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Abstract. Myelin is crucial for the stabilization of axonal
projections in the developing and adult mammalian brain.
However, myelin components also act as a non-permis-
sive and repellent substrate for outgrowing axons. There-
fore, one major factor which accounts for the lack of ax-
onal regeneration in the mature brain is myelin. Here we
report on the appearance of mature, fully myelinated ax-
ons during hippocampal development and following en-
torhinal lesion with the myelin-specific marker Black
Gold. Although entorhinal axons enter the hippocampal
formation at embryonic day 17, light and ultrastructural
analysis revealed that mature myelinated fibers in the hip-
pocampus occur in the second postnatal week. During
postnatal development, increasing numbers of myeli-
nated fibers appear and the distribution of myelinated
fibers at postnatal day 25 was similar to that found in the
adult. After entorhinal cortex lesion, a specific antero-
grade denervation in the hippocampus takes place, ac-
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companied by a long-lasting loss of myelin. Quantitative
analysis of myelin and myelin breakdown products at dif-
ferent time points after lesion revealed a temporally close
correlation to the degeneration and reorganization pha-
ses in the hippocampus. In contrast, electroconvulsive
seizures resulted in brief demyelination and a faster re-
covery time course. In conclusion, we could show that the
appearance of mature axons in the hippocampus is tem-
porally regulated during development. In the adult hip-
pocampus, demyelination was found after anterograde
degeneration and also following seizures, suggesting that
independent types of insult lead to demyelination. Reap-
pearing mature axons were found in the hippocampus fol-
lowing axonal sprouting. Therefore, our quantitative
analysis of mature axons and myelination effectively re-
flects the readjusted axonal density and possible electro-
physiological balance following lesion.

Key words. Myelin-associated axon growth inhibition; Nogo gene; seizure; axonal guidance; myelo-architecture;
myelin basic protein; sprouting; demyelination.

Neurons of the adult central nervous system (CNS) gen-
erally exhibit the capacity for axonal outgrowth in a per-
missive environment [1]. However, unlike the peripheral
nervous system (PNS), the adult CNS suffers from a lack
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of recovery after injury [2–4]. In contrast to the growth-
promoting Schwann cells of the PNS, myelin-forming
oligodendrocytes form a non-permissive environment for
axonal growth and regeneration [5–7]. There are several
known myelin-derived proteins, which show axon
growth-inhibitory properties limiting anatomical and
functional recovery. Such molecules are myelin-associ-



CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Research Article 1083

ated glycoprotein (MAG) [8, 9], oligodendrocyte-myelin
glycoprotein (Omgp) [10], chondroitin sulfate proteogly-
cans (CSPGs) [11, 12], and the newly identified Nogo
family [13–15]. However, the multilamellar, spirally
wrapped structure originating from oligodendrocytes is
also necessary for the proper functioning of mature axons
[16, 17]. This specialized structure surrounding axons
serves as an axonal insulator and reduces the energy and
space expenditure of nerve cells. Therefore, considering
the role of myelin in pathological processes of limited ax-
onal regeneration requires a deeper understanding of its
regional distribution in the brain.
In this study, we investigated the process of myelination
in the hippocampus, a region known for its high structural
plasticity during development and following lesion [18].
The perforant path, the main excitatory input to the hip-
pocampus, originates from stellate and pyramidal cells of
the entorhinal cortex and segregates layer specifically in
the stratum lacunosum-moleculare of the cornu ammonis
(CA) and in the outer molecular layer of the dentate gyrus
(DG). During development, entorhinal fibers first reach
the DG at embryonic day 19 (E19) [19]. The perforant
path is almost formed at postnatal day 5 (P5). In the hip-
pocampus, expression of the major myelin proteins MAG
and myelin basic protein (MBP), which are restricted to
mature oligodendrocytes, starts around P10 and is com-
pleted in the adult at P60 [20].
Transection of the perforant path via entorhinal cortex le-
sion (ECL) results in an anterograde degeneration of en-
torhinal fibers in the DG and in the CA regions of the hip-
pocampus [21]. This process is followed by reactive
sprouting of non-lesioned fibers and changes in myelin
pattern [for reviews see refs 22, 23]. In another model
linked to rapid entorhinal cortex stimulation, electrocon-
vulsive seizures (ECS) induce structural and functional
changes in neuronal connectivity and lead to glial activa-
tion and oligodendrocytic cell death [24–29].
Although many studies have focused on axonal pathfind-
ing and sprouting in the hippocampus, few have investi-
gated the process of myelination and its distribution in
this area of the brain [20, 30–34]. Here we used the
myelin-specific marker Black Gold, MBP and MAG-
specific antibodies, as well as another marker commonly
used for myelin, Luxol Fast Blue (LFB), to investigate
the time course of myelination in the hippocampus dur-
ing postnatal development at the level of single fibers. In
addition, two lesion paradigms (transection vs seizures)
were investigated in this study with emphasis on the time
course of myelin breakdown products and the reoc-
curence of myelinated fibers. Our data extend knowl-
edge concerning the appearance of myelinated fibers in
the hippocampus during development, which exhibits
temporal regulation and commences long after the ex-
pression of surrogate markers for mature oligodendro-
cytes [35]. In addition, we provide ultrastructural evi-

