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ABSTRACT
Axons are linked to induction of myelination during development and to the maintenance of myelin and myelinated
tracts in the adult CNS. Currently, it is unknown whether
and how axonal plasticity in adult CNS impacts the myelinating cells and their precursors. In this article, we report
that newly formed axonal sprouts are able to induce a protracted myelination response in adult CNS. We show that
newly formed axonal sprouts, induced by lesion of the entorhino–hippocampal perforant pathway, have the ability to
induce a myelination response in stratum radiatum and lucidum CA3. The lesion resulted in signiﬁcant recruitment of
newly formed myelinating cells, documented by incorporation
of the proliferation marker bromodeoxyuridine into chondroitin sulphate NG2 expressing cells in stratum radiatum and
lucidum CA3 early after lesion, and the occurrence of a 28%
increase in the number of oligodendrocytes, of which some
had incorporated bromodeoxyuridine, 9 weeks post-lesion.
Additionally, a marked increase (41%) in myelinated ﬁbres
was detected in silver stained sections. Interestingly, these
apparently new ﬁbres achieved the same axon diameter as
unlesioned mice but myelin thickness remained thinner than
normal, suggesting that the sprouting axons in stratum radiatum and lucidum CA3 were not fully myelinated 9 weeks after lesion. Our combined results show that sprouting axons
provide a strong stimulus to oligodendrocyte lineage cells to
engage actively in the myelination processes in the adult
CNS. V 2009 Wiley-Liss, Inc.
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reorganization that leads to formation of new connections
formed by axonal sprouts (Will et al., 1985). Although,
predominant during development, axonal sprouting and
elongation also occurs in response to axonal loss in adult
CNS (Carmichael et al., 2001; Deller and Frotscher, 1997;
Noppeney et al., 2005; Steward and Vinsant, 1983), when
an injured axon may sprout and regenerate, or neighboring intact axons may sprout and elongate to innervate the
deafferented target neurons (Seil, 1989).
Axons regulate myelination in the developing CNS
(Barres and Raff, 1993; Burne et al., 1996; Kim et al., 2003;
Trapp et al., 1997), and maintenance of myelin in the adult
CNS (Polito and Reynolds, 2005). Axonal impulse conduction is linked to induction of myelination (Demerens et al.,
1996), and axon caliber and growth factors play a major
role for the ﬁnal thickness of the myelin sheath (Cellerino
et al., 1997; Fanarraga et al., 1998; Mihailov et al., 2004;
Smith et al., 1982). Whereas, proliferation of oligodendrocyte progenitors and their differentation into premyelinating oligodendrocytes takes place in vitro in the absence of
axons (Bansal and Pfeiffer, 1985; Knapp et al., 1987; Szuchet et al., 1986), axons are required for formation of myelin sheaths (Demerens et al., 1996; Lubetzki et al., 1993;
Noppeney et al., 2005; Wang et al., 2007). Similar mechanisms may also be responsible for the continued myelination of some neocortical regions in adolescents and adults
(Baumann and Pham-Dinh, 2001; Benes et al., 1994;
Yakovlev and Lecours, 1966), and for the myelination
response, that is assumed to take place in brain regions
with injury-induced axonal sprouts.
The hippocampus is unique from a plasticity point of
view. The hippocampal dentate gyrus shows life-long

INTRODUCTION
Due to a relatively poor regenerative capacity of injured
CNS axons, most studies of neuronal regeneration have
up till now focused on the inhibitory effect of myelin proteins on axonal growth (Kapfhammer, 1997; Koprivica et
al., 2005; Lee et al., 2007; Schwab, 2004). Less attention
has been given to the ability of the regenerating axons to
induce a myelination response (Butt and Berry, 2000),
that will endow ﬁbres with the capacity for saltatory
impulse conduction. While neuronal regeneration refers to
the reestablishment of formerly injured neuronal connections, neuronal plasticity also comprises the structural
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neurogenesis (Lledo et al., 2006) and evidence of sprouting of several intrinsic and extrinsic afferent ﬁbre systems following injury (Deller and Frotscher, 1997; Steward and Vinsant, 1983). This plasticity also extends to
the CA3 pyramidal cells, that give rise to the highly collaterized CA3-associated ﬁbre system. Notably, these
axons sprout after Schafferotomy or kainic acid induced
chronic epilepsi (Dinocourt et al., 2006; Siddiqui and Joseph, 2005). In addition, although not directly affected
by transection of the entorhino–hippocampal perforant
pathway (PP), PP deafferentation leads to sprouting of
CA3-associated Timm-stained, zink-containing nerve
ﬁbers within the CA3 (Drøjdahl et al., 2002; Zimmer et
al., 1974). Observations of transiently increased myelin
basic protein (MBP) mRNA levels in oligodendrocytes in
stratum radiatum and stratum lucidum CA3 (srl-CA3)
in PP deafferented hippocampus indicate that sprouting
of the CA3-associated ﬁbres might induce a myelination
response (Drøjdahl et al., 2004; Jensen et al., 2000b).
In this study, we investigated the capacity of the oligodendrocyte lineage to myelinate newly formed, axonal
sprouts in the adult CNS. For this we combined the use
of a transgenic oligodendroglial marker, silver-staining
of myelinated axons and design-based stereological
methods to estimate changes and in the length of myelinated ﬁbres (Larsen et al., 1998) and in oligodendrocyte numbers (Dorph-Petersen et al., 2001; Gundersen,
1986; West et al., 1991;) in the srl-CA3 of the adult
mouse following PP transection. Furthermore, myelin
sheath properties were evaluated by electron microscopy
and oligodendrocyte formation by incorporation of the
thymidine-analogue, bromodeoxyuridine into their DNA
during mitosis. The results of the study show that axonal lesion-induced sprouting of CA3-associated ﬁbres is
accompanied by a signiﬁcant increase in the total length
of myelinated axons, with reduced myelin thickness, and
in increased total numbers of oligodendrocytes 9 weeks
after lesion.

