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Abstract
Brains from human neurofibromatosis type 1 (NF1) patients show increased expression of glial
fibrillary acidic protein (GFAP), consistent with activation of astrocytes (M.L. Nordlund, T.A. Rizvi,
C.I. Brannan, N. Ratner, Neurofibromin expression and astrogliosis in neurofibromatosis (type 1)
brains, J. Neuropathol. Exp. Neurology 54 (1995) 588–600). We analyzed brains from transgenic
mice in which the Nf1 gene was targeted by homologous recombination. We show here that, in all
heterozygous mice analyzed, there are increased numbers of astrocytes expressing high levels of
GFAP in medial regions of the periaqueductal gray and in the nucleus accumbens. More subtle, but
significant, changes in the number of GFAP positive astrocytes were observed in the hippocampus
in 60% of mutant mice analyzed. Astrocytes with elevated GFAP were present at 1 month, 2 months,
6 months and 12 months after birth. Most brain regions, including the cerebellum, basal ganglia,
cerebral cortex, hypothalamus, thalamus, cortical amygdaloid area, and white matter tracts did not
show any gliotic changes. No evidence of degenerating neurons was found using de Olmos’ cupric
silver stain. We conclude that Nf1/nf1 mice provide a model to study astrogliosis associated with
neurofibromatosis type 1.

Keywords
Neurofibromatosis; NF1; Astrocyte; Gliosis; Learning disability; Ras; Mouse; Neurofibromin

1. Introduction
Type 1 neurofibromatosis is one of the most common inherited human diseases. NF1 is
inherited as an autosomal dominant trait [6,24,25,56], and affects about 1 in 3500 people
worldwide. Common manifestations of NF1 include hyperpigmentation, bone abnormalities,
and peripheral nerve sheath tumors (neurofibromas) (reviewed in Refs. [20,49]). NF1 patients
are also at increased risk to develop malignant tumors including pheochromocytomas,
childhood myelogenous leukemia, and malignant peripheral nerve sheath tumors. NF1 is
characterized by extreme variability in disease severity, even among members of the same
family (reviewed in Ref. [47]).
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NF1 patients show changes associated with the central nervous system. For example, benign
astrocytomas of the optic nerve are common in children with NF1 (reviewed in Ref. [36]). In
addition, learning disabilities are a frequent and disabling problem in NF1 families. Between
30 and 45% of children who inherit one defective NF1 allele have learning disabilities
(reviewed in Ref. [41]). School-aged children with NF1 can show organizational, visual spatial,
memory, attentional and \ or fine motor problems [17,23,24]. Mean IQ scores of NF1 children
are lower than the general population, but within one standard deviation of the mean [42].

Because of these CNS manifestations of NF1, it is important to define the cellular and molecular
changes that exist in the brain as a consequence of NF1 mutation. Rosman and Pearce [50]
described abnormal cortical lamination and heterotopic neurons in cortical gray and white
matter as well as glial nodules that most closely resembled astrocytes in cerebral white matter
in NF1 patients. A second abnormality is observed in a sub-population of children with NF1,
who show foci of increased T2 signal on brain magnetic resonance imaging that are not
enhanced by gadolinium, visible by CT, or associated with focal neurologic deficits. These
have been called unidentified bright objects (UBOs) [12,38,46], and are found primarily in the
cerebellum, subcortical white matter, brainstem, and basal ganglia [2,10,12,13,51]. UBOs
disappear with increasing age. DiPaulo et al. [11] studied brains from three children with
UBO’s at autopsy. They concluded that UBOs represent areas of demyelination or edema.

Another brain abnormality associated with NF1 is astrogliosis. Astrogliosis, or astrocyte
activation, is a common response to brain injury, resulting in up-regulation of more than 100
proteins including cytokines, growth factors, adhesion molecules and transcription factors
(reviewed in Refs. [13,47]). Astrogliosis is commonly marked by up-regulation of the
intermediate filament protein GFAP, a 51 kd type III intermediate filament (reviewed in Refs.
[15,16,35]). We described astrogliosis in three of three NF1 adult brains examined, using GFAP
as a marker for astrocyte activation [39].