dence for the presence of a high density of myelinated
axons in the hilar region, which has, to our knowledge,
otherwise only been indicated by immunolight mi-
croscopy [32]. Furthermore, we studied the disappear-
ance and reappearance of myelinated fibers after axo-
tomy and seizure on a quantitative level. In addition, as
Black Gold selectively stains degenerating axons in the
brain, our data support the sequence of axonal sprouting
following lesion and record not only a subset of axons
but all regrowing myelinated axons. 

Materials and methods

Animals and surgery
In the present study, adult male Wistar rats (200–300 g
body weight), housed under standard laboratory condi-
tions, received a unilateral electrolytic lesion to the en-
torhinal cortex (ECL) [see also refs 36, 37]. All surgical
procedures were performed in agreement with the Ger-
man and European Law on the use of laboratory animals
(Federal Contract Ni-344). Brains from postnatal rats on
day 5 (n = 3), 12 (n = 5), 17 (n = 4) and 25 (n = 4) were
perfused and brains immersion fixed overnight at 4°C.
The next day, brains were cryoprotected in 20% sucrose
dissolved in 4% paraformaldehyde (PFA) for two days at
4°C. For stereotactic surgery, rats were deeply anes-
thetized with a mixure of Ketanest (Gödecke/Parke-
Davis, Freiburg, Germany), Rompun (Bayer, Lever-
kusen, Germany), and Ventranquil (Sanofi-Ceva, Düs-
seldorf, Germany) in 0.9% sterile NaCl and placed in a
stereotactic head holder (Stoelting, Wood Dale, Ill.). A
standard electrocoagulator was used to make unilateral
incisions [with four single pulses (2.5 mA), 3 s each] in
the frontal and sagittal planes between the entorhinal
cortex and hippocampus. We used the following coordi-
nates measured from lambda: frontal incision: AP + 1.2;
L + 3.1 to + 6.1; V down to the interior of the cranium;
sagittal incision: AP + 1.2 to + 4.2; L 6.1; V down to the
interior of the cranium [38]. Rats were allowed to survive
for 2, 5, 10, 28 and 60 days (± 0.5 days; three lesioned
animals at each time). Three adult untreated animals
served as controls. 
For ECS, animals were deeply anesthetized as described
above. Saline-soaked earclips were attached and with the
help of the UGO Basile ECT unit (Milan, Italy), a stimu-
lus of 1-s 100-Hz, 85-mA, 0.5-ms square-wave pulses
was applied. This was repeated five times. After each set
of stimuli, the rats exhibited generalized tonic-clonic
convulsions with hindlimb extension. Animals were al-
lowed to survive for 1 or 5 days. 
The animals were deeply anesthetized with an overdose
of the anesthetic mixture described above and transcar-
dially perfused with 200 ml saline followed by 250 ml
fixative. The animals used for the Black Gold staining



were fixed with 4% PFA and 0.1% or 2% glutaraldehyde
dissolved in 0.1 M phosphate buffer, pH 7.5 (PB). The
brains were postfixed in 20% sucrose dissolved in 4%
PFA solution for 2 days and thereafter shock-frozen in the
gaseous phase of liquid nitrogen and stored at –80°C. An-
imals used for immunocytochemistry were transcardially
perfused with 4% PFA in 0.1 M PB, with 0.1% glu-
taraldehyde serving as fixative for the Fluoro-Jade stain-
ing. Brains were removed and immerse-fixed overnight in
the same fixative. Both for immunocytochemistry and
Fluoro-Jade staining, horizontal serial sections of the en-
torhino-hippocampal region were cut on a vibratome at
50 mm for immunocytochemistry and 30 mm for Fluoro-
Jade staining [38, 39]. Cryocut sections (30–50 mm)
were used for Black Gold labeling.
Animals used for LFB staining were decapitated, and
brains were immediately removed, frozen in the gaseous
phase of liquid nitrogen, and stored at –80°C. The thick-
ness of the cryocut slices varied from 20 to 50 mm for op-
timal staining results and for detecting the entire axonal
course.