Surgery and Bromodeoxyuridine Injection
Axonal sprouting in the srl-CA3 of the right hippocampus was induced by transection of the entorhino–
hippocampal PP-projection (see Fig. 1) (Drøjdahl et al.,
2002; Zimmer et al., 1974), performed as previously
described (Drøjdahl et al., 2004). Mice used for studying
cellular proliferation following PP transection were divided into three groups. One group of mice, used for
determination of the optimal interval for injection of 5bromo-20 -deoxyuridine (BrdU) received i.p. injections of
BrdU (Sigma, Denmark) in an isotonic saline solution
(50 mg BrdU/kg) with 8 h intervals starting 48 h prior
to sacriﬁce which took place either at 2, 3, 5, 7, and 10
days after surgery (3–4 mice in each group). The other
two groups of mice, that were used for quantitation of
BrdU-incorporating cells, received i.p. injections with
BrdU with 8 h intervals starting from 24 to 72 h, or 48
to 72 h after lesion and were allowed to survive for 7
days, or for 3 days or 9 weeks (n 5 7–8 in each group)
after PP transection, respectively. Additional animals
were operated and allowed to survive 9 weeks along
with their unoperated controls (n 5 2–3 in each group)
before their brains were processed for electron microscopy. Sham operated mice were sutured after touching
of the dura with the wire knife.

MATERIALS AND METHODS
Mice
MBP-LacZ transgenic (tg) mice expressing E. coli
LacZ under the control of a 9.6 kb MBP promoter leading to production of b-galactosidase (b-gal) in oligodendrocytes were used (Foran and Peterson, 1992). The
mice were on a mixed genetic background (C57BL/6 3
C3H) (Foran and Peterson, 1992), but similar to C57BL/
6 mice in terms of pattern of myelination and response
of NG21 cells to PP lesion (Drøjdahl et al., 2004; Nielsen
et al., 2006). For the quantitative analysis young adult
male tg mice were used. In addition, young adult tg
mice of mixed sexes, and young adult male C57BL/6
mice obtained from Bomholtgaard A/S, Denmark, were
used for studies of the NG2 cell response and cell proliferation or electron microscopy. Mice were housed under
a 12 h light-dark diurnal cycle with food and water ad
libitum and handled in accordance with the guidelines
of The National Danish Animal Care Committee.
GLIA

Fig. 1. The hippocampal formation. (A) Schematic drawing. The
PP projection originates in the entorhinal cortex (EC) and terminates
in the molecular layer of the DG and stratum moleculare of the
CA3. The line indicates the PP transection site. (B) Toluidine blue
staining 5 days after PP lesion, showing the location of the wireknife cut in the EC (arrows). In contrast to the apparently unaffected stratum radiatum (sr) and stratum lucidum (sl) of CA3 (srlCA3), there is an increased cellularity in the deafferented termination ﬁelds; the outer 2/3 of the molecular layer of the DG and the
stratum moleculare of the CA3. The increased cellularity in stratum
lacunosum-moleculare of the CA1 is caused by the simultaneous
transection of the tempero-ammonic tract. Modiﬁed from Amaral and
Witter (1995). CA1, CA3, regio superior and inferior hippocampus,
respectively; DG, dentate gyrus; EC, entorhinal cortex; g, granule
cell layer; Hi, hilus; ml, molecular layer; pcl, pyramidal cell layer;
PP, perforant pathway projection; sl, stratum lucidum; slm, stratum
lacunosum-moleculare; sm, stratum moleculare; so, stratum oriens;
sr, stratum radiatum. Scale bar: 100 lm.
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Light microscopy
Tissue preparation
Mice were deeply anaesthesized with pentobarbital and
perfused through the heart with 5 mL phosphate buffer
(PB) (0.03 M KH2PO4, 0.12 M Na2HPO4, pH 7.4), followed
by 20 mL 4% paraformaldehyde (PFA) in 0.15 M PB.
Brains were post-ﬁxed 1 1/2 h in 4% PFA, immersed in
20% sucrose in 0.15 M SB at 4°C o.n., and frozen in CO2
snow. Frozen ﬁxed brains were cut horizontally in a cryostat in 8 series of 30 lm (for stereological quantiﬁcation)
or 16 lm (for conventional cell quantiﬁcation) thick sections. The brains obtained from the BrdU-injected mice
with 9 weeks survival were cut into 6 series of 50 lm sections on a Leica VT1000S vibratome (Nussloch, Germany),
as described in Wirenfeldt et al., 2003.
Toludine blue staining
For selection of mice with successful PP-lesions and
guidance during delineation of the srl-CA3 sections parallel to those used for quantiﬁcation were stained with
toluidine blue using routine protocols.
Myelin silver staining
The myelin silver staining resulted in a black staining
of myelinated ﬁbres, and was performed as previously
described (Drøjdahl et al., 2002).
b-Galactosidase histochemistry
Sections were dried at RT and immersed in a freshly
made solution of substrate. This solution contained 6.67
mg X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (B4252, Sigma, Denmark) that was dissolved in 1
mL dimethylformamide and added to a mixture of 3.1
mM potassium hexacyanoferrat (II) trihydrat, 3.7 mM potassium hexacyanoferrat (III), and 0.1 M PB with 0.2 mM
MgCl2 (Drøjdahl et al., 2004). Sections were developed at
37°C until oligodendrocytes had attained a clear blue color
(2 h optimized for counting). Sections were subsequently
rinsed in 0.1 M PB for 3 3 5 min, ﬁxed in 4% PFA in 0.1
M PB for 4 h, rinsed 10 min in 0.1 M PB and 2 3 5 min
in distilled water, and cover-slipped in AquatexTM (Merck,
Denmark). For more intense staining sections for illustration were incubated with a higher concentration of X-gal
(20 mg/mL dimethylformamide).
Immunohistochemistry
CD11b/Mac-1. To validate the PP lesion, sections
were stained for CD11b visualizing microglia/macrophages using a rat anti-mouse-CD11b antibody (MCA
711, Serotec, Norway) diluted 1:600, followed by biotinylated goat anti-rat-Ig antibody (RPN 1005, Amersham,
Denmark) diluted 1:200 and horseradish peroxidase con-
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jugated streptavidin for enzymatic DAB development
according to Drøjdahl et al. (2004).
NG2. NG2-expressing cells were visualized using the
CD11b/DAB procedure but using a polyclonat rabbit
anti-rat-NG2 antibody (AB5320, Chemicon Int.) (diluted
1:500) followed by biotinylated goat anti-rabbit-IgG antibody diluted 1:200 (RPN 480, Amersham, Denmark).
Oligodendrocytes and myelin. Mouse anti-rat-Rip antibody (Developmental Studies Hybridoma Bank, University of Iowa) recognizes 20 ,30 -cyclic nucleotide 30 -phosphodiesterase in oligodendrocytes and myelin in rats and
mice (Friedman et al., 1989; Wanatabe et al., 2006). A
biotinylated antibody was kindly donated by Trevor
Owens, McGill University. Staining was performed using
the DAB procedure described by Drøjdahl et al. (2004)
(dilution Rip antibody 1:50).
Myelin basic protein. The polyclonal rabbit anti-humanMBP antibody visualizes oligodendrocytes and in particular myelin (A0623, Dako A/S, DK). Primary antibody was
applied in a 1:1,000 dilution. Secondary alkaline phosphatase (AP)-conjugated goat anti-rabbit-IgG antibody (A3812,
Sigma, Denmark) was applied in a 1:100 solution, followed
by rinsing, adjustment of pH to 9.5 in a Tris-HCl buffer
and incubation in AP developer (Jensen et al., 1999).
Controls. Antibody speciﬁcity was veriﬁed using an
inert isotype control antibody (rat IgG2b, IG-851125, Nordic Biosite AB, Sweden) or serum (rabbit serum, O902
Dako, Denmark) in the same concentration as the primary antibody, or by omission of the primary antibody
from the incubations.

