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Abstract

Objective and design It has been demonstrated that

changes in the normal-appearing white matter (NAWM) in

multiple sclerosis precede the appearance of classical

lesions. The understanding of NAWM biology in an

established disease model might help to clarify why some

of them progress to active demyelinating lesions.

Material or subjects C57BL6 male mice (19–21 g) were

used in this study.

Treatment Demyelination was induced by feeding mice a

diet containing 0.2% cuprizone for up to 5 weeks.

Methods Routine stainings (luxol fast blue, and hema-

toxylin and eosin) and immunohistochemistry were

performed to assess myelin status and the inflammatory

infiltrate.

Results We demonstrated that, in the toxic demyelination

cuprizone model, the corpus callosum is severely demye-

linated after a 5-week cuprizone challenge (acute

demyelination) whereas the fimbria of the hippocampus

appear normal in routine myelin stainings. Microgliosis but

not astrogliosis is evident after acute demyelination in the

fimbria. Interestingly, both regions, the fimbria and the

corpus callosum, demonstrated early oligodendrocyte

apoptosis as well as intense microglia accumulation and

activation. However, only the corpus callosum progresses

to actively demyelination lesions whereas the fimbria does

not.

Conclusions The applied model appears suitable for

elucidating pathways which promote progression of

affected tissue to an active lesion.

Keywords CNS inflammation � Inflammatory models

Introduction

Multiple sclerosis (MS) is the most common neurological

disorder in young adults in the Western world. In addition

to the well-characterized inflammatory white matter, his-

topathological and imaging studies have suggested that the

so-called ‘normal-appearing white matter’ (NAWM) has

significant abnormalities [1]. Axonal injury, blood–brain

barrier changes and reactive astro- and microgliosis have

been reported at the histological level [2–4]. Little is

known about the molecular changes taking place in the

NAWM in MS. It has recently be suggested that NAWM in

MS is in a subtle balance between inflammation and neu-

roprotection [5]. Therefore, one might expect that the

understanding of molecular changes within the NAWM

could be exploited to develop new treatments.

In this study, we used the well-characterized toxic

cuprizone model. Cuprizone ingestion in mice induces a

highly reproducible demyelination of distinct brain regions,
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such as the corpus callosum (CC) [6]. Some regions,

however, appear to be resistant to the toxin challenge, e.g.

the fimbria of the hippocampus [7]. The aim of the study

was (1) to define whether the fimbria fulfils histological

criteria of the NAWM in an established disease model and

(2) to get a better understanding of ‘NAWM-lesion’

development in this particular animal model.

Materials and methods

Research and animal care procedures were approved by the

Review Board for the Care of Animal Subjects of the

district government (North Rhine-Westphalia, Germany).

Demyelination was induced by feeding 8-week-old male

mice (C57BL/6; 19–21 g) a diet containing 0.2% cuprizone

(bis-cyclohexanone oxaldihydrazone; Sigma-Aldrich Inc.,

USA) mixed into a ground standard rodent chow for the

indicated periods. Tissue preparation and immunohisto-

chemistry (IHC) were performed as published in detail

previously [7, 8]. Anti-proteolipid protein (PLP) antibodies

(mouse IgG, 1:500; Serotec, Germany) were used to detect

myelin, anti-Iba1 antibodies (rabbit IgG, 1:250; Wako,

Germany) to detect microglia/macrophages, and anti-glial

fibrillary acidic protein (GFAP) antibodies (rabbit IgG,

1:1,000; EnCor, USA) were used to visualize astrocytes.

Anti-olig2 antibodies (Millipore, Germany) were used to

detect oligodendrocytes.

Results

In a first set of experiments, animals (n = 5 per experi-

mental group) were fed cuprizone for 5 weeks to induce

acute demyelination of the CC. Definite loss of PLP

immunoreactivity could be observed in the CC (Fig. 1b/e),

whereas other regions appeared unaffected, such as the

fimbria of the hippocampus (Fig. 1c/f). Both regions

included in the subsequent study are indicated by the arrow

and star in Fig. 1d. Quantitative measurement of PLP

staining intensity confirmed our observational results.

