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IFNy Enhances Microglial Reactions to Hippocampal

Axonal Degeneration
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Glial reactivity is implicated in CNS repair and regenerative
responses. Microglia, the cells responding earliest to axonal
injury, produce tumor necrosis factor-a (TNFe), a cytokine with
both cytopathic and neuroprotective effects. We have studied
activation of hippocampal microglia to produce TNFa in re-
sponse to transection of perforant path axons in SJL/J mice.
TNFa mRNA was produced in a transient manner, peaking at
2 d and falling again by 5 d after lesioning. This was unlike other
markers of glial reactivity, such as Mac-1 upregulation, which
were sustained over longer time periods. Message for the
immune cytokine interferon-y (IFNy) was undetectable, and
glial reactivity to axonal lesions occurred as normal in IFN~y-

deficient mice. Microglial responses to lesion-induced neuronal
injury were markedly enhanced in myelin basic protein
promoter-driven transgenic mice, in which IFNy was endog-
enously produced in hippocampus. The kinetics of TNFa down-
regulation 5 d after lesion was not affected by transgenic IFNvy,
indicating that IFN+y acts as an amplifier and not an inducer of
response. These results are discussed in the context of a
regenerative role for TNFa in the CNS, which is innately regu-
lated and potentiated by IFNy.

Key words: fascia dentata; axonal lesioning; microglia; tumor
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Microglia and astrocytes react to CNS injury with cascades of
cellular reactivity that include secretion of soluble mediators,
leading to promotion of regeneration and repair. Frequently, this
involves interaction with cells of the immune system (Wekerle et
al., 1986; Raivich et al., 1998). Intercellular interactions are
mediated at least in part by cytokines, prominent among which
are the immune cytokine interferon-y (IFNy) and the more
widely produced tumor necrosis factor-a (TNFa). IFNy orches-
trates glial reactivity, in particular through induction of TNF«
(Renno et al., 1995). Stimulation of glial cells in vitro by IFNvy
induces major histocompatibility complex (MHC) and adhesion
molecule upregulation, proliferation (astrocytes), and production
of cytokines and other soluble mediators, including TNFa (Fon-
tana et al., 1984; Frei et al., 1987; Hayes et al., 1987; Yong et al.,
1991; Aloisi et al., 1992a; Merrill et al., 1993; Sebire et al., 1993;
Merrill and Benveniste 1996). Transgenic overexpression of
IFNvy can induce demyelinating pathology and gliosis (Corbin et
al., 1996; Horwitz et al., 1997; Renno et al., 1998). However,
gliosis is also inducible in IFNvy-deficient animals (Rostworowski
et al., 1997), and experimental autoimmune encephalomyelitis
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(EAE) can be induced, with production of TNFe, in mice lacking
IFNy (Krakowski and Owens, 1996). TNFa« is associated with
inflammation and neurotoxicity (Selmaj and Raine, 1988; Roth-
well and Luheshi, 1996; Barone et al., 1997; Korner et al., 1997;
Probert et al., 1997; Taupin et al., 1997; Stalder et al., 1998).
TNFa also stimulates the production of growth factors in astro-
glial cells (Aloisi et al., 1992a,b; Lee et al., 1993; Shafit-Zagardo
et al., 1993; Brodie, 1996) and may play a neuroprotective role.
Ischemic neuronal degeneration was exacerbated in mice lacking
TNFa receptors (Bruce et al., 1996), direct protective effects on
neurons in culture have been described (Cheng et al., 1994), and
in vivo administration of TNFa ameliorates EAE (Liu et al,
1998). These observations highlight the need to understand the
relative roles of IFNy and TNFa.

We have examined these issues by studying microglial response
at a site of anterograde axonal and terminal degeneration in the
CNS. Transection of perforant path (PP) afferents from the
entorhinal cortex induces degeneration of PP fibers and synaptic
terminals in the molecular layer of the fascia dentata of the
hippocampus (Matthews et al., 1976a). This induces glial activa-
tion (Fagan and Gage,, 1990, 1994; Jensen et al., 1994, 1997, 1999)
and leads to reactive sprouting and synaptogenesis in the dener-
vated zones (Matthews et al., 1976b; Steward and Vinsant, 1983;
Fagan and Gage, 1990, 1994; Frotscher et al., 1997). Glial reac-
tivity in the PP lesion model is immune-independent (Fagan and
Gage, 1994; Finsen et al., 2000). We find that reactive microglia
produce TNFa with a transient time course that is distinct from
kinetics for other markers of reactivity. Microglial reactivity was
normal in IFNy-deficient mice, and IFN+y expression was not
detected by RT-PCR in hippocampus of normal mice. Neverthe-
less, microglial reactivity and TN Fa production were significantly
enhanced in transgenic mice that expressed IFN+y in hippocam-
pus. Our data argue for an innately regulated program of TNF«
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production in the CNS that is subject to amplification by immune-
derived IFNy.

MATERIALS AND METHODS

Mice

The myelin basic protein (MBP)-IFNry transgenic mice were homozy-
gotes of the A519 line, backcrossed for six generations onto the SJL/J
background, as described by Renno et al. (1998). In these mice the IFNvy
transgene is constitutively expressed in the CNS under the control of a
1.3 kb MBP promoter. The transgenic mice develop and breed normally.
Unmanipulated MBP-IFNy transgenic mice show no spontaneous pa-
thology, unlike other MBP promoter-driven IFN+y transgenic mice
(Corbin et al., 1996; Horwitz et al., 1997). This has been attributed to
thresholds for effect (Renno et al., 1998) and allows us to test the
concomitant roles of IFNy and other stimuli. There is expression of
IFNvy mRNA in the spinal cord, and very low levels of TNFa mRNA are
also detectable (Renno et al., 1998). BALB/c-backcrossed IFNvy-
deficient GKO mice (Dalton et al., 1993) were originally obtained from
Genentech (San Francisco, CA) and were maintained in our facility.
SJL/J mice were purchased from Harlan Sprague Dawley (Indianapolis,
IN) or Bomholtgaard (Skensved, Denmark). Animal breeding and ex-
periments were conducted according to National Danish Animal Care
Committee and Canadian Council on Animal Care guidelines, as ad-
ministered by the McGill University Animal Care Committee.