Double-stainings
BrdU/NG2. To detect proliferating NG21 cells, sections
from mice injected with BrdU were ﬁrst stained for NG2
(see above). Sections were thereafter rinsed in 23 SSC
(300 mM NaCl, 30 mM sodium citrate, pH 8.0) for 2 3 15
min at RT, incubated in a 49% solution of formamide in
23 SSC for 2 h at 60°C, rinsed in 23 SSC for 2 3 5 min
at 60°C, and then incubated in 2 N HCl in 0.05 M TBS
for 30 min at 37°C. Sections were then rinsed and incubated with monoclonal rat-anti-BrdU antibody (AB6326,
Abcam Ltd., Great Britain) diluted 1:100, which was
detected using biotinylated goat-anti-rat-Ig antibody (RPN
1005, Amersham, Denmark) diluted 1:200, and AP conjugated streptavidin (P0396, Dako A/S, Denmark) and incubated in an AP-developer.
BrdU/b-gal. To detect proliferating b-gal1 cells, sections from mice injected with BrdU were stained for bgal (10 mg X-gal/mL dimethylformamide) followed by
staining for BrdU as described above but leaving out the
step of inactivation of endogenous peroxidases.
b-gal/NG2 or b-gal/Rip. Sections were stained for
NG2 or Rip with the CD11b/DAB procedure. After rinsing in TBS, the sections were stained for b-gal (10 mg
X-gal/ml dimethylformamide) as described above. Control stainings were performed as outlined for individual
immunohistochemical stainings.
GLIA
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Fig. 2. Low power micrographs of toluidine blue stained sections
sampled for stereological sampling within the stratum radiatum and
lucidum CA3 (srl-CA3). The framed area shows the srl-CA3 at different
dorso-ventral levels of the hippocampus in 30 lm thick horisontal sections from an unlesioned MBP-LacZ-tg mouse. The numbers in upper
right corner indicate the dorso-ventral level of the top of the sections

relative to the surface of the brain. The sections selected for the illustration were adjacent to the silver and X-gal stained sections used for
the stereological quantiﬁcation of ﬁbre length and oligodendrocyte numbers. CA1, regio superior hippocampus; CA3, regio inferior hippocampus; DG, dentate gyrus. Scale bar: 250 lm.

Electron Microscopy

lected on copper grids, counterstained with 5% uranyl
acetate and lead citrate, and photographed using a
JEOL 1003 (Peabody, MA, USA) JEM 2010 electron
microscope operated at 80 kV.

For electron microscopy animals were perfused with 5
ml PB followed by 20 mL of chilled 2.5% glutaraldehyde
(AppliChem GmbH, Germany) in 0,5% PFA, pH 7.4.
Brains were postﬁxed over night and cut into 50-lmthick sections on a Leica VT1000S vibratome. Next, tissue blocks containing the right hippocampal formation
were generated from mice with complete PP lesions (n 5
3), based on evaluation of adjacent Flouro-Jade stained
sections (Dissing-Olesen et al., 2007), and from agematched unlesioned mice (n 5 2). The hippocampal tissue blocks were embedded in hydrophilic resin Lowicryl
K4M (Electron Microscopy Sciences, Fort Washington,
PA). Semi- and ultra-thin sections representing the midtemporal level of the hippocampus shown in Fig. 1B,
were obtained by using a Leica EM FC6 cryo-ultramicrotome. The 1-lm-thick semithin sections were stained
with methylene blue-azur II and digitalized and the borders of the srl-CA3 were marked on digitalized images
to guide the sampling of the ultrathin sections for electron microscopy. The ultrathin (75 nm) sections were colGLIA

Morphometrical Analysis
Stereological number, length, and
volume estimation
Sampling. With the use of an Olympus BH-2 microscope and a digital camera (Color View II), images were
projected on a monitor where the PC based Computer
Assisted Stereological Toolbox (CAST) Grid software
system version 2.3.1.5. (Olympus/Visiopharm, Denmark,
modiﬁed for global spatial sampling by J. Gardi) was
used for sampling. The srl-CA3 was delineated on the
screen at the magniﬁcation of a 103 objective and
counting performed at a 1003 oil immersion lens. In the
dorsal hippocampus, especially, delineation of the srlCA3 in the silver and b-gal stained sections was facili-
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Fig. 3. Myelination pattern and LacZ transgene expression in the
MBP-LacZ tg mouse. (A) Tissue section obtained from an unlesioned
MBP-LacZ-tg mouse and enzymatically reacted for b-gal. Deposition of
the blue reaction product is conﬁned to myelin and oligodendrocytes. A
relatively dense staining is seen in the stratum radiatum CA3. Myelinated PP ﬁbres are seen in the molecular layer of the DG. (B) Immunohistochemical staining showing co-localization of MBP to the b-gal
stained myelinated ﬁbre tracts. (C) Silver impregnation showing the same
distribution of myelin ﬁbres as observed in (A) and (B). (D) Double labeling