There was a significant decrease in PLP staining intensity

in the CC (control 69.2 ± 6.8 [mean ± SEM] vs. 5 weeks

cuprizone 19.4 ± 4.4; P \ 0.005). This was not observed

in the fimbria (control 65.3 ± 5.1 vs. 5 weeks cuprizone

61.0.4 ± 3.2; P = 0.49). Luxol fast blue staining showed

similar results (data not shown). To further investigate both

regions on the cellular level, we visualized microglia by

anti-Iba1 and (activated) astrocytes by anti-GFAP anti-

bodies, respectively. The quantification of fimbrial Iba1?

and GFAP? cell numbers after acute cuprizone-induced

demyelination is presented in Fig. 1u. Microglia were

uniformly distributed in the CC (Fig. 1g) and fimbria

(Fig. 1i) of control animals while a sustained increase in

Iba1? cell numbers was present in the demyelinated CC

(Fig. 1h) and, although to a lesser extend, in the fimbria

(Fig. 1j). After 5 weeks cuprizone, higher numbers of

GFAP? astrocytes compared to controls were seen within

the CC (Fig. 1k/l) but not in the fimbria (Fig. 1m/n).

From our observation that definite microgliosis can be

observed within the fimbrial region after acute cuprizone-

induced demyelination, we assumed that the fimbria is

affected like the CC by the toxin per se, but does not

develop to a ‘classically’ demyelinated lesion. To test for

this hypothesis, animals (n = 6 per experimental group)

were fed cuprizone in a second experiment up to 5 weeks

and sacrificed on day 2, week 1, week 2 and week 5 after

the start of the cuprizone diet. Cells with morphological

characteristics typical for apoptosis such as condensed and/

or fragmented nuclei were seen at week 1 in both regions

included in the study (Fig. 1o/p). Control animals fed with

powdered food without cuprizone were lacking apoptotic

cells (data not shown). In a previous study, immunohisto-

chemistry for detection of CNPase confirmed that these

apoptotic cells are oligodendrocytes [9]. Anti-Iba-1 IHC

revealed that pronounced microgliosis is evident in both

regions after week 1. In control animals, Iba1? cells dis-

played a typical ramified morphology indicating a resting

state (Fig. 1q). At week 1 (Fig. 1s) and week 2 (Fig. 1t),

processes of microglia cells within the fimbria appeared to

be retracted and cell bodies were swollen, which is fre-

quently associated with microglia activation [10].

Comparable morphological changes of microglia were

evident in the CC at weeks 1 and 2. While the magnitude of

microgliosis progressed in the CC until week 5 (Fig. 1h), a

reduction of microglia cell numbers could be observed in

the fimbria. Only a moderate activation of fimbrial astro-

cytes was detectable at week 2 (increased number and

swollen processes), whereas at all other time points in the

study, astrocytic cell parameters were the same as observed

in the fimbria of control animals. Within the CC, astrocy-

tosis started at week 2; however, in contrast to the fimbria,

it progressed in the CC until week 5. At week 2, the

number of olig2-positive cells was dramatically decreased

in the CC whereas no difference in oligodendrocyte cell

numbers (and PLP staining intensity) was evident in the

fimbria compared to control animals.

Discussion

Activation of microglia is a well-known characteristic

histological feature of the NAWM in MS [2, 11]. Whether

activated microglia are beneficial or detrimental for disease

progression is controversial [11, 12]. In this study, we have

shown that the fimbria of the hippocampus, which shows
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characteristic features of NAWM after acute cuprizone-

induced demyelination, is not protected from the toxic

compound per se. Both regions, the fimbria and the CC,

[13] demonstrated early oligodendrocyte apoptosis and

intense microglia accumulation and activation. However,

only in the CC did we observe lesions that progressed to

actively demyelination lesions, whereas such a course was

not seen in the fimbria. Remyelination appears not to be the

underlying mechanism of preserved myelination in the

fimbria, since at all time points in the study anti-PLP

staining intensity remained unchanged in this region.

It might be feasible that regional differences exist in

microglia function, as previously suggested [14]. We

assume that some intrinsic signaling contributes to a

‘switch’ from an anti-inflammatory to a pro-inflammatory

phenotype of microglia within the affected CC. The former

phenotype is also called ‘M1 or classically activated’, the

latter one ‘M2 or alternatively activated’ [13, 15]. Thera-

peutic bolstering of this apparent regulation could therefore

still be effective in halting the formation of new destructive

lesions in human MS. In this situation, prevention of fur-

ther damage rather than repair of existing damage could

still be achieved.