Surgical procedures

Mice were subjected to wire knife-lesioning of the perforant path pro-
jection arising from the entorhinal cortex to terminate in the hippocam-
pus. For lesioning the mice were anesthetized, and the perforant path
was transected with a stereotaxically inserted wire knife as described by
Jensen et al. (1999). Control mice were either unoperated or sham-
operated, treated the same way as the lesioned animals except that the
wire knife was not inserted into the brain. The contralateral, unoperated
hippocampus also served as a control.

Histology

At survival times of 24 hr, 48 hr, 5 d, and 10 d after lesion, mice were
anesthetized, and their brains were removed and snap-frozen in CO,
snow and processed histologically as described by Gregersen et al. (2000)
and Jensen et al. (1999). Nonradioactive in situ hybridization (ISH) was
used to visualize cellular TNFa mRNA expression (Gregersen et al.,
2000). Parallel sections were stained with a modification of the Fink-
Heimer silver impregnation method described by Hjorth-Simonsen
(1970) to demonstrate argyrophilic, degenerating axons and terminals, or
they were stained with toluidine blue as a general cell stain. Immunocy-
tochemical staining for the microglial surface antigen complement re-
ceptor type 3 (Mac-1) (Perry et al., 1985) was performed as described
previously (Jensen et al., 1999). Mice with inadequate lesions as shown
by Fink-Heimer staining were excluded from further analysis. ISH for
MBP mRNA was performed as described [Jensen et al. (2000), and see
below]. Between 3 and 10 animals per group (e.g., at each time point per
treatment) were processed, and every tenth section through the hip-
pocampus was examined for each histological analysis.

In situ hybridization

Probes. TNFa mRNA was detected with a probe mixture composed of
two alkaline phosphate (AP)-labeled probes (probe I: 5'-CTTCTCATC-
CCTTTGGGGACCGATCACC-3'; probe II: 5'-C GTA GTC GGG
GCA GCC TTG TCC CTT GAA-3') complementary to bases 305-332
and 570-597 of murine TNFa cDNA, respectively (Pennica et al., 1985).
MBP mRNA was detected with an AP-labeled probe (5'-XTCT-
CTGGGGCAGGGAGCCATAATGGGTAG T-3') complementary to
bases 56—85 of murine MBP ¢cDNA (Takahashi et al., 1985). A probe
specific for the “house-keeping” gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) (5'-XCCTGCTTCACCACCTTCTTGAT-
GATGTCA-3") complementary to bases 808-833 of murine GAPDH
cDNA (Sabath et al., 1990) was used as positive control. All probes were
purchased from DNA Technology (Aarhus, Denmark).

ISH procedure. Cryostat sections (16 wm thick) mounted on RNase-
free glass slides were immersed in 96% ethanol for 18-24 hr and
subsequently left to air dry for 20 min. Five picomoles of the probe were
dissolved in 1 ml hybridization buffer consisting of 50% formamide, 20%
20X SSC, 2.5% 40X Denhardt’s solution, 10% dextran, and 1% single-
stranded DNA and hybridized overnight at 37°C. For posthybridization
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the sections were rinsed in 1X SSC, 3 X 30 min at 55°C, then transferred
to Tris-HCI, pH 9.5, for 2 X 10 min at room temperature. Thereafter the
sections were rinsed for 2 X 15 min in Tris-HCI, pH 9.5, and subjected
to AP development. Substrates for the color reaction were nitro-blue
tetrazolium (Sigma, Poole, UK) and 5-bromo-4-chloro-3-indoyl phos-
phate (Sigma). Development was performed in the dark at room tem-
perature for up to 50 hr and arrested by immersing the sections in water.
The sections were coverslipped with Aquamount (Merck, Darmstadt,
Germany) and stored in the dark. Some sections were counterstained
with hematoxylin before coverslipping.

Double labeling for TNFa mRNA and astroglial glial fibrillary acidic
protein (GFAP) was performed as described by Gregersen et al. (2000).

Control reactions. Sections hybridized with TNFa probe I or II alone
displayed identical but weaker hybridization signal compared with sec-
tions hybridized with the TNFa probe mixture. For additional controls,
sections were incubated with the hybridization buffer alone, an excess
(X100) of unlabeled TNF probe mixture, or hybridized subsequent to
treatment with ribonuclease A (50 pg/ml; Pharmacia). None of these
controls displayed specific hybridization signal (see Fig. 2G). Sections
hybridized with the MBP or GAPDH probe showed a distinctly different
hybridization signal. Specificity of MBP ISH was confirmed similarly.