Protein digestion
Sections used for the Black Gold staining were incubated
with 50 mg/ml Proteinase K (Boehringer, Mannheim,
Germany) dissolved in 0.01 M Tris (pH 8.0) and 0.1%
SDS or with 0.25% Trypsin (Gibco, Karlsruhe, Ger-
many) dissolved in dilution buffer containing KCl,
NaHCO3, NaCl and glucose at 37°C for 40 min. Sections
were afterwards stained with Black Gold and LFB.

Black Gold staining
A 0.2% solution of Black Gold (Histo-Chem, Jefferson,
A.) was made by adding 20 mg of Black Gold to 10 ml of
0.9% NaCl and then briefly boiled in a microwave oven.
For full equilibration, the solution was stored in the dark
at 4°C for at least 2 days. Frozen sections were collected
in 0.1 PB. The mounted or free-floating sections were
Black Gold stained at 60°C in a conventional oven for
about 30 min. The staining was intensified by incubation
in a solution of 0.2% potassium tetrachloroaureate
(Sigma-Aldrich, Taufkirchen, Germany) dissolved in
0.9% NaCl for 15 min at 60°C. For fixation, the sections
were incubated for 3 min in 2% sodium thiosulfate
(Merck, Darmstadt, Germany) solution. At this point, the
same adult sections were counterstained to localize the
cell bodies. These sections were stained for 1.5 min in a
0.1% acetic acid solution of 0.4% malachite green
(Sigma-Aldrich). The sections were rinsed in distilled
water for 1 min and differentiated in 70% ethanol to re-
move background staining. Between each step, the sec-
tions were carefully rinsed in 0.1 M PB (three times, 
5 min each). Finally, the free-floating sections were
mounted on SuperFrostPlus slides (Menzel-Glaeser,
Berlin, Germany), air dried, dehydrated in graded

ethanol, cleared in xylene, and coverslipped with Entel-
lan (both from Merck).

LFB staining
The freshly frozen tissue was postfixed in –20°C cold
methanol for 2 min and afterwards rinsed in an
ethanol/acetic acid mixture (96/4%) for 5 min. Sections
were incubated in 0.1% LFB solution dissolved in an
ethanol/acetic acid mixture (96/4%) at 60°C for 3 h. Sec-
tions were rinsed afterwards in 96% ethanol, postfixed in
0.05% Li2CO3 for 1 min, and washed in 70% ethanol for
a few seconds. The sections were then counterstained
with Harris Hematoxylin for 1–2 min. Sections were de-
hydrated in graded ethanol and coverslipped.

Immunocytochemistry for MBP and MAG
The sections were pretreated with 0.3% H2O2 followed by
10% normal horse serum (NHS). Sections were then incu-
bated with the primary antibodies anti-MBP or anti-MAG
(Boehringer) diluted 1:500 in PB containing 1% NHS,
0.1% NaN3 and Triton X-100 or anti-MAG diluted 1:100
[see also ref. 20] for 48 h at 4°C. This was followed by in-
cubation in biotinylated antimouse IgG (Vector Laborato-
ries, Burlingame, Calif.) diluted 1:250 in PB for 2 h at
20°C, and developed with avidin-biotin peroxidase com-
plex (ABC) reagent (Vectastain ABC-Kit, Vector Labora-
tories) diluted 1:100 in PB for 1.5 h at 20°C. The im-
munoreaction was visualized with 3,3-diaminobenzidine
(DAB) as a chromogen (0.07% DAB and 0.002% hydro-
gen peroxide in PB for 10 min). Between each incubation
step, the sections were carefully rinsed five times for 10
min in PB. Finally, the sections were placed on SuperFrost
slides, dehydrated in graded ethanol, and coverslipped.