The NF1 gene product, neurofibromin, is expressed at high levels in the brain as compared to
other tissues [7,19]. Neurofibromin is present in subpopulations of adult brain neurons [26,
40]. Astrocytes in neither rodent nor human brain express detectable neurofibromin [7,39,
40]. However, astrocytes up-regulate neurofibromin expression in vitro [22] and in vivo in
response to cerebral ischemia [18].

The relevance of UBOs, astrogliosis, or abnormal cortical lamination to decreases in NF1
expression and learning problems in NF1 is not known; model systems in which to study these
changes have not been described. Mice with targeted mutations at Nf1 were developed.
Homozygous null embryos die at mid-gestation and are therefore unavailable for brain analysis
[4,27]. Adult heterozygous Nf1 mice are predisposed to certain types of malignant tumors and
show hyperplasia of some neuronal populations [4,27]. While Nf1/nf1 (heterozygous) mice do
not mimic many features of human NF1, learning deficits have been defined in about 60% of
the mutant mice suggesting the use of these mice to study brain abnormalities [53]. With
additional training, Nf1 mice become comparable to wild-type controls, implying that Nf1
mutations affect rate of learning. It is not yet known whether Nf1/nf1 mice show the physical
brain changes characteristic of human NF1, including UBO’s, abnormal cortical lamination,
nor whether the brains of mutant mice are gliotic. We therefore analyzed GFAP expression as
a measure of astrocyte function in the mice. Our data demonstrate that astrogliosis occurs in
Nf1/nf1 mice, providing a model system in which to study one of the features of human NF1.
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2. Materials and methods
2.1. Animals

Male C57Bl/6 mice were used in this study. Mice heterozygous for the Nf1 mutation [4] had
been back-crossed onto C57Bl/6 for seven to nine generations at the time of these experiments.
Mice were genotyped by PCR as described by Brannan et al. [4]. A total of 48 mice were fixed
and analyzed for brain histology. Six wild type and six heterozygous mice were analyzed at
each time point: 1 month, 2 months, 6 months and 1 year of age. An additional three wild type
and three heterozygous mice were evaluated for neuronal degeneration using cupric silver
staining at 1, 2, and 6 months of age. Five additional pairs of 1–2 month old animals were
analyzed for GFAP levels using Western blotting.

2.2. Histology and immunocytochemistry
Mice were anaesthetized and then perfused transcardially with ice cold 0.9% saline followed
by 4% paraformaldehyde (in 0.1 M Phosphate buffer—PB) for 10–15 min. Brains were
removed, postfixed in the same fixative overnight and then cryoprotected in 20% sucrose
overnight. Free floating frozen sections (35 μm) were cut on a freezing microtome. Every other
section was mounted on a slide, dried, and processed for Nissl staining (cresyl violet). Every
fourth section was processed for immunocytochemistry using anti-GFAP. Control experiments
included omission of primary or secondary antibodies. Polyclonal antibody to GFAP (rabbit,
Dako-Patts; Catalog #Z334) was used at a dilution of 1:20,000–1:100,000 for
immunohistochemistry. Monoclonal anti-GFAP was from Sigma (Catalog #G-3893).
Antibody incubations and detection using Vectastain ABC kits (Vector Labs) was performed
according to Nordlund et al. [40].

2.3. Cell counts
Tissue sections stained with GFAP were examined under the microscope using bright field
optics using a 20 × objective. GFAP positive cells were identified by brown DAB reaction
product. Wild type and heterozygous animals were analyzed at each age. For each of the 48
animals evaluated, cells in a defined rectangle overlaying left and right hippocampi, and left
and right PAG, were counted and the number of cells per area calculated (see Figs. 1 and 3).
A mean cell number per area was calculated for each animal (left and right sides of individual
animals differed by 3–5%). Statistical significance was determined using Student’s t-test.