RT-PCR analysis. Mice (10-13 per group) were transcardially perfused
with ice-cold PBS, the brains were removed, and the hippocampi were
dissected out under a dissecting microscope. The hippocampi were
immediately snap-frozen in liquid nitrogen and stored at —80°C until
further processing. Total RNA was purified from the dissected hip-
pocampi using Trizol RNA isolation reagent (Life Technologies, Bur-
lington, Ontario, Canada) according to the manufacturer’s protocol. For
PCR analysis, equivalent amounts of total hippocampal RNA were
subjected to an RT protocol. Briefly, 3 ug mRNA was added to a tube
containing 400 U Moloney murine leukemia virus-RT (Life Technolo-
gies), 10 mm of each dNTP (Pharmacia Biotech, Montreal, Quebec,
Canada), 50 pmol random hexamer primer (Boehringer Mannheim,
Laval, QC, Canada), 23 U RNA guard RNase inhibitor (Pharmacia
Biotech), and a 5X first-strand buffer containing 250 mm Tris-HCI, pH
8.3, 375 mm KCl, and 15 mm MgCl, (Life Technologies).

The PCR conditions that were used were previously optimized for
linear amplification to allow direct comparison between samples. Equal
amounts of cDNA were amplified using 2.5 U Tag DNA polymerase
(Life Technologies), 10 mM of each dNTP (Pharmacia Biotech), 50 pmol
of each primer, and a 10X PCR buffer mixture containing 500 mm KCl,
100 mMm Tris-HCI, pH 8.3, 15 mm MgCl, and 0.1% gelatin (Life Tech-
nologies). The primers that were used were as described by Renno et al.
(1995), except for IFNy: IFNy sense primer 5'-ACACTGCATCTTG-
GCTTTGC-3', IFNy antisense primer 5'-CGACTCCTTTTCCGCT-
TCCT-3', TNFa sense primer 5'-AGCACAGAAAGCATGATCCG-3',
TNFa antisense primer 5-CAGAGCAATGACTCCAAAGT-3'. The
primers for B-actin as an internal control were sense 5'-TGGGTCA-
GAAGGACTCCTATC-3' and antisense 5'-CAGGCAGCTCATAGCT-
CTTCT-3' (Renno et al., 1995). PCR was performed in a Programmable
Thermal Controller-100 (MJ Research) for 28 cycles (IFNy) (denatur-
ation 1 min at 94°C, annealing 1 min at 60°C, extension 1 min at 72°C) or
34 cycles (TNFa) (denaturation 1 min at 95°C, annealing 1 min at 60°C,
extension 1 min at 72°C). Fifty microliters per sample of PCR amplifi-
cation products (450 bp for IFNvy, 289 bp for TNFe, 650 bp for B-actin)
were run in 1.5% agarose gels in Tris-acetate-EDTA buffer and visual-
ized by ethidium bromide or SYBR Green (Molecular Probes, Eugene,
OR) staining. For quantitation, gels were visualized by Fluorimager
(Molecular Dynamics, Sunnyvale, CA) and subsequently analyzed using
ImageQuant v. 1.1 for Apple Macintosh. After background correction,
the signals for IFNy mRNA and TNFa mRNA were normalized against
B-actin mRNA, from the same PCR run. Results are presented as ratios
between ipsilateral (lesioned) and contralateral (control, unlesioned)
RNA levels from the same mouse.

Densitometry and cell counting. TNFa mRNA-expressing cells in the
molecular layer of the dorsotemporal part of the fascia dentata in SJL/J
mice that were PP-lesioned 2 d previously were counted systematically
using a 100X oil objective and the Cast-Grid microscope system (Olym-
pus). Counting was performed in parallel ISH, blinded sections (n = 8
per animal) with an intersectional distance of 160 um. Counting was
performed in the entire molecular layer because it was impossible to
make a clear distinction between the PP-denervated perforant path
zones and the inner nondenervated commissural-associational zone in
ISH sections. The counting unit was a small, oval to elongated microglial-
like nucleus, surrounded by ISH product (see Fig. 2C). Recounts showed
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Figure 1. Neurodegeneration and microglial reactivity in the perforant
path lesion model. A-C, Perforant path-lesioned SJL/J mouse, 5 d after
lesioning. A, Nissl staining of hippocampus from a lesioned SJIL/J mouse.
B, Fink-Heimer-stained degenerating fibers and terminals in the per-
forant path (pp) zone of the molecular layer of the fascia dentata, the
molecular layer of CA3 (m), and stratum lacunosum-moleculare of CA1
(Im) of hippocampus. Same mouse as shown in 4 but section from a more
ventral level. C, Mac-1-stained reactive microglia in the PP zone of
dentate molecular layer and denervated zones in CA3 and CAl. Section
parallel to that shown in A. D-F, Perforant path-lesioned GKO IFNvy-
deficient mouse, 5 d after lesioning. D, Fink-Heimer staining of an
incompletely lesioned mouse. E, F, Mac-1 staining of parallel section
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<10% variability. An estimate of the cell density was obtained by
dividing the total number of counted cells by the total sampling area.
Density estimates (cells per millimeters squared) were plotted against the
corresponding Fink-Heimer values measured in parallel sections, ob-
tained as outlined by Jensen et al. (1999). For quantitative measurements
of the level of microglial Mac-1 immunoreactivity and the extent and size
of lesion, Mac-1-stained sections and corresponding Fink-Heimer-
stained, blinded sections (n = 6 for each animal) were analyzed as
described by Jensen et al. (1999).

Statistical analysis. Wilcoxon matched pairs signed rank sum test was
used to determine whether the Mac-1 and Fink-Heimer values for the
medial perforant path (MPP) zone were different from the values for the
lateral perforant path (LPP) zone. The relation between the Mac-1 and
Fink-Heimer values was thereafter described by linear regression, as was
the relation between the density of TNF mRNA-expressing cells and
Fink-Heimer values, and the slopes of the two Mac-1 regression lines
were compared by Student’s ¢ test. Comparison of IFNvy transgene
expression at days 2 and 5, and comparison of TNFa levels in transgenic
and nontransgenic mice at day 2, was performed by the Wilcoxon-Mann—
Whitney test for comparison of unpaired samples.