Electron microscopy
For ultrastructural studies, Black Gold sections were os-
micated (1% OsO4 in 6.84% sucrose/PB for 5 min), de-
hydrated in graded ethanol, and flat embedded in Epon
between silane-coated slides as described earlier [36, 40].
Ultrathin sections were cut on a Reichert Ultratome,
mounted on single-slot grids coated with Formvar film,
and stained with lead citrate and uranyl acetate. A Zeiss
EM 900 electron microscope was used for examination
and microphotographs were taken with a camera (Zeiss,
Oberkochen, Germany).

Quantification of myelinated fibers
For the electron microscopy, five pictures each at ¥7000,
¥12,000, ¥20,000, and ¥30,000 magnification were an-
alyzed by three blinded observers. Particles were counted
in an area of 5.25 mm2. Quantitative analysis was per-
formed using the Mann-Whitney U test (StatviewII, Aba-
cus, Berkeley, Calif.). The level of significance was set at
*P < 0.05, **P < 0.01, ***P < 0.001. Sections from the
kidney served as negative controls.

1084 S. Meier et al. Myelination in the hippocampus



CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Research Article 1085

For the densiometric measurements of the molecular
layer of the DG after ECL, the slides were digitalized us-
ing a camera (Olympus BX-50, Hamburg, Germany). To
quantify the intensity at a pixel level, we used the com-
puterized videodensiometry system (Metamorph; Uni-
versal Imaging, Downingtown, PA.). A visually estab-
lished pixel intensity threshold was set to remove the un-
labeled portion of the image. A standard rectangle was
defined and placed in the molecular layer of the DG 
(4 mm2). A smaller defined rectangle was placed in the
outer molecular layer (2 mm2). The percentage of fiber
intensity in the outer molecular layer compared to the en-
tire molecular layer was calculated [39]. A mean value of
two measurements of three to five animals from each 
survival stage after deafferentation was calculated and 
set in reference to the unlesioned controls (100%).
Analyses were performed using the Mann-Whitney U-test
(StatView II). The level of significance was set at
*P < 0.05, **P < 0.01, ***P < 0.001.

Figure 1. Appearance of mature axons during postnatal development and in the adult hippocampus. Black Gold-stained hippocampal sec-
tions at P5 (A), P17 (B), and P25 (C). High-power images were taken from survey micrographs from above. Discernible Black Gold (BG)-
positive fibers are observed at P17 in the CA regions (B2) as well as in the temporal cortex (B3) (arrows). In addition, white-matter zones
such as the angular bundle and the fornix are at that stage also strongly BG positive (B1, C1). Note that at this postnatal stage, entorhinal
fibers already terminate in the DG. However, no BG-positive fibers could be found in the molecular layer at that stage (A1–C1). (C) At P25,
fiber tracts of established afferents as well as intrinsic projections are clearly BG labeled as shown in the stratum lacunosum moleculare of
the CA1 region (C2) and in the CA3 region (C3) (arrows). (D) Distribution of myelinated fibers in the adult hippocampus. BG-positive
fibers are stained brown-red. Malachite green-counterstained neuronal cell bodies are BG negative. Note the prominent entorhinal projec-
tion running along the stratum lacunosum moleculare of the hippocampus proper. Many fibers cross the hippocampal fissure and invade
the DG (arrows in the insert). In the stratum radiatum of the hippocampus, the Schaffer collaterals also stain intensively for BG. In addi-
tion, commissural fibers in the inner molecular layer are BG positive. (A–D) CA, cornu ammonis; gcl: granule cell layer; ml, molecular
layer; hf, hippocampal fissure; ec, entorhinal cortex; ab, angular bundle. Scale bar in C1 for all overview images: 800 mm; scale bar in C3

for higher magnifications: 30 mm; scale bar in D: 900 mm; in the higher magnification of D: 20 mm. 

