in the lead-exposed cultures, heme was replenished twice
a week at the regular intervals. These cultures were sequentially pho-
tographed by bright-field optics.

Treatment with heme-plus-lead. 16 well-myelinated cultures were
continuously incubated with heme, 0.1-100 uM, and lead acetate, 10
uM, for periods of up to 6 wk. These cultures were sequentially pho-
tographed through bright-field optics. Five of the cultures were incubated
in 10 mM ALA (after 6 wk lead-plus-heme exposure) and studied by
fluorescence microscopy as described above.

Staining procedures. After continuous treatment with lead, heme,
or heme-plus-lead for 6 wk, cultures were fixed in 1% osmic acid for
1 h at room temperature, dehydrated, and stained with Sudan black B
for identification of myelin. Other cultures from each experimental group
were fixed in 10% formol/saline and subsequently prepared with silver
impregnation, according to a modification of Palmgren’s silver-impreg-
nation method used with tissue culture (16), for light-microscopic study
of axonal integrity.

Results

A heavy neuritic outgrowth was visible by light microscopy after
4-6 d of incubation. Individual fibers or fascicles of fibers became
progressively prominent for up to 12-14 d, whereas the large
ganglion cells showed the characteristic signs of maturation,
e.g., development of abundant cytoplasm and a concentric nu-
cleus with prominent nucleolus. At a time between 14 and 18
d, individual nerve fibers within fascicles, or single fibers, dis-

1. Abbreviation used in this paper: ALA, é-aminolevulinic acid.

played evidence of early myelination. At the earliest stages,
these fibers bore short segments of distinctive doubly refractile
black lines along the axes. As myelination progressed, these
short segments became continuous so that dense lines, repre-
senting the myelin sheaths, could be observed along the length -
of the fibers. Periodic interruptions along the course of my-
elinated fibers produced the typical appearance of nodes of Ran-
vier. Between the nodes, each segment of myelin showed a
flattened Schwann cell nucleus apposed to the outer surface of
the myelin sheath. The nodes of Ranvier consistently remained
in their original positions along the fibers so that they could
serve as landmarks for localization of the individual fibers during
chronic experiments (Fig. 1).
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Figure 1. Living myelinated nerve fiber viewed by bright-field light
microscopy at 1, 3, 5, and 6 wk during continuous exposure to lead
(10 uM) in the feeding medium. Arrows indicate the same two nodes
of Ranvier at each time interval (original magnification of 570).
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Sequential light-microscopic observations in the experi-
mental cultures showed that by 10-14 d of lead treatment,
individual myelinated nerve fibers showed a consistent though
minimal retraction of the ends of adjacent segments of myelin
at the nodes of Ranvier. As this early change developed, the
nodes of Ranvier became more prominent, the myelin at these
points appeared somewhat swollen or bulbous, and axons be-
neath the retracting myelin became increasingly exposed or bared
(Fig. 1). Subsequently focal, then elongated, dilatations occurred
along the length of the myelin sheaths. As the loss of myelin
progressed, Schwann cell nuclei retained their positions along
the axons. At the end of the 6-wk treatment period, the lead-
treated cultures showed long gaps in the myelin sheaths, each
gap representing an exaggeration of the original node of Ranvier
(Fig. 1).

At 3 and 6 wk of lead treatment, cultures were also incubated
with ALA (10 mM) for 48 h and studied and photographed by
darkfield and fluorescence microscopy. Compared with control
cultures (Fig. 2 A4), at 3 wk of lead treatment (Fig. 2 B) porphyrin
fluorescence was variable and showed patchy red intensity along
the otherwise weakly fluorescent myelin sheath. Neither in con-
trol cultures nor in lead-treated cultures was fluorescence ob-
served in the bare axonal regions of the nodes of Ranvier. Por-
phyrin fluorescence in cultures treated with lead for 6 wk was
barely detectable (Fig. 2 C) and could be seen only in the rem-
nants of the myelin sheath along the axons and not in the
demyelinated axons themselves.