for b-gal1 and Rip1 identifying the b-gal1 cells (arrows) as mature oligodendrocytes. Rip antigen is located to the plasmamembrane of oligodendrocytes and is observed as a brown rim around the blue b-gal1 cell. (E) Double labeling showing absence of co-localization of b-gal (arrowheads) to
NG21 cells (asterisks). CA1, regio superior hippocampus; CA3, regio inferior hippocampus; DG, dentate gyrus; g, granule cell layer; ml, molecular
layer; pcl, pyramidal cell layer; sl, stratum lucidum; sr, stratum radiatum.
Scale bars: 400 lm (A–C) and 30 lm (D,E). [Color ﬁgure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

tated by correlation with the parallel toluidine blue
stained sections (see Fig. 2). The sampling was initiated
with a random initiation point. Counting was performed
by the same person (N. Drøjdahl) in the right hippocampus of PP lesioned mice and unlesioned controls.
Estimation of total ﬁbre length by global spatial sampling. The total length of myelinated axons was estimated in the srl-CA3 in parallel myelin silver stained sections from the MBP-LacZ tg mice. Total ﬁbre length was
estimated by global spatial sampling, by counting intersections of ﬁbres with isotropically oriented virtual
planes within a virtual box in a thick section with arbitrary orientation (Larsen et al., 1998). Due to difﬁculties
in distinguishing the transition between CA3 and CA2 in
the stained sections, the stratum radiatum CA2 was
included in the srl-CA3. In addition during counting the
srl-CA3 was split into (1) a deep ﬁbre dense part superﬁcial to the pyramidal cell layer, and (2) a superﬁcial less
ﬁbre dense part subjacent to the deafferented molecular
layer of the CA3. The total ﬁbre length, L, of the region
was estimated according to Larsen et al. (1998): L 5 1/hsf
3 1/asf 3 1/ssf 3 d 3 2 3 RQ, where d is the plane separation distance and Q is the counted ﬁbre-plane intersections (hsf, ssf, and asf: see above). Every 16th section was
selected for counting giving 6–7 sections with the srlCA3. Counting was performed within a box, with a height
of 10 lm (mean section thickness 14.9 lm 6 1.5 lm, 2 lm
guard zone in the top, and a 2–3 lm guard zone in the
bottom), a frame area (box) of 129 lm2, and a plane separation distance, d, of 9.35 lm. Counting was performed at
2 different step lengths for the two sub-regions (dx, dy
(deep) 5 150 lm 3 150 lm and dx, dy (superﬁcial) 5 80.3
lm 3 80.3 lm). The total ﬁbre length of the srl-CA3 was
the sum of the total ﬁbre length of the 2 sub-regions.
Using, this method for length estimation the results
should only be affected by the shrinkage of the ﬁbres
itself which is comparable between groups.

Estimation of oligodendrocyte numbers. The total number of oligodendrocytes was estimated by systematic random sampling in tissue sections from the MBP-LacZ tg
mice. Using an approximation of the fractionater design
by Gundersen and Jensen (1987) and West et al. (1991),
cells were systematic randomly sampled along the entire
septohippocampal axis of the srl-CA3. As done for the
length estimation, the stratum radiatum CA2 was
included in the srl-CA3. The total number of cells, N,
were estimated by N 5 R Q2 3 1/hsf 3 1/asf 3 1/ssf,
where Q2 is the number of cells counted, hsf is the height
sampling fraction (height of disector/section thickness),
asf is the area sampling fraction (area (frame)/area (dx 3
dy steps) and ssf is the section sampling fraction (DorphPetersen et al., 2001; West et al., 1991). Staining-induced
tissue shrinkage in the z-axis prevented placement of a
virtual counting box within the tissue section, the optical
disector, and cells were instead counted through the
entire height (15.3 lm 6 1.5 lm) of the section (1/tsf 5
1). Total oligodendrocyte numbers might therefore be
slightly underestimated due to loss of nuclei (‘‘caps’’) from
the cut surfaces of the sections (Andersen and Gundersen,
1999). With a random start, every 8th section was
selected for quantiﬁcation giving 11–14 sections with CA3
in each animal. The aim was to count around 150–300
cells per animal using a sampling frame of 2655 lm2 and
sampling steps of 90 lm 3 90 lm (dx (dy).
Cavalieri volume estimation. The sampling areas were
used to estimate the reference volumes (Gundersen and
Jensen, 1987), and were determined by exact delineation
of the srl-CA3.

G-ratio estimation
Axonal caliber and myelin thickness were measured
on EM microphotographs of srl-CA3. The cross-sectional
GLIA
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axonal area of myelinated axons was measured and axonal caliber was determined by the diameter of a circle of
area equivalent to each axon. The G-ratio was determined by dividing the diameter of the axon by the diameter of the ﬁber (axon with myelin). Measurements were
performed with ImageJ.

Quantiﬁcation of BrdU-incorporating cells
Counting of NG21, BrdU1, BrdU1NG21, b-gal1, and
BrdU1b-gal1 cells 7 days after lesion was performed as
described in Nielsen et al. (2006) in 10 parallel sections
160 lm apart, using a counting frame of 4900 lm (fraction of total area 61%) along the septohippocampal axis
of the srl-CA3 starting 1900 lm from the surface of the
brain. In animals with 9 weeks survival counting of
BrdU1, b-gal1, and BrdU1b-gal1 was performed in 6
sections 300 lm apart using the same counting criteria
as above. Results are based on counting of at least 150–
200 single labeled NG21 or b-gal1 cells pr animal.

Statistics
To evaluate the precision of individual and group estimates (Gundersen and Osterby, 1981; Gundersen et al.,
1999; Larsen et al., 1998; Wirenfeldt et al., 2003), the
coefﬁcient of errors (CEs) of the individual estimates
and coefﬁcient of variation (CV 5 standard deviation/
mean) of the group were calculated. Results are given as
mean 6 SD and analyzed using non-parametric statistics. P values are indicated as follows: P < 0.05: *, P <
0.01: **, and P < 0.001: ***.