Results

First appearance of myelinated fibers in the
hippocampus during development
We investigated the appearance of myelinated fibers from
the early postnatal stages using the myelin marker Black
Gold. Initially, at P5, a diffuse staining in the hippocam-
pal area could be found, especially in the white matter re-
gions such as the alveus and stratum radiatum (fig. 1A1).
At the same developmental stage, the temporal cortex
was devoid of any labeling. At P17, identifiable Black
Gold-positive myelinated fibers appeared in the hip-
pocampus (fig. 1B). Many myelinated fibers could be
found in the strata oriens and radiatum of the CA regions
and in the temporal cortex (fig. 1B1–B3), but not in the
molecular layer of the dentate gyrus (fig. 1B1). At P25,
the number of myelinated fibers was significantly higher
in comparison to earlier postnatal time points and showed
no remarkable difference compared with the adult (fig.
1C1–C3, D). 
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Figure 2. Ultrastructural localization of Black Gold (BG) in the hippocampus. Overview of BG particle distribution in the hilar region (A).
Cell bodies were almost devoid of BG particles. BG particle distribution in the stratum radiatum of CA3 (B), higher magnification of the
hilar region (C). BG particles are specifically arranged in myelin sheaths enveloping axons (ax). Arrows indicate the outer loop of myelin
sheaths, arrowheads point to the inner myelin layer and axonal membranes. Quantification of the number of BG particles in different sub-
cellular compartments (in the nucleus, outer loop, compact myelin, inner loop and axonal membrane, axoplasm) (D). Statistical differences
are marked with asterisks (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001; measured with the Mann-Whitney U-test). Scale bar in A: 5
mm; in B: 3 mm; C: 0.6 mm.
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Distribution of myelinated fibers in the adult
hippocampus
A survey of the entorhino-hippocampal region showed
the Black Gold-positive myeloarchitecture (fig. 1D).
There, the perforant path traversing the hippocampal fis-
sure is clearly visualized. After entering the white matter,
the myelinated fibers pass the pyramidal cells of the
subiculum and cross the hippocampal fissure to enter the
outer molecular layer of the DG (fig. 1D). The main pro-
jections of the perforant path to the hippocampus termi-
nate in the stratum lacunosum-moleculare. In addition, a
fiber projection can be seen emerging from within the
hilus, running through the stratum radiatum and lucidum
of CA3, and ending at the CA2-CA1 border. The course
of this projection in part resembles the mossy fiber pro-
jection, but apparently includes other fiber systems in the
stratum radiatum (fig. 1D).

Ultrastructural analysis of myelination in the
hippocampus
To address the question of whether the molecular sub-
strate of Black Gold is indeed a protein component of
myelin, we stained sections in which at least parts of pro-
teins were diminished. In proteinase K- and trypsin-
digested sections, Black Gold staining was abolished,
whereas on the same sections, the staining by a common
myelin marker, LFB, was unaffected in comparison to
non-digested sections (data not shown). Analysis of the

ultrastructural distribution of Black Gold staining in the
hippocampus showed neither particles in the nucleus nor
staining in the endoplasmatic reticulum (fig. 2). The ma-
jority of the particles were found in the compact myelin,
most intensely in the inner and outer myelin layers sur-
rounding mature axonal structures (fig. 2A–C). Cyto-
plasmic components of axons and dendritic processes did
not show any significant Black Gold staining (fig. 2D).
Interestingly, Black Gold has a high affinity for myelin
proteins, which are located in the compact and inner and
outer loops of myelin. This is significant since myelin
proteins show a differential compartmentalization, i.e.,
MAG is mostly located in the inner myelin layers and
myelin oligodendrocyte glycoprotein (MOG) in the outer
myelin layer, whereas MBP is mainly concentrated in
compact myelin [41]. Sections from kidney and liver,
which are known not to express any myelin proteins, were
completely devoid of Black Gold staining (data not
shown).

Expression pattern of the myelin-specific markers
MBP and MAG in the hippocampus
We next studied the expression pattern of myelinated
fibers in the rat hippocampus by immunocytochemistry
using antibodies against two major CNS myelin compo-
nents, MBP and MAG. Both components showed essen-
tially the same distribution pattern, although the signal
for MBP was more intense (fig. 3). Immunoreactive

Figure 3. Immunostaining for MBP and MAG in the adult hippocampus. MBP-positive punctate staining is visible in the molecular layer
of the DG and somewhat stronger in the inner third. The infragranular hilar region and the stratum lacunosum-moleculare of CA1 also show
MBP immunolabeling (A–C). Although MAG immunoreactivity appears to be weaker than MBP (D–F), the distribution patterns of both
myelin marker proteins are similiar. dg, dentate gyrus; CA, cornu ammonis; slm, stratum lacunosum-moleculare; ml, molecular layer; gcl,
granule cell layer; sr, stratum radiatum; so, stratum oriens. Scale bar: 25 mm.
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products were found in the strata radiata and lacunosum-
moleculare as well as in the molecular layer of the DG
[20, 34]. 