2.4. Cell size measurements
Cell size (area) of 25 randomly chosen GFAP positive cells in sections through hippocampus
from each of 4 heterozygous and 3 wild type animals (1 month old) were measured using a 40
× objective. Additional cells (25/animal) were measured in sections through the PAG from the
same animals. Cell area was calculated using Metamorph.

2.5. Cupric silver degeneration staining
Mice were perfused with 4% paraformaldehyde in 0.067 M cacodylate, pH = 7.4. Brain blocks
were postfixed in the same solution. The mouse brains were cryoprotected with 20% gycerol
and 2% DMSO, embedded together in a gelatin matrix using MultiBrain Technology© and
freeze cut at 30 μ on an AO-860 sliding microtome. Every sixth section was stained using the
cupric silver degeneration reaction according to De Olmos et al. [9]. Neural elements
undergoing disintegrative degeneration, if present, would be seen as black–brown profiles
against a pale yellow background [55].
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2.6. Western blot analysis
Tissue extracts of whole brain, hippocampus or cerebellum were prepared by homogenizing
tissue in 8 M urea in 0.1 M Tris pH 8.0 (30 mg/100 ul buffer). Extracts were incubated on ice
for 30 min and the protein content analyzed using the method of Markwell et al. [37]. Aliquots
containing 0.3, 1, 3, and 10 μg of protein were diluted in Laemmli buffer and loaded onto 12%
polyacrylamide gels. Electrophoresis and Western blot analysis was performed as previously
described [8]. Polyclonal antibody to GFAP (rabbit, Dako-Catalog #Z334) was used at a
dilution of 1:1000 for western analysis of tissue extracts. Parallel blots were stained with anti-
tubulin (Amersham catalog #N357) at a dilution of 1:2500 as a loading control.

3. Results
3.1. Analysis of Nf1/nf1 brain sections for abnormalities in cortical lamination and for glial
nodules

Rosman and Pearce [50] found that a subpopulation of NF1 patient brains showed abnormal
cortical lamination, displaced neurons in the white matter, and, in one of twenty brains
analyzed, glial cell nodules in white matter. Nf1/nf1 brain sections stained with cresyl violet
were carefully analyzed to discern if these phenotypes were detectable. Three wild type and 3
mutants were analyzed at one month of age; 2 wild type and 2 mutants were analyzed at six
months of age; 1 wild type and 1 mutant were analyzed at 12 months of age. No abnormal
cortical lamination, displaced neurons in the white matter, or glial cell nodules in white matter
were noted in any of the brains analyzed (not shown). No regions with altered cellularity were
detected. Even brain regions with increased GFAP expression (see below) were not overtly
different from normal controls when Nissl staining was used to analyze sections (not shown).

3.2. GFAP expression in wild type and Nf1/nf1 brains
Antibodies raised against glial fibrillary acidic protein (GFAP), a marker for astrocytes, were
used to localize astrocytes in wild type control and heterozygous (Nf1/nf1) brain sections.
Mouse monoclonal anti-GFAP at a dilution of 1:1000 or rabbit polyclonal anti GFAP at a
dilution of 1:20,000 gave similar results on representative sections. We document results here
using polyclonal anti-GFAP.