When the lead-treated cultures were stained for myelin, de-
generation of myelin was evidenced by a marked reduction in
internodal lengths of the myelin segments, with prominent bleb-
bing and deformation of the remaining segments. The cultures
incubated with heme alone for 5 wk showed no visible changes
in myelin configuration or in morphology of other structures.
At the concentration of heme used (Figs. 2-4), there were no
detectable morphological effects on the cultures.

Sequential observations of cultures simultaneously incubated
in lead-plus-heme showed that with the lower heme concen-
trations (0.1-10 uM), myelin degeneration indistinguishable
from that observed in cultures treated with lead alone was pro-

duced. In cultures incubated with the highest dosage of heme
(100 uM) and with lead, the changes produced in myelin were
limited to the appearance of scattered small focal dilatations of
the myelin sheaths; no progressive widening of the nodes of
Ranvier or disappearance of myelin could be detected in the
living cultures (Fig. 3) or in cultures fixed after 6 wk of exposure
and stained with Sudan black B (Figs. 2 D and 4 C). These
findings were confirmed by morphometry (Table I). The latter
cultures, however, when incubated with ALA for 48 h, exhibited
diminution of porphyrin fluorescence (Fig. 2 D) similar to that
observed in cultures exposed to lead alone. Control cultures
incubated with heme alone (100 uM) for 6 wk showed no changes
in the appearance of myelinated fibers.

Silver-impregnation staining of lead-treated cultures showed
that despite the presence of severe retraction and loss of myelin,
the axis cylinders could still be shown to retain their original
courses and configurations over the collagen surface (Fig. 5). A
striking incidental observation with silver-stain preparations was
the abundance of small unmyelinated nerve fibers still present
after the 6-wk lead treatment period.

Discussion

The results of the present study support the idea that there is
a relationship between lead-induced impairment of porphyrino-
genesis in cultured dorsal root ganglia cells and the demyelinating
process produced as a consequence of sustained exposure of
such cells to this metal. In this study control cultures of mouse
dorsal root ganglia incubated with ALA for 48 h developed a
prominent porphyrin fluorescence which was observed almost
exclusively in myelin sheaths; no fluorescence was detected in
the nerve fibers themselves, whether or not they were myelinated.
When cultures were continuously exposed to lead under the
conditions described and then incubated with ALA for 48 h,
the intensity of the porphyrin fluorescence in myelin sheaths
was progressively diminished as the treatment time increased.
Simultaneously, the myelin sheaths underwent segmental de-
generation characterized first by focal swelling and then shrinkage
away from the nodes of Ranvier so that the nodes became
increasingly wide. Continuity of demyelinated axons could,

Figure 2. (A) Upper panel: Dark-field photograph of normal (control)
myelin in culture; note smooth appearance of myelinated nerve fi-
bers. Lower panel: Fluorescence photograph of the same fibers show-
ing intense porphyrin fluorescence. (B) Upper panel: Dark-field pho-
tograph of myelinated fibers after 3 wk exposure to lead (10 xM);
note beaded irregularities of the fibers, reflecting focal degeneration of
myelin. Lower panel: Fluorescence appearance of the same fibers;
note moderate diminution and patchy distribution of porphyrin fluo-
rescence along the fibers. (C) Upper panel: Dark-field appearance of
the nerve fibers after 6 wk exposure to lead (10 uM); note the
marked fragmentation of myelin. Lower panel: Fluorescence photo-
graph of the same nerve fibers; note the greatly diminished porphyrin
fluorescence in the fibers. Prominently fluorescing cells, which appear
to be macrophages (white asterisks) are also seen; such cells are only
occasionally observed in control (4) cultures. (D) Top panel: Dark-
field appearance of a bundle of myelinated fibers after 6 wk of lead