Loss and reappearance of myelin after
deafferentation and seizure
We first investigated the distribution of myelin in the le-
sioned hippocampus with LFB (fig. 4A). In adult non-le-
sioned controls, LFB-positive myelin staining was visible
in the alveus, stratum oriens, and in the corpus callosum.
The LFB staining in the inner and outer molecular layers
of the DG was weak, probably due to the low myelin con-
tent in contrast to the corpus callosum. Transection of the
perforant path resulted in a loss of myelinated fiber espe-
cially in the outer molecular layer, a termination zone of
entorhinal axons. However, no alteration in the LFB
staining pattern could be detected in the hippocampus
following lesion (fig. 4A). Using Black Gold, we were
able to detect single myelinated fibers in the molecular
layer of the adult DG (fig. 4B). Five days after ECL, the
outer molecular layer was almost free of Black Gold-pos-
itive fibers (fig. 4C, E). Ten days after lesion, the first
Black Gold-positive fibers reappeared in the outer mole-
cular layer (fig. 4E). At longer survival stages, i.e., 28
and 60 days after lesion, the amount of myelinated fibers
in the denervated zone reached control levels (fig. 4D, E).
In another lesion paradigm, ECS were induced to produce
increased neuronal activity and oligodendrocytic cell
death [25–27, 42]. One day after ECS, myelinated fibers
disappeared in the entire molecular layer of the DG and
the gray matter of the temporal cortex (fig. 4F). In con-
trast, cortical and white-matter regions not directly af-
fected showed no obvious changes in myelination (data
not shown). The reoccurrence of Black Gold-positive
fibers was found 5 days after seizures in the outer molec-
ular layer as well as in the gray matter of the temporal cor-
tex (fig. 4G).

Appearance of pathological myelin after lesion
Despite the fact that myelinated fibers disappeared in the
outer molecular layer of the DG following lesion, patho-
logical myelin structures were also found in the dener-
vated zone (fig. 5). There, terminal tumescences and vari-
cosities appeared along the distal segments of axo-
tomized fibers (fig. 5B, C). Anterograde degenerated

fibers showed a blurred delineation and bead-like vari-
cosities along their distal segments (fig. 5C), features
never observed in control sections. 

Discussion

Using different markers for myelin, we investigated the
appearance of myelin at the single fiber level in the hip-
pocampus during development and following lesion.
During development, axons invade the hippocampus at
late embryonic stages [43–45], whereas myelination
commences at P15 and is completed at P60 [20]. Follow-
ing axotomy, a specific anterograde degeneration takes
place in the hippocampus, accompanied by the loss of
myelinated fibers and the appearance of pathological
myelin structures. Time course studies revealed that the
axonal sprouting response following brain lesion is quan-
titatively well correlated with reoccurring myelinated
fibers [23]. 

Methodological considerations on myelination 
in the CNS
Studies of myelin in the CNS based on histochemical tech-
niques have to be interpreted with some caution, as results
may be influenced by the following factors: signal-to-
noise ratio; considerable variability in staining; staining of
unknown molecular substrate; and complex multi-step
prestaining procedures. Therefore, we tested the modified
gold chloride dye Black Gold developed by Schmued and
Slikker [46] at the light and ultrastructural level and cor-
roborated the Black Gold staining with established tech-
niques. Black Gold staining at the light-microscopic level
revealed myelin at single-fiber resolution. Furthermore,
proteinase K digestion of brain sections prior to Black
Gold staining indicated that Black Gold specifically stains
protein compounds of myelin, in contrast to LFB, which
binds with high affinity to non-solvent phospholipids
[47]. In addition, electron microscopy revealed that Black
Gold-stained myelin proteins are specifically present in all
compartments of myelin sheaths, i.e., in compact myelin
as well as in the inner and outer myelin loops. This is rel-
evant, since myelin proteins show different compartmen-
talization, i.e., MAGs and Nogo-A are located in the inner
loop of myelin sheaths [41]. 