RESULTS
b-Gal Expression in MBP-LacZ Transgenic
Mice Co-Localizes to Myelinated Tracts
and Oligodendrocytes
To validate the MBP-LacZ tg mice as suitable for
studies of myelin and myelinating cells stainings for bgal were compared to the staining for MBP and the
myelin silver staining. Staining localized to the same
subregions, including the srl-CA3 (Fig. 3A–C). The
stainings also conﬁrmed previous observations of myelination of the CA3-associated ﬁbres in stratum radiatum
(Berger and Frotscher, 1994; Drøjdahl et al., 2002),
whereas the mossy ﬁbres in stratum lucidum were
unmyelinated (Fig. 3C) (Blackstad and Kjaerheim,
1961). Furthermore, co-localization of the oligodendrocyte and myelin marker Rip and b-gal to the same cells
(Fig. 3D) conﬁrmed that b-gal was expressed in oligodendrocytes in the MBP-LacZ tg mice. At the same
time, there was no overlap in cellular expression of bgal1 and NG2 (Fig. 3E), emphasizing that only oligodendrocytes expressed b-gal.
GLIA

Fig. 4. Microglial response to PP lesion. CD11b staining of sections
obtained from unlesioned control mouse (A), and PP lesioned mice 5
days (B) and 9 weeks (C) post lesion. At day 5 changes in the CA3
were clearly observed in the deafferented stratum moleculare (sm),
whereas microglial CD11b staining in the srl-CA3 appeared unaffected.
pcl, pyramidal cell layer; sl, stratum lucidum; sm, stratum moleculare;
sr, stratum radiatum. Con, unlesioned control; D5, day 5 after PP
lesion; W9, 9 weeks after PP lesion. Scale bar: 100 lm. [Color ﬁgure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Axonal Transection Induces a Strong
Microglial Response in Stratum Moleculare
CA3 But Not in srl-CA3
Transection of the PP in the entorhinal cortex results
in a dense anterograde axonal and terminal degeneration and lesion-induced microglial activation in its ﬁeld
of termination in the CA3 (Jensen et al., 1999; Matthews et al., 1976). This was reﬂected in increased
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Fig. 5. Sprouting-associated increase of the total length of silver
impregnated myelinated ﬁbres and number of b-gal1 oligodendrocytes
in the srl-CA3. (A–D) Sections used for the quantiﬁcation of myelin
ﬁbre length in the srl-CA3 from an unlesioned mouse (A, B) and a
lesioned mouse 9 weeks post lesion (C, D). (B, D) show high magniﬁcations from (A, C). An increased density of ﬁbres was observed in the
deep layers of stratum radiatum 9 weeks post lesion. (E) Stereological
quantiﬁcation shows a marked 41% increase in the length of myelinated ﬁbres in the srl-CA3 9 weeks post lesion. For additional information see Table 1. (F–I) b-gal1 oligodendrocytes in srl-CA3 of unlesioned mice (F, G) and PP-lesioned mice 9 weeks post lesion (H, I). (G,

I) High power photomicrographs from (F, G). Compared to unlesioned
mice, the number and b-gal expression of oligodendrocytes in the srlCA3 was increased after 9 weeks (H, I). (J) Quantiﬁcation showed a
signiﬁcant 28% increase in the total number of b-gal1 oligodendrocytes 9 weeks post lesion. Additional data are given in Table 2. CA1,
regio superior hippocampus; CA3, regio inferior hippocampus; pcl, pyramidal cell layer; sl, stratum lucidum; sm, stratum moleculare; sr,
stratum radiatum. ** P < 0.01; Con, unlesioned control; W9, 9 weeks
after PP lesion. Scale bars: 200 lm (A, C, E, H) and 20 lm (B, D, G,
I).

TABLE 1. Total Length of Myelinated Fibres in the srl-CA3
Region,
srl-CA3
Control
9 weeks

**

Total
Deep
Superﬁcial
Total
Deep
Superﬁcial

Number
of mice (n)
8
9

Total myelin ﬁbre
length (m): mean (CE)
28.7
24.9 (0.07)
3.8 (0.09)
40.4**
35.9 (0.05)**
4.5 (0.08)

CV
0.24
0.26
0.26
0.18
0.18
0.23

Total volume (mm3):
mean 6 SD
0.85
0.65
0.20
0.87
0.67
0.20

6
6
6
6
6
6

0.11
0.11
0.02
0.08
0.07
0.03

P < 0.01 compared to unlesioned control.

microglial CD11b staining in the deafferented stratum
moleculare CA3 5 days after lesion (Fig. 4A,B). The
microglial reaction had vanished 9 weeks after lesion
(Fig. 4C). In contrast to the microglial response in stra-

tum moleculare CA3, PP lesion did not elicit a visible
microglial reaction in the srl-CA3 at neither 5 days nor
9 weeks (Fig. 4B,C). This was in accordance with previous observations of absence of silver stained degeneratGLIA
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ing nerve ﬁbres and terminals in the srl-CA3 (Drøjdahl
et al., 2002; Jensen et al., 1999, 2000a).
Sprouting of CA3-Associated Fibres is Reﬂected
in Increased Total Length of Silver Stained
Myelinated Fibres
To investigate if axonal lesion-induced sprouting in
the CA3 (Drøjdahl et al., 2002; Jensen et al., 2000b;
Zimmer et al., 1974) also included the myelinated CA3associated ﬁbres, the silver stained material from mice
with 9 weeks survival post lesion was analyzed. We
TABLE 2. Number of b-Galactosidase1 Oligodendrocytes in the srl-CA3

srl-CA3
Control
5 days
9 weeks
Sham
**

Number
of mice (n)
8
7
8
4

Number of
b-galactosidase1
oligodendrocytes:
mean (CE)
6610
5760
8490
4800

(0.06)
(0.07)
(0.06)**
(0.07)

CV
0.09
0.18
0.17
0.15

Total
volume (mm3):
mean 6 SD
0.77
0.70
0.77
0.67

6
6
6
6

0.07
0.04
0.07
0.06

P < 0.01 compared to unlesioned control.