(10 uM)-plus-heme (100 uM) treatment. White arrows indicate my-
elinated fibers; note that the myelin appears smooth and continuous
as in the control (4) culture. Middle panel: Fluorescence photograph
of the same fibers (white arrows) showing diminished porphyrin fluo-
rescence compared with control (4) cultures. Bottom panel: Bright-
field photomicrograph of the same fibers (white arrows) after fixation
and staining with Sudan black B; note the continuity and preserva-
tion of myelin (original magnification in all photographs of 250). The
variability of color in all dark-field photographs is related to diffrac-
tion of dark-field illumination by the collagen bed and fiber network
associated with the myelinated fibers; the variability is greater in
some cases because of the increased exposure time necessary to bring
out details of the myelinated fibers. The variable intensity of the
background in the fluorescence photographs is due to variations in
the exposure time (30 to 120 s) required to record fluorescence in the
fibers.
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Figure 3. Living myelinated nerve fibers (bright-field optics) at 1, 3,
5, and 6 wk of continuous exposure to lead (10 uM)-plus-heme (100
#M). Arrows indicate the same two nodes of Ranvier at each inter-
val; note preservation of myelin and normal appearance of the nodes
(original magnification of 570).

however, be demonstrated by silver impregnation staining even
after severe loss of myelin had occurred. In cultures continuously
treated with lead and a high concentration of heme for 6 wk,
myelin was spared the severe degenerative changes observed in
the cultures exposed to lead alone. Porphyrin fluorescence in
these lead-plus-heme treated cultures was diminished to an extent
equivalent to that seen in lead-treated cultures; however, the
myelin sheaths in the lead-plus-heme cultures were well pre-
served, in contrast to cultures exposed to lead alone. Morpho-
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Figure 4. Comparison of the appearance of myelin after fixation and
Sudan black B stain; in normal, control culture (4); after 6 wk con-
tinuous exposure to lead (10 uM) (B); and after 6 wk continuous ex-
posure to lead (10 uM)-plus-heme (100 uM) (C). Note the marked
fragmentation of myelin in the lead-treated culture (B) as compared
with the well-myelinated fibers in the control (4) or the lead-plus-
heme-treated culture (C) (original magnification of 650).

metric analysis of nerve fibers corroborated the protec-
tive effect of heme against lead-induced demyelination
(Table I).

The earliest systematic description of pathological findings
in experimental lead neuropathy is that of Gombault (1), who
observed that during chronic lead exposure, guinea pigs devel-
oped a peripheral neuropathy characterized by segmental de-
myelination but without apparent damage to axons. Subsequent
studies have reported both segmental demyelination and Wal-
lerian degeneration, which occur to a variable degree depending
on the species and the age of animals and on the dosage and
duration of lead treatment (2-6). Although both Wallerian de-
generation and segmental demyelination have been described,



Table I. Morphometric Comparison of Nodes of Ranvier in Lead and Lead-Plus-Heme Treated Cultures

0-1 wk 2 wk 3 wk 4 wk 5 wk 6 wk
Lead treatment 1.4+0.2 um (4) 1.4+0.3 um (4) 2.6x1.1 um (6) 3.4+2.4 ym (3) 4.9+1.5 um (5) 5.3+£0.6 um (5)
Lead-plus-heme
treatment 1.4+0.1 um (4) 1.5+£0.1 um (4) 1.7£0.2 um (4) 1.7£0.2 um (4) 1.74£0.2 um (4) 2.1+0.5 um (4)

Cultures were treated with lead (10 xM) alone or lead-plus-heme (100 xM) for up to 6 wk, and the widths of the nodes of Ranvier (n = 3-6)
were determined in the cultures and expressed as the mean+SD. Numbers of nodes measured are indicated in parentheses. No changes in the
nodes of Ranvier were noted in cultures incubated in heme alone for 6 wk.

there are indications that damage to Schwann cells by lead may
represent the primary lesion responsible for demyelination as
well as for axonal degeneration. Schlaepfer (3) has suggested
that the combination of sensory neuronal degeneration and
segmental demyelination observed in rats exposed to lead for
periods of 3 to 18 mo could be explained by a metabolic lesion
in Schwann cells, including satellite cells.