Figure 4. Myelinated fibers in the molecular layer of the DG after lesion. Following lesion, no alterations in LFB staining could be de-
tected (A). The percentage of LFB signal intensity of the outer molecular layer in comparison to the entire molecular layer of the DG is
shown (A). BG-positive fibers are randomly distributed throughout the entire molecular layer in adult controls (B). At 5 days after lesion
(5dal), the outer molecular layer appears to be free of BG-stained axonal processes  (arrows) (C, E). The number of BG-positive fibers (ar-
rows) in the molecular layer increases from 10dal onwards and reaches control levels at 60dal (D). Quantitative analysis of BG-positive
fibers in the molecular layer from controls and lesioned animals at different postlesion time points (E). The percentage of signal intensity
of the outer molecular layer is shown. BG staining after ECS (F, G). Note that nearly no myelinated fibers are present in the inner and outer
molecular layers of the DG 1 day after seizure (F). Myelinated fibers reoccur 5 days after seizure in the molecular layer (G). Statistical dif-
ferences are marked with asterisks (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, measured with the Mann-Whitney U-test). gcl, gran-
ule cell layer, iml, inner molecular layer; oml, outer molecular layer. Scale bar in C (for A–C): 10 mm. Scale bar in G (for F, G): 50 mm.
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Figure 5. Lesion-induced myelin pathologies in the hippocampus revealed by Black Gold. (A) A high magnification of the entorhinal cor-
tex from an adult control. The arrows indicate sharply outlined myelinated fibers. Scale bar: 10 mm. (B) Ten days after lesion, varicosities
and bubbled myelin fibers are present in the affected zone. The corresponding overview is given as insert. Asterisks mark the transection
site. Arrowheads show invaded blood cells in close vicinity to the lesion site. Scale bar: 21 mm. (C) Bubbles of pathological myelin (ar-
rows) appear as bead-like varicosities along the severed axonal remnants (high magnification of B). Scale bar: 7 mm. 

Therefore, we are convinced that Black Gold-stained
myelinated fibers represent at least the majority of myeli-
nated fibers, and that Black Gold is therefore a suitable
marker for detecting myelinated fibers in the CNS at the
light and electron microscopy level. 

Myelination in the hippocampus is temporally
ordered during development
During development, axons invade the hippocampus and
form a specific and segregated connection [43]. This hip-
pocampal innervation is highly ordered and regulated by
temporally expressed molecules rather than by a time-re-
lated competition for synaptic contacts [44, 48; for a re-
view see ref. 49]. One major excitatory input originates
from layer 2/3 of the entorhinal cortex and arrives at the
hippocampus during late embryonic stages, segregating
in a layer-specific manner in the outermost part of the DG
(outer molecular layer) and CA1–CA3 region [19, 43,
49]. Commissural and septal projections first reach the
hippocampus and DG perinatally, whereas associational
projections are developed postnatally in the hippocampus
[19, 50–52]. Expression of oligodendrocyte-specific
genes such as MBP, Nogo-A and its isoforms, and MAG
appears in the hippocampus at early postnatal stages [20,
34, 53]. However, Black Gold-positive fibers and ultra-
structurally identified multilamellar and spirally wrapped
structures were not found until P17 in the hippocampus.
The fact that other white-matter regions also show Black
Gold-positive fibers at earlier postnatal stages (P5) indi-
cates that factors other than technical reasons may con-
tribute to this phenomenon (fig. 1). One could speculate
that neuronal activity influences the myelination and

therefore accounts for the temporal delay between
myelin-specific protein expression and the appearance of
fully mature myelin structures. This idea is supported by
the observation that myelinogenesis is induced by neu-
ronal action potentials [54]. In the adult, entorhinal axons
terminating in the outer molecular layer, which is known
to be myelinated, could be clearly stained for Black Gold
[55] (fig. 6). 
To our surprise, we observed intense Black Gold labeling
under light and electron microscopy resolutions not only
in the stratum radiatum, which is occupied by commis-
sural myelinated fibers, but also in the stratum lucidum.
This lamina just above the somata of CA3 pyramidal cells
is traversed by the mossy fiber tract, a projection hitherto
regarded to be non-myelinated [18, 32, 52]. This observa-
tion suggests that numerous myelinated fibers of various
origin may pass through this lamina. In addition, we
found several myelin sheaths and myelinated axons in the
hilar region. Since we cannot at this stage define the ori-
gin of those myelinated fibers, future studies combining
selective axonal tracing and ultrastructural analysis
should address these questions. 