Fig. 6. Myelin thickness of sprouting and preexisting CA3-associated ﬁbres. (A, B) Electron microscopy microphotographs obtained from
srl-CA3 showing the myelin sheath (arrow) of an axon (ax) from an
unlesioned control (A) and a PP lesioned mouse (B), 9 weeks after
lesion. Note the decrease in the number of lamellae in the lesioned
mouse, although the axon caliber is unchanged. (C, D) Estimations of
G-ratio of the ﬁbres in the srl-CA3 of lesioned mice (n 5 3) compared to

GLIA

observed an increased density of silver stained ﬁbres,
most pronounced in the deep ﬁbre dense part of stratum
radiatum CA3 (Fig. 5A–D). To avoid bias from shrinkage
or expansion induced to the srl-CA3 due to lesion or tissue processing we used stereology for estimation and
subsequent comparison of the total length of myelinated
ﬁbres in the srl-CA3 from lesioned and unlesioned mice
(Fig. 5E and Table 1). Nine weeks after lesion the total
length of myelinated ﬁbres had increased 41% (P <
0.01) in the srl-CA3 of lesioned compared to unlesioned
mice, most pronounced in the deep part of CA3 (Table
1). CEs of individual estimates were 5–8% and CV’s of
the group means were 18%–26% (Table 1). The change
in ﬁbre length was not due to variation in the delineation of the regions as the estimates of the volumes were
similar in the 2 groups (Table 1).
Increased Total Length of Myelinated
of Fibres Is Associated with Increased
Numbers of Oligodendrocytes
Next, the response of b-gal1 oligodendrocytes to PP
lesion was analyzed. There were no visible changes of

unlesioned controls (n 5 2). Comparison of the mean G-ratio showed a
larger G-ratio in lesioned mice compared to unlesioned controls (C).
The G-ratio in relation to axonal calibre (D) illustrates the difference in
G-ratios although the mean axon calibre was comparable. Arrows indicate the myelin sheath. Ax, axon; Con, unlesioned control; W9, 9 weeks
after PP lesion *** P < 0.001. Scale bar: 200 nm (A, B).
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Fig. 7. Lesion-induced changes of NG21 cells in the srl-CA3. High
power photomicrographs from (A, D, E) are shown in the column to the
right (B, D, F). (A, B) In unlesioned mice (A), the NG21 cells are arborized and evenly distributed throughout the CA3. Organization of cellular processes is different in the stratum lucidum, which makes this
zone appear more intensily stained (arrows). (C–F) Lesion results in a
transient disintegration of the zone of NG21 cells in stratum lucidum

and transient morphological changes of NG21 cells in stratum radiatum
at day 2 (C, D). The zone reappears from days 7–10 (E, F) and remains at
9 weeks (not shown). pcl, pyramidal cell layer; sl, stratum lucidum; sm,
stratum moleculare; sr, stratum radiatum. Con, unlesioned control; D2, 2
days after PP lesion; W9, 9 weeks after PP lesion. Scale bar: 200 lm (A,
C, E) and 20 lm (B, D, F). [Color ﬁgure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

the b-gal1 cells in the srl-CA3 5 days after lesion, but at
9 weeks the density of oligodendrocytes and the staining
intensity of the neuropil in the srl-CA3 had increased
(Fig. 5F–I). This observation was conﬁrmed through
quantiﬁcation of b-gal1 oligodendrocytes (Fig. 5J and
Table 2) that showed a 28% increase in the number of
oligodendrocytes in the srl-CA3 of lesioned compared to
unlesioned mice at 9 weeks (P < 0.05), but no changes
in the total number of oligodendrocytes 5 days after
lesion or following sham-surgery (Table 2). The CEs of
the individual estimates of the b-gal1 oligodendrocytes
were 6–8%, with CV values of 7–23% of the estimated
mean values (Table 2). Volumetric analysis of the srlCA3 showed no lesion-induced changes (Table 2). This
emphasized that the observed increase of oligodendrocytes in the srl-CA3 was not due to different delineation
at quantiﬁcation.

Myelin Thickness of Sprouting and
Preexisting CA3-Associated Fibres
We next asked if the sprouting axons developed thin
myelin, as in remyelination (Blakemore, 1974; Ludwin
and Maitland, 1984), or if they developed thick myelin
within the 9 weeks observation period. In order to answer
this question we investigated by electron microscopy the
caliber of transversally cut srl-CA3 ﬁbres and axons from
lesioned and unlesioned mice. The mean axon diameter in
unlesioned mice was 704.4 nm 6 259.8 (124 ﬁbres) and
was thereby in the same range as in lesioned mice 710.2
nm 6 252.7 (114 ﬁbres). In comparison, the mean number
of myelin lamellae was smaller in lesioned mice 4.3 6 1.1
(105 ﬁbres) as compared to unlesioned mice 6.2 6 1.4 (122
ﬁbres) (P < 0.0001) (Fig. 6A,B and data not shown). This
was also reﬂected in that the ﬁbres in the srl-CA3 of
GLIA
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lesioned mice had a larger G-ratio (0.83 6 0.05) than
unlesioned mice (0.78 6 0.07) (P < 0.0001) (Fig. 6C,D).
Taken together, these results indicated that the sprouting
ﬁbers had obtained their ﬁnal caliber, whereas the myelination of the sprouting ﬁbers remained incomplete 9
weeks after lesion.
Sprouting of CA3-Associated Fibres Results in
Formation of New Oligodendrocytes
To determine whether the increased number of b-gal1
oligodendrocytes might be generated from adult oligodendrocyte precursor cells we studied the lesionresponse of the NG21 cells in the srl-CA3. In normal

Fig. 8. Lesion-induced proliferation of oligodendrocyte lineage cells
in the srl-CA3. (A) Double labeling for BrdU1 (bluish black) and NG21
(brown) showing a double labeled BrdU1NG21 cell (arrow) day 3 suggestive of proliferation. Note also a BrdU2NG21 cell (arrowhead) and a
BrdU1NG22 cell (*) in the same visual ﬁeld. (B, C) BrdU2b-gal1 cells
(arrowheads) 3 days (B), 7 days (C), and 9 weeks (D) after lesion.
Although several BrdU1 cells (*) were observed 3 days after lesion (B),
double-labeled BrdU1b-gal1 cells (arrow) were not observed until 7
days after lesion (C), when they were observed along with BrdU2b-gal1
(arrowheads). (D) BrdU1b-gal1 cells were also observed 9 weeks after
lesion, showing that these newly formed cells were long-lived. D3, 3
days after lesion; D7, 7 days after lesion; W9, 9 weeks after lesion.
Scale bar: 10 lm. [Color ﬁgure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