RESULTS

Stereotactic lesioning of perforant path axons in SJL/J mice
results in zonally defined axonal and terminal degeneration in the
hippocampus (Fig. 14,B). This is accompanied by glial reactivity
2 d after lesion in the perforant path zones of the fascia dentata
(Jensen et al., 1999). Microglial reactivity can be visualized as
morphological changes, increased Mac-1 staining (Fig. 1C)
(Jensen et al., 1999), and cellular proliferation, and these cells
also upregulate MHC I and CD45 in the rat (Jensen et al., 1997).
Astroglial and oligodendroglial reactivity are detectable as hyper-
trophy and increased GFAP staining (Jensen et al., 1994) and
increased oligodendroglial MBP gene expression (Jensen et al.
2000), with slightly delayed time profile, in the same region.
There is a statistically significant linear correlation between the
immunohistochemically quantitated microglial Mac-1 reactivity
and the extent of neurodegeneration (measured as Fink-Heimer
staining) (Jensen et al., 1999). Neuronal, microglial, and oligo-
dendroglial development, morphology, and distribution in fascia
dentata and adjacent regions in MBP-IF Ny transgenic mice were
identical to those in nontransgenic SJL/J mice (Renno et al.,
1998) (data not shown). Neurodegenerative pathology after le-
sioning in transgenic hippocampus was indistinguishable from
that in SJL/J mice, and Nissl and Fink-Heimer staining showed
the same pattern and zonal restriction of changes.

Transient induction of TNFa mRNA in microglia in
PP-lesioned hippocampus

We first characterized the time course and regional and cellular
expression of TNFa mRNA in SJL/J mice, using ISH. We found
that TNFa was induced transiently in the denervated zones at
day 2 (Fig. 24,E) but was expressed at undetectable levels at both
earlier and later time points (Fig. 2D, F). The hybridization signal
was located in the perinuclear region of the cells and occasionally
radiated out in process-like extensions (Fig. 2B,C), reminiscent
of the activated microglial cells observed in parallel sections, as
shown in later figures. ISH-positive cells were occasionally seen

<«

showing ipsilateral (E) and contralateral (F) fascia dentata. Arrows in A
and B indicate the wire knife transection site. The large arrow in D
indicates MPP; the small arrow indicates LPP. FD, Fascia dentata; g,
granule cell layer; p, pyramidal cells; pp, perforant path zones of molec-
ular layer; ipsi, ipsilateral; con, contralateral. Scale bar: A, B, 500 um; C,
350 wm; D, 400 um; E, F, 250 pm.
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as closely apposed doublets, suggestive of recent cell division
(Fig. 2C). In double-labeling experiments, no GFAP ™ cells were
ISH positive (Fig. 34), confirming that microglia were the major
source of TNFa. The density of TNF mRNA-expressing cells in
the denervated zones showed a statistically significant correlation
to the extent of neurodegeneration [Y = —7.90 + 8.90 X, residual
SD, S... = 1.30 (p < 0.05)] (Fig. 3B). TNFa mRNA was not
detected around the retrogradely degenerating neurons in the
entorhinal cortex or around the transection site where the wire
knife entered (data not shown). TNFa mRNA-positive cells were
not detected in the contralateral hippocampus (data not shown)
or in unlesioned or control tissue (data not shown, and Fig. 2G).

RT-PCR detection of TNF« in lesioned hippocampus

Results from ISH analysis showed that TNFa expression was
transient. To confirm downregulation after peak expression, we
used the more sensitive RT-PCR analysis. We microdissected
hippocampi from perfused SJL/J mice that had been lesioned 2
and 5 d previously, isolated RNA, and analyzed cytokine mRNA
levels by RT-PCR. INFy message was undetectable in RNA from
any CNS tissue in SJL/J, whether lesioned or not (Fig. 44,C). We
confirmed the absence of message by 40-cycle PCRs (data not
shown). Messenger RNA for TNFa was weakly detectable by
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Figure 2. Time course and cellular distri-

bution of TNFa mRNA expression in PP-

lesioned hippocampus. In situ hybridization

was used to show induction of TNFa

mRNA in fascia dentata at various times

after PP lesioning. A-G, SJL/J; H-J, A519

MBP-IFNvy transgenic. A4, Low-power

photomicrograph showing induction of

TNFa mRNA in scattered cells (arrows) in

the denervated molecular layer. B, C,

Higher-power photomicrographs from the

same section as shown in 4. The TNF«

mRNA-expressing cells (arrows in B) have

small, round to oval microglia-like nuclei

and occasionally elaborate process-like ex-

G tensions. Arrowheads in C indicate a closely

apposed cell “doublet.” D-F, Time course

5d of TN F« induction. D—F show granule cells

(left) and molecular layer (right) from mice

lesioned 24 hr, 48 hr, and 5 d previously. G,

Control showing a section equivalent to

that in £ but pretreated with RNase A

before ISH. H, Fascia dentata from a PP-

lesioned transgenic mouse (same magnifi-

cation as A); I and J show granule cells and

molecular layer (as in D-G) from mice le-

sioned 48 hr and 5 d previously (same mag-

nifications as D-G). Arrows indicate TNFa

mRNA-expressing cells. g, Granule cell lay-

er; mol, molecular layer. Scale bars: A, H,

J 100 wm; B, 125 pum; C, 250 um; D-G, I, J,
50 pwm.