We analyzed 35 μM sections though whole brains to determine if differences in GFAP
immunoreactivity were present in Nf1/nf1 mutant brains in comparison to wild type brains. We
first studied brains from one-month-old mice. Differences in the intensity or number of GFAP
positive cells were not evident when anti-GFAP was used at a dilution of 1:20,000 (not shown).
To enhance possible differences between wild type and mutant brains, the concentration of the
polyclonal anti-GFAP antibody was reduced to 1:100,000 [39,45]. At this dilution, the anti-
GFAP antibody labeled few cells in control mouse brains. For example, few labeled astrocytes
were detected in the nucleus accumbens in 1 month old wild type animals (n = 3) (Fig. 1A and
B). In contrast, all brains of 1 month old heterozygous animals (n = 3) showed a large number
of intensely labeled cells (Fig. 1C and D). Similarly, in the periaqueductal gray of the midbrain,
few cells were labeled by anti-GFAP in wild type animals (n = 6) (Fig. 1E and F), while all
analyzed Nf1/nf1 mouse brains (n = 6) showed numerous labeled cells in this area (Fig. 1G and
H). Labeled astrocytes were localized mainly in the mediolateral region of the periaqueductal
gray, not in the portions of the PAG dorsal or ventral to the aqueduct. These data suggest an
increased amount of GFAP in astrocytes in the PAG and the nucleus accumbens in mutant
mice.

Most other brain regions did not show any differences in GFAP immunoreactivity between
wild type brains and mutant brains. For example, thalamus (Fig. 2A–D) and cerebellum (Fig.
2E–H) of wild type and Nf1/nf1 showed similar levels of immunoreaction in all brains
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examined. Similarly, no differences between control and mutant brains were observed in the
cortex, hypothalamus, amygdala, brain stem, basal ganglia, or white matter tracts (not shown).

The hippocampus showed a subtle increase in staining in some Nf1/nf1 brains (Fig. 3). For
example, in one month old mice, GFAP staining was increased in sections through the
hippocampus from 4/6 Nf1/nf1 brains (Fig. 3E–H) evaluated as compared to 6 control brains
(Fig. 3A–B). GFAP staining in Nf1/nf1 hippocampus in the remaining 2/6 brains (Fig. 3C–D)
was not noticeably different from that of control brains. In sections of PAG and nucleus
accumbens from these same mice, striking increases in GFAP staining were observed in
heterozygous mice, indicating that differences among animals were specific to the
hippocampus. Over-staining of sections by longer incubation in diaminobenzidine substrate
failed to reveal additional staining of astrocytes in the regions of hippocampus, nucleus
accumbens or periaqueductal gray in control or mutant brains.

To quantitate numbers of GFAP positive cells in the hippocampus and PAG of mutant mice,
GFAP labeled cells/field were counted. Sections were analyzed for each animal, counting cell
numbers in fields from the right and left side of hippocampus and PAG. Fig. 4 shows the mean
number of GFAP-positive cells labeled in sections from PAG of normal and mutant animals
at one month of age (n =5 each genotype). In the PAG, a mean six-fold increase in GFAP-
positive cells was counted (p <0.001; paired t-test) (Fig. 4B). Fig. 4C and D show the mean
number of astrocytes/area labeled by anti-GFAP in mouse hippocampal sections from 1 month
old animals (n =6 each genotype). The number of astrocytes in 2/6 heterozygous mice was
similar to that of wild type controls; 4/6 heterozygous mice showed slightly increased numbers
of GFAP-positive astrocytes (Fig. 4C). Averaging over all animals (Fig. 4D, a small (2-fold)
but statistically significant (p < 0.0001) increase in GFAP-positive astrocytes was evident.

The finding that increased GFAP expression was common in some regions of Nf1/nf1 mouse
brains enabled us to test if the extent of the abnormality, or the percentage of affected animals,
might change with developmental age. Variability in the extent of the GFAP expression within
the hippocampus was noted at all ages analyzed. At 1 month, 4 of 6 animals showed increased
GFAP expression (as above); at 2 months, 3 of 6 animals showed increased GFAP expression,
at 6 months and at 1 year, 2 of 6 animals showed increased GFAP expression. In contrast, all
animals showed increased GFAP expression in the PAG and nucleus accumbens at all ages
analyzed (not shown). Anti-GFAP labeled astrocytes were counted in hippocampus from mice
at 1 month, 2 months, 6 months and 1 year (n =6 each age group and each genotype). Cells
from one field per section was counted from each side of the hippocampus and the mean number
of cells/field from control and Nf1/nf1 brains from each age group are graphically represented
in Fig. 5. A paired Student’s t-test was performed on these data; an increase in the number of
GFAP cells in Nf1/nf1 brain was significant, with p <0.006 for 1 month, P <0.002 for 2 month,
P <0.034 for 6 months and P <0.035 for the 1 year age group.