mice, the process-bearing NG21 cells were evenly distributed in stratum radiatum CA3, while they were
more intensely stained and densely packed in stratum
lucidum CA3 (Fig. 7A,B). Two days after lesion, the
NG21 cells became slightly hypertrophic and their cell
processes in stratum lucidum were re-arranged, erasing
the border to stratum radiatum (Fig. 7C,D). The border
between stratum lucidum and stratum radiatum reappeared through days 7–10 (Fig. 7E,F) when the NG21
cells had normalized their morphology throughout CA3.
We have previously shown that PP lesion results in
morphological changes and proliferation of NG21 cells
and in formation of new oligodendrocytes in the dentate
gyrus (Nielsen et al., 2006). To investigate the origin of
the lesion-induced increase in the number of oligodendrocytes in the srl-CA3, PP-lesioned mice were injected
with BrdU with 8-h intervals from 24 to 72 h and killed
7 days after lesion. Quantiﬁcation of the number of
NG21, BrdU1, and BrdU1NG21 cells in sections double
stained for BrdU and NG2, showed that lesion resulted
in BrdU-incorporation into 21% of NG21 cells in the srlCA3 of the ipsilateral hippocampus (Fig. 8A), which was
signiﬁcantly more than in the unlesioned, contralateral
srl-CA3, where 4% of NG21 cells had incorporated BrdU
(P < 0.01, n 5 7; data not shown). Furthermore, quantiﬁcation of b-gal1, BrdU1, and BrdU1b-gal1 cells in double stained adjacent sections showed that 5% of b-gal1
oligodendrocytes in the ipsilateral srl-CA3 had been generated through proliferation (Fig. 6B), as opposed to
0.3% of oligodendrocytes in the contralateral srl-CA3 (P
< 0.01, n 5 7; data not shown).
Next, to determine if the BrdU1b-gal1 cells that were
observed 7 days after lesion, oligodendrocytes, arose
from oligodendrocytes that had become labeled during
the BrdU injection interval or from differentiation of
proliferating NG21 cells, additional groups of mice were
subjected to BrdU injections 48–72 h after lesion and
terminated either 1 h or 9 weeks after the last injection.
Quantiﬁcation showed that 2.5% 6 0.5% of b-gal1 oligodendrocytes in the ipsilateral srl-CA3 of animals, which
had survived for 9 weeks, had incorporated BrdU, compared to 0% in the contralateral srl-CA3 (Fig. 8C, Table
3, P < 0.01). This was also signiﬁcantly higher than the
number of BrdU1b-gal1 oligodendrocytes in the srl-CA3
(2.5% 6 0.5% vs 0.5% 6 0.5%; P < 0,01) of animals with
similar period of BrdU-incorporation but terminated 1 h
after the last BrdU injection 3 days after lesion (Table
3). In combination with the observation that 11% of the

TABLE 3. Percentage of Double Labeled Proliferating Cells in the srl-CA3
% BrdU-incorporating cells
Survival: 3 days; number of mice, n 5 7
Cell type
BrdU1NG21 cells
BrdU1bgal1 cells
**

Contralateral,
mean 6 SD

Ipsilateral,
mean 6 SD

1.1 6 0.4
0.3 6 0.5

11.3 6 2.3***
0.5 6 0.5

P < 0.01 and ***P < 0.001 compared to the contralateral values;
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(**)

Survival: 9 weeks; number of mice, n 5 6
Contralateral,
mean 6 SD
–
0.0 6 0.1

P < 0.01 compared to the value for the ipsilateral srl-CA3, 3 days post lesion.

Ipsilateral,
mean 6 SD
–
2.5 6 0.5**,(**)
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NG21 cells in the ipsilateral srl-CA3 had incorporated
BrdU (Table 3), this suggested that the BrdU1b-gal1 oligodendrocytes that were present in the srl-CA3 9 weeks
after lesion had been generated by differentiation of
NG21 cells incorporating BrdU from 48–72 h postlesion, and not from proliferation of pre-existing oligodendrocytes. The data also showed that these newly
generated oligodendrocytes were long-lived compatible
with the increased total length of myelinated ﬁbres 9
weeks after lesion.