Myelination in the hippocampus following lesion 
and seizure
The time course of Black Gold-positive fiber expression
following lesion reflected well the axonal degeneration
and regeneration phases following lesion (fig. 6). The
early postlesional stage in the hippocampus is character-
ized by Wallerian degeneration of entorhinal axons and
the site-specific migration and activation of microglial
and astroglial cells [56–59]. Conversely, the disappear-
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ance of stained myelinated fibers corresponds well to the
anterograde degeneration phase taking place following
lesion [56]. Therefore, the decline of Black Gold-positive
axons in the DG is in line with the decreased synaptic in-
put following lesion [35]. The decline in Black Gold
staining reached its lowest level at 5 days after lesion, a
time point when neurodegeneration processes are at their
peak and glial phagocytotic activity is at its maximum
[58, 60, 61] (fig. 6). Noteworthy in this context is that
MBP expression has been shown to correlate inversely
with the microglial activation in this lesion paradigm [62]
and in cuprizone-induced demyelination [63]. 

During the phase when axon sprouting and outgrowth be-
gins, increased Black Gold-positive fibers could be found
in the outer molecular layer [64–66]. Longer survival
stages revealed Black Gold-positive fiber density compar-
able to adult non-lesioned controls. This time course is
also seen with acetylcholinesterase (AChE) histochem-
istry, which is generally used for demonstrating lesion-in-
duced sprouting [67, 68]. In addition to the detection of a
subpopulation of sprouting fibers, i.e., AChE-positive
fibers, the advantage of Black Gold is its ability to detect
the entire population of myelinated fibers, regardless of
their origin. The quantitative analysis of myelinated fibers

Figure 6. Summary of Black Gold staining results during development and following lesion. (A) Scheme of the development of the en-
torhinal-hippocampal connection. First, entorhinal axons invade the hippocampus at E17, and in the second postnatal week this connection
is fully developed. Oligodendrocyte-specific markers (MBP, MAG) are first expressed in the hippocampus at P10. Black Gold-positive
fibers are first detectable at P17. A, adult. (B) Summary of myelin-specific staining results and events following brain lesion in the hip-
pocampus. Immediately after lesion, Black Gold-positive fibers decline and pathological myelin stuctures appear in the affected regions.
These results correlate with the process of Wallerian degeneration and microglial and astroglial activation and phagocytotic activity. The
onset of reappearing Black Gold-positive fibers starts at 10 days after lesion (10dal) and reaches control levels at 28dal. This time course
corresponds well to the axonal sprouting phase and the readjusted electrophysiological balance after lesion. Note, that no alteration of LFB
staining could be detected in the hippocampus following lesion. A, adult.
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in longer survival stages effectively reflects the readjusted
axonal density and electrophysiological balance following
lesion [36, 69] (fig. 6). However, future studies using
combined axonal tracing and myelin-staining procedures
will need to answer the question whether the reappearing
Black Gold-positive fibers are a result of axon sprouts or
of newly myelinated axons (that is, axons which are not
normally myelinated). Compared to Black Gold, using the
LFB dye as an established procedure for myelin staining
did not result in the detection of lesion-induced changes.
The reason for this could be, on the one hand, the rela-
tively small proportion of myelinated fibers in relation to
the total amount of myelin, which falls under the detection
limit of LFB. On the other hand, LFB staining in the hip-
pocampus is quite weak and far below single-fiber resolu-
tion. Thus, even qualitative changes in myelin content may
remain unrecognized by LFB staining. 
To confirm our results from the entorhinal cortex lesion
paradigm, we tested Black Gold staining in the ECS
model. In this approach, we observed a transient disap-
pearance of myelinated fibers in the affected regions. Ex-
perimentally induced excessive neuronal activity (elec-
troconvulsion, kainic acid, pilocarpine, pentylenetetra-
zole) is known to lead to glial activation and increased
glutamate levels [24, 70, 71]. These events also affect and
destroy myelin-forming oligodendrocytes through excita-
tory cell stress, a phenomenon which might be mirrored
by the decrease in Black Gold staining [25–27]. The
reappearance of myelinated fibers in this seizure model
correlates with the appearance of the axonal sprouting
marker GAP-43 [72].
In summary, our results show that myelination takes place
in the highly plastic brain region in a temporal order dur-
ing development. The occurrence of multilamellar, ma-
ture myelin structures in the hippocampus commences af-
ter the expression of myelin-specific proteins. Following
lesion, the disappearance and reappearance of myelinated
fibers correlates well with the degeneration and reorgani-
zation phase in the affected brain region. Thus, our results
indicate that the process of myelination differs between
development and lesion and that postlesional remyelina-
tion progresses in parallel with the axon-sprouting phase
independently of the underlying disease. 
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