Biochemical mechanisms involved in lead toxicity in the
nervous system have not been fully elucidated. Lead neuropathy
may result from the effects of the metal on different elements
of the nervous system including vessels, Schwann cells, stromal
cells, and nerve cells (6). Several hypotheses concerning possible
biochemical mechanisms for lead toxicity in the central nervous
system in experimental models have been proposed (17-19).
However, there has been less focus on the possible mechanism
of the demyelination produced by lead in the peripheral nervous
system (2-6, 20). Studies dealing with this aspect of lead toxicity
have suggested either that a lead-induced disturbance of calcium
transport may cause swelling and damage to Schwann cells (20)

Figure 5. Photomicrograph showing the same field as that shown in
Fig. 1 (6 wk) after fixation and silver staining. The arrows are in the
same position along the same fiber displayed in Fig. 1. Despite the
extensive damage to myelin shown in Fig. 1, there are abundant well-
preserved nerve fibers demonstrated by the silver stain (original mag-
nification of 570).

or that the metal may inhibit the porphyrin-heme biosynthetic
pathway in non-neuronal supporting elements, specifically those
cells responsible for myelin formation (13-15).

The studies of Kliiver (21, 22) and more recently of Asbury
(23) have indicated the presence of a porphyrin biosynthetic
pathway in the nervous system (13-15). The possible relationship
between the toxic effects of lead on this pathway and on the
myelination of nerve fibers in culture have not been previously
examined. A major difficulty in conducting such studies had
been the unavailability of living, undisturbed, morphologically
intact, and biochemically active nervous tissues. The availability
of techniques for culturing nervous system tissue organotypically
(24, 25) so that the various components retain their morphologic
as well as biochemical cell-to-cell relationships in vitro now
permits examination of the activity of the porphyrin-heme path-
way and the effect on this pathway of the prototype environ-
mental toxin, lead. Previous studies in cultures of avian and
mammalian peripheral nervous system tissues have demon-
strated an intrinsic porphyrin-heme biosynthetic pathway in
such tissues and suggested that the pathway is principally lo-
calized to non-neuronal elements, specifically Schwann cells
and other supporting cells (13-15). These cells, elements of
which are critically involved in myelin formation, have been
shown to be able to synthesize at least six porphyrin intermediates
of the heme biosynthetic pathway when incubated with a pre-
cursor, ALA (14).

The myelin degeneration and concomitant diminution of
induced porphyrin fluorescence observed in the ganglion cultures
during chronic lead exposure indicate that this metal may pro-
duce local inhibition of the porphyrin-heme biosynthetic se-
quence. As a consequence of this inhibition, porphyrin formation
from the precursor, ALA, is reduced, and the conversion of
porphyrins to heme is probably also inhibited. Evidence on this
point is circumstantial in studies that use nerve cell cultures
but is consistent with the effects of lead on ferrochelatase activity
in other tissues treated with the metal (5, 14). If heme is essential
to the metabolic capacity of Schwann cells to maintain or form
myelin, then deprivation of heme through such an inhibitory
mechanism could be involved in the degenerative changes that
occur in the peripheral nervous system in lead toxicity. Segmental
demyelination may represent an early visible sign of Schwann
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cell damage as a consequence of lead inhibition of heme syn-
thesis. This idea is consistent with the observation in this study
that exogenously supplied heme was able to exert a protective
effect against lead-induced myelin degeneration in the cultured
nerve cells. The mechanism of this protective effect of heme
on myelin preservation is not known. It is conceivable that
when cellular heme synthesis is inhibited by lead, an exogenous
supply of heme may circumvent the lead effect, thus preserving
the functional integrity of Schwann cells that sustain the myelin
sheath. It is of interest in this regard that exogenous heme may
reverse some of the abnormalities in patients with lead poison-
ing (26).

It should be emphasized that a high concentration of ex-
ogenous heme was required to counteract the toxic effect of
lead on nerve myelin formation in this study. High concentra-
tions (50-100 uM) of heme are also required for stimulation
of protein synthesis in in vitro cell-free systems (27); stimulation
of neuronal differentiation of mouse neuroblastoma cells (28);
erythroid differentiation of mouse (29) and human (30) eryth-
roleukemia cells; formation of erythroid colonies in normal
mouse bone marrow cultures (31); differentiation of 3T3 fibro-
blasts into adipocytes (32); and stimulation of cell growth of
cultured fibroblasts (33, 34). Thus the pharmacological dosage
of heme required to counteract the toxic effect of lead on myelin
formation in cultured ganglion cells is consistent with the
amounts of this compound required to elicit a wide variety of
biochemical, developmental, and morphological changes in other
cellular systems.
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