Summary

The applied animal model with an existing regional

diversity in the course of disease appears to be suitable for

elucidating pathways which promote progression of the

Fig. 1 Myelination and inflammatory cell composition in the medial

corpus callosum (CC) and fimbrial region of the hippocampus. Anti-

PLP antibodies were used to visualize intact myelin in sections of

control and cuprizone-treated animals (a–f). Anti-Iba1 and anti-GFAP

antibodies were used to visualize microglia or astrocytes, respec-

tively. Arrowhead in (d) indicates the medial part of the CC, which is

shown in (b/e, g/h, k/l and o) in higher magnification. The star in

(d) indicates the fimbrial region of the hippocampus, which is shown

in (c/f, i/j, m/n, p and q-t) in higher magnification. Pictures

(o/p) show hematoxylin-and-eosin-stained sections, illustrating apop-

totic oligodendrocytes (arrows) within the CC and fimbria.

Quantification of Iba1? microglia and GFAP? astrocytes (fimbria)

in control and 5 weeks’ cuprizone-treated animals is given in (u).

***P \ 0.001; scale bars: 500 lm (a/d); 50 lm (b/c, e/f, g–n);

10 lm (o/p); 25 lm (q–t)
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NAWM to an active lesion. We have focused on the fi-

mbrial region of the hippocampus, since this brain region

can readily be dissected without the need of costly equip-

ment (such as laser-capture microscopy) for subsequent

analyses on the molecular level.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

1. Filippi M, et al. A magnetization transfer imaging study of nor-

mal-appearing white matter in multiple sclerosis. Neurology.

1995;45(3 Pt 1):478–82.

2. Allen IV, McKeown SR. A histological histochemical and bio-

chemical study of the macroscopically normal white matter in

multiple sclerosis. J Neurol Sci. 1979;41(1):81–91.

3. Fu L, et al. Imaging axonal damage of normal-appearing white

matter in multiple sclerosis. Brain. 1998;121(Pt 1):103–13.

4. Silver NC, et al. Quantitative contrast-enhanced magnetic reso-

nance imaging to evaluate blood–brain barrier integrity in multiple

sclerosis: a preliminary study. Mult Scler. 2001;7(2):75–82.

5. Zeis T, et al. Normal-appearing white matter in multiple sclerosis

is in a subtle balance between inflammation and neuroprotection.

Brain. 2008;131(Pt 1):288–303.

6. Kipp M, et al. The cuprizone animal model: new insights into an

old story. Acta Neuropathol. 2009;118(6):723–36.

7. Norkute A, et al. Cuprizone treatment induces demyelination and

astrocytosis in the mouse hippocampus. J Neurosci Res.

2009;87(6):1343–55.

8. Pott F, et al. Cuprizone effect on myelination, astrogliosis and

microglia attraction in the mouse basal ganglia. Brain Res.

2009;1305:137–49.

9. Hesse A, Wagner M, Held J, Brück W, Salinas-Riester G, Hao Z,

Waisman A, Kuhlmann T (2010) In toxic demyelination oligo-

dendroglial cell death occurs early and is FAS independent.

Neurobiol Dis. 37(2): 362–369.

10. Heppner FL, et al. Vitamin E induces ramification and down-

regulation of adhesion molecules in cultured microglial cells.

Glia. 1998;22(2):180–8.

11. Howell OW, Rundle JL, Garg A, Komada M, Brophy PJ, Rey-

nolds R (2010) Activated microglia mediate axoglial disruption

that contributes to axonal injury in multiple sclerosis. J Neuro-

pathol Exp Neurol. 69(10): 1017–1033.

12. Napoli I, Neumann H (2010) Protective effects of microglia in

multiple sclerosis. Exp Neurol. 225(1): 24–28.

13. Gordon S. Alternative activation of macrophages. Nat Rev

Immunol. 2003;3(1):23–35.

14. de Haas AH, Boddeke HW, Biber K. Region-specific expression

of immunoregulatory proteins on microglia in the healthy CNS.

Glia. 2008;56(8):888–94.

15. Rivest S. Regulation of innate immune responses in the brain. Nat

Rev Immunol. 2009;9(6):429–39.

726 M. Kipp et al.

123


	The hippocampal fimbria of cuprizone-treated animals as a structure for studying neuroprotection in multiple sclerosis
	Abstract
	Objective and design
	Material or subjects
	Treatment
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Results
	Discussion
	Summary
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