Increased levels of GFAP in mutant astrocytes suggested that some astrocytes might be
increased in size. To determine if GFAP labeled astrocytes show hypertrophy in Nf1/nf1 brains,
the mean area of anti-GFAP-positive cells was measured in sections of hippocampus from 1
month old wild type and heterozygous mice in the hippocampus and in the PAG. Fig. 6 shows
the results. An increase in cell size was evident in astrocytes of the PAG; the increase was
significant, with p =0.036 in an unpaired Student’s t-test. In the hippocampus, little if any
increase was noted (not significant). It is likely that the larger number of normal astrocytes
expressing GFAP in the hippocampus obscures any size difference in this area.

3.3. Neuronal degeneration analysis in Nf1/nf1 brains
Increased GFAP is often correlated with neuronal degeneration [43]. To evaluate whether
neuronal degeneration is present in Nf1/nf1 brains, cupric silver staining was carried out on
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sections of a total of 9 mutant animals (3 each at 1, 2, and 6 months of age). A similar number
of) wild type animals were evaluated. No degenerative debris was observed in any of the
animals in any brain region (data not shown).

3.4. Quantitation of GFAP levels in wild type and Nf1/nf1 brains
GFAP levels in control and Nf1/nf1 brains were measured in tissue extracts under conditions
that dissociate cytoskeletal proteins. Control (n =3) and Nf1/nf1 (n =3) whole brains were
homogenized, and varying amounts of protein were loaded onto gels. GFAP and β-tubulin
were visualized using Western analysis. Blots stained by anti-GFAP or anti-tubulin and the
density of bands was compared in control and Nf1/nf1 extracts (Fig. 7). All three Nf1/nf1 brains
contained higher concentration of GFAP than wild type controls. Hippocampal extracts from
mutant brains (n =2) also contained slightly higher GFAP than wild type controls (n =2;
cerebellar extracts did not show) differences between genotypes (not shown).

4. Discussion
This report demonstrates that Nf1/nf1 mouse brains contain discrete regions of increased
GFAP. In contrast, no changes in cortical lamination or brain organization were detected in
Nf1/nf1 mutant mouse brains. The current study indicates that mutation at the Nf1 locus results
in astrocyte activation; a previous study using human brains, from patients who died of
malignant disease, left open the possibility that gliosis in NF1 was a non-specific change
associated with tumor burden, or other cause [39].

Analysis of cresyl violet stained sections failed to reveal the subtle changes in neuronal
placement, believed to reflect abnormal neuronal migration, that were reported in human NF1
brains [50]. However, the mouse model suffers several limitations. For example, the small size
of mouse white matter tracts makes it difficult to detect stray neurons in subcortical white
matter. In addition, the layering of cortex is significantly less obvious in mice than in primates,
with a much higher neuronal packing density in mouse cortex, making it difficult to detect
changes in layering. Thus the criteria used to distinguish normal from dysmorphic human brains
cannot be easily applied to mice. Within these constraints, our analysis rules out gross
abnormalities in neuronal migration or placement in Nf1/nf1 mice.

Nf1/nf1 mouse brain sections showed increases in astrocyte size and in number of GFAP-
positive cells in affected regions. Astrogliosis is characterized by hypertrophy of astrocyte
cytoplasmic processes and increase in GFAP intermediate filaments (reviewed in Refs. [15,
16]). Our Western blot analysis confirmed an increase in GFAP content in the Nf1/nf1 mutant
brains. The changes in GFAP level observed in mutant mice are much smaller than those
evident in human NF1 brains. In our previous study using human NF1 brains, and in this study,
we found increases in GFAP-expressing astrocyte cell number and in astrocyte size, as well as
in GFAP content [39]. Whether the overall number of brain astrocytes in Nf1/nf1 mutants is
increased as compared to controls remains to be determined; Nissl analysis of mutant brain
sections failed to suggest obvious differences in astrocyte number. Because numerous changes
in gene expression accompany astrogliosis (reviewed in Refs. [14,48]), it will be of interest to
study changes in expression of other astrocyte proteins in Nf1 mutant mice.