34-cycle RT-PCR in unlesioned hippocampi (Fig. 44). Levels of
TNFa message increased significantly by 2 d after lesioning (Fig.
4A4,B,D). Because TNFa mRNA was undetectable by ISH in
contralateral hippocampus, and Mac-1 induction resulting from
degeneration of the crossed tempero-ammonic projection is con-
fined to contralateral CA1, we have previously used the contralat-
eral fascia dentata as a control for normalization of data (Jensen
et al., 1999). We confirmed that RT-PCR-detectable increases in
TNFa mRNA in unlesioned, contralateral hippocampi were
small relative to whole brain (three- to eightfold at 2 d) compared
with those seen in lesioned hippocampi (19- to 31-fold at 2 d)
(Fig. 4D). Although it introduced a slight underrepresentation of
the effect, data from a large number of mice were calculated as
ipsilateral /contralateral ratios to normalize the results. Figure 4B
shows as much as five- to sevenfold increases in TN Fa levels at
2 d after lesion. Guided by the quantitative data showing highest
numbers of TNF mRNA-expressing cells in the best lesioned
animals (Fig. 3B) and absence of TNF mRNA-expressing micro-
glia at day 5 (Fig. 2F,J), we considered animals with a fold
increase of =2.5 to be suboptimally lesioned (day 2) or their
microglia to have downregulated TNF gene expression. The
median value attained 3.6 for well-lesioned mice (Fig. 4B). TNFa
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Figure 3. TNFa expression by microglia. A (large panel), Photomicro-
graph showing induction of TNFa by ISH (dark purple) and GFAP
staining (brown) in the molecular layer of the fascia dentata of an SJL/J
mouse that was lesioned 2 d previously. Two closely apposed ISH-positive
cells are indicated by arrows. GFAP ™ astrocyte is located at bottom right.
The cell body is indicated with a large arrowhead, and a GFAP " process
with small arrowheads. GFAP-stained cells did not show ISH product,
neither did ISH-positive cells stain for GFAP. Small panel, Focal plane
emphasizes astrocyte morphology and processes. Scale bar, 100 um. B,
Graphic illustration of the relationship between the density of Fink-
Heimer-stained degenerating axons and terminals and the number of
TNFa-expressing cells in the fascia dentata 2 d after perforant path
lesioning in six SJL/J mice. A statistically significant linear relation
between microglial TN Fa expression and degeneration density is evident
(p < 0.05, Student’s ¢ test, one-tailed probability).

levels fell by 5 d after lesion to, or close to, baseline levels (fold
increase =2.5) (Fig. 44,B).

Effect of IFNy on TNFa expression

We then examined the induction and progression of the TNFa
response in SJL/J-backcrossed MBP-IF Ny transgenic mice. Ex-
pression of IFNvy in the unlesioned hippocampus of transgenic
mice was confirmed by RT-PCR (Fig. 44). The time course of
appearance and the cellular source of TNFa mRNA in hip-
pocampus of lesioned MBP-IFNvy transgenic mice was deter-
mined by nonradioactive ISH and identical to SJL/J mice (Fig. 2,
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compare H--J, D-F). At 2 d after lesion, mRNA-expressing cells
were morphologically identifiable as microglia in transgenic mice,
similar to SJL/J (Fig. 2 compare B, C; shown for SJL/J only).
TNFa mRNA became undetectable at 5 d in both types of mice
(Fig. 2F,J).

RT-PCR-detectable TNFa mRNA levels were marginally
higher in the hippocampus of transgenic mice than in nontrans-
genic mice, consistent with the original description of these mice
(Fig. 44). This difference was slight and did not constitute a
significant bias to lesion effects. Two days after axonal lesioning,
an up to 10-fold or greater increase in TNFa mRNA was mea-
sured in the denervated hippocampus, levels that were never
attained in nontransgenics (Fig. 4B). Wilcoxon—-Mann—Whitney
test on well-lesioned mice [fold increase >2.5; median of 7.3 for
transgenics (n = 7) and of 3.6 for nontransgenic mice (n = 7),
showed statistically higher TNF levels in transgenic than non-
transgenic mice (p < 0.05, one-tailed probability)]. The elevated
TNFa production at 2 d was transient and by 5 d levels had
declined to, or close to, baseline levels (Fig. 44,B). This decrease
agreed with the ISH data in Figure 2, which showed that TNFa
mRNA was induced transiently in microglial cells in the dener-
vated areas in transgenic mice at day 2, becoming undetectable at
day 5. Expression of IFNvy in the hippocampus therefore pro-
moted a striking elevation of microglial TNFa production in
response to anterograde axonal and terminal degeneration, but
the transient nature of this TN Fa production was unaffected by
IFNy.

Enhanced IFNy expression in lesioned hippocampus of
MBP-IFN+y transgenic mice

IFNvy was readily detectable by RT-PCR from uninjured hip-
pocampi of transgenic mice (Fig. 44). Levels of expression in-
creased after PP lesion (Fig. 44,C). Strikingly, the kinetics of
IFNy upregulation were distinct from those for TNFa. IFNy
mRNA levels, in RNA samples for which elevated TNFa levels
are shown in Figure 4B, barely increased over control at 2 d
(median of 1.2, maximum of 1.95), but increased up to 9.7-fold in
well lesioned mice at 5 d after the lesion (Fig. 4C) (Wilcoxon—
Mann-Whitney test, p < 0.01, one-tailed probability).