DISCUSSION
This is, to our knowledge, the ﬁrst study that provides
estimates of changes in oligodendrocyte numbers and
length of myelinated ﬁbres induced by axonal sprouting
in the adult CNS. The results of the study show that
oligodendrocyte lineage cells retain their capacity to
engage in myelination processes in the adult CNS provided that they are adequately stimulated by axons.
Using stereological methods, we report that axonal
lesion-induced sprouting in the hippocampal srl-CA3
(Drøjdahl et al., 2002; 2004; Zimmer, 1974) results in a
marked 41% increase in the total length of myelinated
ﬁbres, and that these ﬁbres show the same ﬁbre diameter, but thinner than normal myelin thickness, 9 weeks
after lesion. Importantly, the increase in myelinated
ﬁbres was accompanied by a 28% increase in the number of oligodendrocytes, with sequential appearance of
newly formed NG21 cells and thereafter oligodendrocytes in the srl-CA3. These changes might even be
underestimated since cells were quantiﬁed along the
entire hippocampal axis, while the PP ﬁbres in the most
septal and temporal parts were unlikely to be transected
by the present single wire-knife cut.
The signiﬁcant lesion-induced increase in the total
length of myelinated CA3-associated ﬁbres provides evidence of a considerable plasticity of myelinated ﬁbres,
and shows that the axon is a strong regulator of oligodendrocyte recruitment and myelination in adult CNS.
The CA3 pyramidal cells give rise to three main classes
of connections; the longitudinal associational path that
extends within stratum radiatum CA3 where it connects
different segments of CA3, the Schaffer collaterals projecting from CA3 to stratum radiatum CA1, and the
commissural connections to the contralateral hippocampus (Amaral and Witter, 1995; Blackstad, 1956). In
order words, the main afferent input to stratum radiatum CA3 originates from the CA3 pyramidal cells themselves. Furthermore, the cholinergic afferents to the hippocampus are unmyelinated (Frotscher and Leranth,
1985). Taken together, this means that the majority of
the newly formed myelinated ﬁbres must arise from
intact axons from the ipsi- or contralateral CA3 pyramidal cells that are induced to sprout within the srl-CA3.
High expression of growth associated proteins, such as
growth-associated-protein-43 (GAP-43), by the CA3 pyramidal cells, is in line with a high growth potential of
these cells (Himi et al., 1994; Kruger et al., 1992).
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The NG2 cell response within the srl-CA3 consisted of
transient morphological changes, in the form of a moderate hypertrophy of the cell bodies and a changed orientation of their processes that ablated the otherwise normal border between the stratum radiatum and stratum
lucidum CA3. The morphological changes of the NG21
cells in stratum lucidum can perhaps be ascribed to,
that the CA3 pyramidal cells, in addition to deafferentation of the distal segment of their apical dendrites, were
subjected to transsynaptic changes at the base of their
apical dendrites in the stratum lucidum (Helme-Guizon
et al., 1998), due to the deafferentation of the dentate
granule cells (Blackstad and Kjaerheim, 1961). Although
the morphological changes of the NG21 cells were not as
marked as observed in the PP-deafferented dentate
gyrus (Dehn et al., 2005; Nielsen et al., 2006), the incorporation of BrdU into 21% of NG21 cells in the srl-CA3
was comparable to the proliferative response in the molecular layer of the dentate gyrus 7 days after PP lesion
(Nielsen et al., 2006). Taken together with the observation of normal numbers of oligodendrocytes in the srlCA3 5 days after lesion, and the signiﬁcantly increased
numbers of oligodendrocytes, of which some had incorporated BrdU, 9 weeks after lesion, this suggested that
the NG21 cells had received a very strong stimulus,
with differentation of a small proportion of NG21 cells
into oligodendrocytes days to weeks after lesion. The
time course of the injury-induced axonal sprouting in
srl-CA3 has not yet been established, but it is likely that
it would be as described for the PP deafferented rat dentate gyrus where axonal elongation has been reported to
begin 4-6 days after lesion, and to be almost complete 12
days after lesion (Steward and Vinsant, 1983).
The observation of a 41% increase in the total length
of myelinated ﬁbres in the srl-CA3, and a 28% increase
in the number of oligodendrocytes, raises questions
about (1) which cells, newly formed oligodendrocytes, or
a mixture of newly formed and preexisting oligodendrocytes, form the new myelin, and (2) the properties of the
newly formed myelin in term of myelin sheath thickness
and internode length, compared to the pre-existing myelin. The estimation of ﬁbre length and number of oligodendrocytes in the srl-CA3 of both lesioned and unlesioned mice allowed calculation of the average internode
length per oligodendrocyte. Calculations showed that
the average amount of myelin produced per oligodendrocyte in srl-CA3 of unlesioned mice was 4.3 mm myelin/
oligodendrocyte (28.7 m myelin/6,610 oligodendrocytes),
which was within the range reported for the rat ﬁmbria,
which encompasses the CA3 commissural ﬁbres. In this
structure, Suzuki and Raisman (1992) observed 20–40
internodes about 150–250 lm long per oligodendrocyte,
summing up to a total production of 3.0–10.0 lm of myelin per oligodendrocyte. If all oligodendrocytes contributed equally to myelinate preexisting and added ﬁbres
in the srl-CA3, 9 weeks after lesion, the total production
of myelin would accordingly increase from 4.3 to 4.8 mm
myelin/oligodendrocyte (40.4 m myelin/8,490 oligodendrocytes). In comparison, if the sprouting ﬁbres were
myelinated exclusively by newly formed oligodendroGLIA
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cytes these oligodendrocytes should produce 6.2 mm
myelin/oligodendrocyte (11.7 m myelin/1,880 oligodendrocytes). Since we in both situations speak about
increased myelin elaboration per oligodendrocyte, this
might in itself explain the thinner myelin sheaths and
thus the increased G-ratio of the myelinated ﬁbres in
the srl-CA3 of lesioned mice 9 weeks after surgery. It is
intriguing that increased G-ratio is also a feature of
myelin generated during remyelination of demyelinated
ﬁbres (Ludwin and Maitland, 1984). However, since the
post lesion survival time was only 9 weeks, our observation of an increased G-ratio might also reﬂect that the
myelination process was still ongoing.
In line with the induction of morphological changes of
the NG21 cells in the srl-CA3, PP lesion has been previously shown to induce a moderate microglial and astroglial reaction in the same layers (Hailer et al., 1999).
However, this response was by far exceeded by the
microglial reaction in the deafferented stratum moleculare CA3 (Hailer et al., 1999), and it could not be clearly
discerned in our material. Similar to the lesion-dependent differences in micro- and astroglial response in the
stratum moleculare CA3 and the srl-CA3, induction of
glial-derived cytokines and growth factors following PP
lesion has been shown to be largely conﬁned to the deafferented stratum moleculare CA3, whereas induction is
limited in the non-deafferented srl-CA3 (Gomez-Pinilla
et al., 1992; Guthrie et al., 1995; Jensen et al., 2000a).
This regional segregation supports the view that sprouting axons, rather than lesion-induced cytokines and
growth factors are responsible for the presently observed
induction of oligodendrocyte formation and myelination.
This was further substantiated by the timeproﬁle of the
increase in oligodendrocyte numbers, which was ﬁrst
observed at 9 weeks, and not at 5 days or at earlier time
points, when the lesion-induced synthesis of cytokines
and growth factors in the deafferented stratum moleculare is highest (Fagan and Gage, 1990; Gomez-Pinilla et
al., 1992; Guthrie et al., 1995; Jensen et al., 2000a).
Several studies have implicated axonal damage (Kuhlmann et al., 2002; Trapp et al., 1998), axolemmal
changes (Sedgwick, 1997), and re-expression of developmentally expressed myelin-inhibitory proteins (Charles
et al., 2002; Lee et al., 2007; Mi et al., 2005), in the
demyelinating pathology in patients with multiple sclerosis and in experimental models of multiple sclerosis.
Other studies have indicated that axonal surface membrane proteins, that are crucial to proper myelination
during development (John and Key, 2003; Kim et al.,
2003; Mihailov et al., 2004), may be induced or
expressed at insufﬁcient levels and thereby impact on
remyelinating capacity of the oligodendroglial lineage
under the same conditions. The presently obtained
results point to signals elicited by the sprouting axon as
possible means to enhance myelin repair in the adult
CNS. Thus, elucidation of the molecular similarities and
discrepancies between developing, sprouting, and
demyelinated axons may facilitate the development of
new strategies to improve myelin regeneration.
GLIA
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