Equivalent microglial reactivity in IFNy-deficient mice
The complete absence of detectable IFNvy signal in SJL/J mice,
even in mice with complete PP lesions (inferred from high TNFa
levels), suggested that this cytokine might be dispensable for glial
response. We confirmed this by stereotactically lesioning axons in
BALB/c-backcrossed IFNwy-deficient GKO mice (Fig. 1D,E).
The PP lesion is functionally equivalent in BALB/c and SJL/J
mice. Consistent with the lack of IFN+y in normal animals, both
the extent of neurodegeneration (Fig. 1D) and the microglial
reactivity in the hippocampus of lesioned GKO mice (Fig. 1E)
were indistinguishable from responses in normal mice (Fig. 1,
compare B, D, and C, E).

IFNy enhances microglial reactivity in transgenic mice

IFNy is therefore not required for glial reactivity to neurode-
generative injury and did not affect the time course of TNFa
expression induced by axotomy. Nevertheless, this cytokine
clearly affected the level of glial response. There was a striking
difference in the strength of the denervation-induced microglial
morphological changes between lesioned transgenic and non-
transgenic mice (Fig. 5, compare C, E with D, F). In transgenic
mice, the overall glial reaction was more pronounced in all
aspects, especially for 5 d post-lesion animals (Fig. 5F). The
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Figure 4. Cytokine levels in PP-lesioned hippocampus. 4, Ethidium
bromide-stained gels showing PCR-amplified IFNvy, TNFea, and B-actin
cDNA from hippocampi of individual mice. IFNvy message was undetect-
able in both unlesioned and lesioned SJL/J mice (A, top gel, lanes 1, 3, 4).
IFN+y message was detected at roughly equivalent levels in both unle-
sioned and 2 day-lesioned MBP-1F Ny transgenic (7g) mice (A4, top gel,
lanes 2, 5). TNFa mRNA was induced transiently in nontransgenic and
MBP-IFNvy transgenic mice at day 2 (A, middle gel, lanes 3, 5). B-actin
mRNA levels (bottom gel ) were equivalent in all samples, indicating equal
RNA input. B, C, Fluorimager quantitation of data from these and other
experiments is shown as fold increase relative to unlesioned contralateral
hippocampi for each mouse. Each point represents the relative cytokine
level, normalized to B-actin, for one mouse. Data for IFN+y in C include
samples independently analyzed for TN Fa in B. Values for fold increase
=2.5 are considered to be at or below baseline level, indicating either
suboptimal lesioning (day 2) or downregulation to baseline levels (day 5).
Medians for well-lesioned day 2 mice are indicated by a horizontal line.
Wilcoxon—-Mann-Whitney test shows induction of higher TNF levels in
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increase in Mac-1 immunoreactivity was higher compared with
nontransgenic controls, being visible to the naked eye on some
slides, microglial processes were more extensively branched, and
the number of cells in the denervated zones was clearly elevated
(Fig. 5). In the denervated zones, the microglial cells seemed to
form a continuous conglomerate, and without counterstain of
their nuclei the individual cells were hard to distinguish from
each other (Fig. 5F).

We confirmed a statistically significant linear relation between
the density of microglial Mac-1 immunoreactivity and Fink-
Heimer staining in both transgenic mice [Y = —1.50 + 2.70 X,
residual SD, §,., = 0.13 for MPP (p < 0.001) and nontransgenic
SJL/J mice (Y = 0.17 + 0.87 X, §,.,=0.16 for MPP (p < 0.001)]
(Jensen et al., 1999) (Fig. 5G). Notably, the slope of the regres-
sion line was significantly steeper for transgenic than for non-
transgenic SJL/J mice (p << 0.001, one-sided Student’s ¢ test)
(Fig. 5G). No difference in microglial reactivity in the MPP and
the LPP zones was observed in transgenic or nontransgenic mice
(p => 0.1; Wilcoxon matched pairs signed rank sum test, two-
tailed probability; data not shown).

Increased MBP expression in lesioned hippocampus

The glial response to axotomy extends at later time points to
oligodendrocytes. The oligodendrocyte response to axonal le-
sioning and terminal degeneration that was previously shown by
ISH for MBP mRNA in C57BIl/6 mice (Jensen et al., 2000) was
confirmed to take place, with similar kinetics, in both transgenic
and nontransgenic SJL/J mice. MBP transcription was not dis-
cernible 2 d after the lesioning, whereas at 5 d (Fig. 6) the staining
density of individual cells was higher than in nonlesioned animals
or on the contralateral side, and the number of MBP mRNA-
expressing cells in the denervated perforant path zones had
significantly increased. Upregulation of MBP was detectable in
transgenic and nontransgenic mice (Fig. 6). The kinetics of MBP
and IFNy upregulation were therefore similar, and upregulated
IFNy levels in transgenic mice were likely caused by lesion-
induced transcription of the MBP promoter-driven transgene.

DISCUSSION

Our results show that perforant path lesioning in mice leads to
transient induction of TNFa mRNA in reactive microglia. Mi-
croglial reactivity also included morphological changes and in-
creased Mac-1 expression. Although independent of IF Ny, all of
these were enhanced by the presence of this cytokine in MBP—
IF Ny transgenic mice. Oligodendroglial reactivity was shown as
increased MBP gene transcription in denervated areas in both
MBP-IFNv transgenic and nontransgenic SJL/J mice. The ki-
netics of TNFa production, whether enhanced by IFNvy or not,
differed strikingly from those of microglial or oligodendroglial
reactivity. These results suggest innate glial programs of response
to injury, some of which are amplified by immune cytokines.

<«

Tg than nTg mice at day 2 (p < 0.5, one-tailed probability). Wilcoxon—
Mann-Whitney test also reveals a statistically significant increase in IFNvy
levels from day 2 to day 5 after lesion in transgenic mice (p < 0.001,
one-tailed probability), although some of the animals in the day 5 group
appear to be suboptimally lesioned. The horizontal lines indicate median
values. ND, None detected. D, Fluorimager image of a gel stained with
SYBR Green, showing TNFa and B-actin amplimers after 30-cycle RT-
PCR of RNA from paired ipsilateral (lesioned, /) and contralateral
(unlesioned, C) hippocampi from three different SJL/J mice, 2 d after
surgery. RNA from unlesioned brain was analyzed as a control (B).
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Figure 5. Mac-1 reactivity in SJL/J and MBP-IFNy transgenic mice.
Mac-1 staining of fascia dentata (granule cells and molecular layer) from
mice before and after PP lesioning. A, C, E, Unlesioned SJL/J (A) and
SIL/J at 2 d (C) and 5 d (E) after lesioning; B, D, F, unlesioned
MBP-1FNy transgenic (B), and MBP-IFNy transgenic, at 2 d (D) and
5 d (F) after lesioning. ca, Commissural associational zone; g, granule cell
layer; Ipp, lateral perforant path; mpp, medial perforant path. Scale bar,
100 wm. G shows a graphic illustration of the relationship between the
density of Fink-Heimer (FH)-stained degenerating axons and terminals
and the density of microglial Mac-1 immunoreactivity in the fascia den-
tata 5 d after perforant path lesioning in MBP-IFNy (®) transgenic and
SJL/J (©) mice. The graphs portray statistically significant linear relations
between microglial Mac-1 immunoreactivity and degeneration density
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Microglia are the earliest responders to axotomy and are the
principal source of TNFea in the CNS (Dopp et al., 1997; Finsen
et al., 2000). The kinetics of glial reactivity after perforant path
axonal lesioning include early retraction of processes by micro-
glia, followed by proliferation at 1 d, coincident with upregulation
of Mac-1/CR3 (Fagan and Gage, 1994). Astrocyte and oligoden-
droglial responses occur later (Steward et al., 1990; Fagan and
Gage, 1994; Jensen et al., 1994, 2000). Double-labeling controls
failed to detect GFAP "TNFa mRNA-expressing cells, confirm-
ing our findings in ischemic brain (Gregersen et al. 2000). Our
results therefore show induction of TN Fa in microglial cells after
axonal lesioning and a pronounced effect of IFN+y on this.

The levels of TN Fa detected in reactive hippocampal microglia
were relatively low, compared with levels seen in macrophage-like
cells in ischemic brain lesions (Gregersen et al. 2000). Addition-
ally, the number of Mac-1-reactive microglia was in all cases
greater than the number of ISH-detectable TN Fa-producing cells
(Figs. 24, H, 5). Tt is likely that only strongly induced cytokine
responses were detected by ISH and RT-PCR, so that only a
subpopulation of activated microglia were high expressors of
TNFa. Fink-Heimer staining for degeneration showed consider-
able interanimal variability (Fig. 5), and it was not possible to
assess the extent of lesioning in hippocampi from which RNA was
isolated for PCR. Nevertheless, TNFa induction was clearly
demonstrated.

Transient TNFa transcription may reflect an inherent micro-
glial program. Although Mac-1 expression remain elevated
through and beyond day 5, TNFa mRNA levels drop from day 2
to day 5. Microglial reactivity may be induced in response to
phagocytosis of debris, but degeneration of myelinated fibers
persists for many days (Jensen et al., 1999), so this is unlikely to
account for the transient TNFa response. Similarly, short-lived
release of injury-related mediators from neurons would not ac-
count for continued Mac-1 reactivity. TNFa transcription by
microglia/macrophages in EAE and ischemia is also transient
(Renno et al., 1995; Gregersen et al. 2000), whereas Mac-1
elevation is more prolonged. Our results show this putative mi-
croglial TNFa program to be IFN+y independent.

TNFa has been implicated as both a neuroprotective and a
neurotoxic cytokine in ischemia (Bruce et al., 1996; Rothwell and
Luheshi 1996; Barone et al., 1997), and in EAE it has been
implicated in demyelination and oligodendrocyte death and as a
mediator of counter-inflammatory effects (Selmaj and Raine
1988; Korner et al., 1997; Taupin et al., 1997; Liu et al., 1998). In
the case of the perforant path lesion, there is no infiltration of
leukocytes (Fagan and Gage, 1994), so effects of TNFe« in pro-
moting leukocyte and endothelial reactivity are likely not relevant
here. TNFa can act through two receptors, the p55 TNFRI and
the p75 TNFRII (Hsu et al., 1995; Rao et al., 1995). Although
TNFRI was originally thought to induce apoptosis, recent work
suggests that this receptor may promote neuronal survival (Gary
et al.,, 1998). Both receptors are expressed by neurons (Blotchkina
et al., 1997; Cunningham et al., 1997), and it is possible that one
of the roles of transient TNFa production is to promote the
axonal sprouting that is a feature of the PP lesion (Fagan and

«

(FH) in both transgenic and nontransgenic, in that the higher the degen-
eration density the higher the microglial reactivity. Comparison of the
slopes of the regression lines shows that microglial Mac-1 reactivity is
significantly higher in MBP-IFNv transgenic than in SJL/J mice (p <
0.01, Student’s ¢ test, one-tailed probability).
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Figure 6.  Axotomy-induced increase in MBP mRNA expression. In situ
hybridization for MBP mRNA in the molecular layer of SJL/J (4, C, E)
and MBP-1F Ny transgenic (7G) mice (B, D, F). A, B, Unlesioned fascia
dentata; C, D, 2 d after lesion; E, F, 5 d after lesion. MBP mRNA is
upregulated in oligodendrocytes located within the denervated PP zones
of the fascia dentata molecular layer at day 5 in both types of mice. MBP
RNA-expressing cells are indicated by arrowheads. Ipp, Lateral perforant
path; mpp, medial perforant path; ca, commissural associational zone; g,
granule cell layer. Scale bar, 50 uwm.

Gage, 1990; Frotscher et al., 1997). The lack of leukocytic infil-
trate excludes T cells or macrophages, which can contribute to
regenerative responses in the CNS (Moalem et al., 1999), from
playing such a role here. Finally, TNFa may act in either auto-
crine or paracrine mode to induce secondary signals such as other
cytokines (Becher et al., 1996). Their kinetic advantage in the
overall glial response makes it likely that microglia would influ-
ence other cell types. This could include induction of secondary
mediators by astrocytes as well as microglia (Gomez-Pinilla et al.,
1992; Théry et al., 1992; Shafit-Zagardo et al., 1993; Guthrie et al.,
1995, 1997), which could then act on axons or oligodendrocytes.
Whether the increase in MBP-transcribing cells reflects oligo-
dendrocyte proliferation, differentiation of precursors, or upregu-
lation of established cells, it represents a myelinating response
that occurs downstream of microglial signaling. We have found a
close correlation between onset of sprouting and MBP transcrip-
tion (Matthews et al., 1976b; Steward and Vinsant 1983; Jensen et
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al. 2000), which taken together with instances of zone-specific
MBP transcription without microglial reactivity argued that
sprouting is sufficient to induce MBP (Finsen et al., 2000; Jensen
et al. 2000). This would not exclude a role for glial products in
promoting myelination, and products of microglial response could
directly induce oligodendroglial MBP transcription (Hetier et al.,
1988; Fagan and Gage, 1990, 1994; Bartholdi and Schwab, 1998).
Whether TNFa itself acts directly on oligodendrocytes may de-
pend on whether these cells preferentially express pSS TNFa
receptors (Dopp et al., 1997) or both p55 and p75 (Tchelingerian
et al., 1995). Indirect action of microglia could involve induction
or promotion of production of FGF-2, CSF-1, or CNTF by
astrocytes (Gémez-Pinilla et al., 1992; Théry et al., 1992; Guthrie
et al., 1995,1997; Oh and Yong, 1996). Similarly, TN Fea, possibly
in conjunction with IL-1, could cause the proliferation of astro-
cytes that is associated with anterograde axonal degeneration
(Selmaj et al., 1990; Aloisi et al., 1992a; Fagan and Gage, 1994).

Potentially, effects of IFNy include amplification of endoge-
nous responses and induction of novel response. The inherent
IFNvy independence of in vivo glial responses (Krakowski and
Owens 1996; Rostworowski et al., 1997) suggests amplification
rather than primary response induction. IFNy can stimulate
microglial cells to upregulate MHC class I and induce MHC class
IT expression in vitro (Otero and Merrill, 1994). Microglial cells
are furthermore stimulated in vitro by IFN+y to produce cytokines
(TNFa, IL-1, and IL-6) and other soluble mediators and to
enhance phagocytic and cytopathic activity (Frei et al., 1987;
Hetier et al., 1988; Merrill et al., 1993; Renno et al., 1995; Merrill
and Benveniste, 1996). IFNv, in addition to being a microglial
activator, also induces an astroglial response, with cytokine pro-
duction (CSF-1, IL-6, IL-8) (Aloisi et al., 1992b; Théry et al.,
1992), and proliferation in vitro and reactive gliosis in vivo (Yong
et al.,, 1991). Given the powerful potential of IFNvy to activate
microglial cells in vitro, it is consistent that the microglial response
to PP lesioning in vivo was much higher in transgenic mice, in
which IFNvy was expressed in hippocampus. Similarly, the in-
creased levels of TN Fa in transgenic mice must reflect activity of
IFNy on microglia. Importantly, TN Fa levels in transgenic mice
downregulated with similar kinetics as in nontransgenic mice. So,
whether IF Ny or other stimuli induce TNFq, a separate, distinct
mechanism then overrides at later stages. The kinetics of IFNy
upregulation were also quite distinct from TNFea. This is more
consistent with an amplifying role for IFNv.

It is uncertain whether there are endogenous sources of [IFNvy
in the adult CNS. Motor and sensory neurons isolated from the
CNS have been reported to express I FNy immunoreactivity and
mRNA, respectively (Olsson et al., 1989; Neumann et al., 1997),
but there are no reports of expression in situ in adult animals.
Nonetheless, induction of developmentally silenced events may
occur during injury or inflammatory responses, so it cannot be
excluded that neurons might upregulate IFN+y in response to
certain stimuli in adult animals. However, our high-cycle RT-
PCR analyses failed to detect it in lesioned hippocampus. It is
more likely that IFNy production within the adult CNS derives
from extra CNS sources, probably immune leukocytes such as T
and NK cells. The expression of I[FN+y receptors by microglia and
astrocytes therefore anticipates interaction with immune cells,
and this probably reflects evolutionary selection for anti-viral
responses (Griffin et al., 1992). Our results suggest that the
IFNry response may also optimize the opportunity for regenera-
tive responses. Inflammation contributes to regeneration in the
CNS (Tourbah et al., 1997; Moalem et al., 1999) and likely
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involves induction of TNFa in glial cells. We have shown that
IFN+y amplifies these responses.

Our findings suggest a model for glial reaction to axonal injury
and subsequent regenerative response by which TNFa and other
cytokine production, amplified by IFNv, are directed to regener-
ation. Involvement of these cytokines in inflammatory pathology
may be seen as an inadvertent consequence of their overproduction
or failure to remove inducing stimuli within a prescribed time.
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