NF1 is usually classified as a tumor suppressor gene; mutations in both NF1 alleles are
detectable in tumors associated with NF1 [34,52,57]. Whether mutations in both NF1 alleles
are required for gliosis is not known. Peripheral nerve glia (Schwann cells) heterozygous for
Nf1 mutations show phenotypes intermediate between wild type and null cells [29,30]. Thus
complete absence of neurofibromin is not always required for cell abnormalities to ensue.
Indeed, Crowe et al. [6] suggested that primary deficiency (mutation at the NF1 locus), rather
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than secondary involvement (additional genetic changes), of the nervous system was
responsible for the low IQ associated with NF1 patients.

Sixty percent of mice analyzed in this study showed detectable gliosis in the hippocampus.
The hippocampus is of special interest in Nf1/nf1 brains, because behavioral assessment of
Nf1 mice showed failure to perform well in the spatial version of the water maze (hidden
platform) test [53]. The abnormality in the Nf1/nf1 brains was ascribed to hippocampal
dysfunction. Strikingly, just as we showed that gliosis was present in some but not all
hippocampi from Nf1/nf1 mutants, only 60–70% of mice analyzed showed learning problems
[53]. It remains to be determined if mice with learning problems are the same ones that show
gliosis. As mice used in this study were back-crossed 7–9 generations from the 129 strain onto
the C57Bl/6 background, modifier effects are unlikely to explain differences between
individual mice. An alternative explanation is that levels of factors (e.g., cytokines) differ
between mice, and that only mice with higher levels of cytokines show gliosis. We favor this
explanation because gliotic changes were detected in the PAG and nucleus accumbens of 100%
of mice, while hippocampal changes were present only in some.

Astrogliosis was dramatic in medial regions of the periaqueductal gray and in the nucleus
accumbens, while many other brain areas showed no gliotic changes. Astrocytes in specific
brain regions differ (e.g., Ref. [3]); astrocyte differences could account for the sensitivity of
these regions to effects of loss of NF1. In contrast to our results in Nf1/nf1 mice, human brains
analyzed showed widespread astrogliosis [39]. The brain regions that show astrogliosis in this
study also do not correlate with the distribution of UBOs in humans; UBOs are most frequent
in the cerebellum, basal ganglia, brainstem, and subcortical white matter [2,10,12,13,51]. The
lateral region of the periaqueductal gray is mainly known for relevance to pain perception and
in autonomic cardiac regulation, the nucleus accumbens functions in pleasure circuitry in the
limbic system, while the hippocampus is associated with learning and memory. Thus the three
brain regions associated with a gliotic response in Nf1 mutant mice are not associated in any
obvious way with a specific sensory or motor system, or connected by brain circuitry.

Astrocytes in the hippocampus, PAG, and nucleus accumbens were gliotic from as early as
one month of age. Gliosis was maintained in adulthood. Neither the number of animals with
gliosis nor the severity of the gliotic phenotype increased with age. It is therefore likely that
the gliotic phenotype reflects a long-lasting difference between normal and mutant astrocytes
in specific brain regions, rather than a transient response to acute events. Altered response to
environmental factors might result from changes in intracellular signaling pathways in mutant
astrocytes. Neurofibromin is a regulator of intracellular Ras (reviewed in Ref. [31])and perhaps
cAMP pathways [21]. Silva et al. [53] proposed that cognitive defects in Nf1/nf1 mice may be
due to neurofibromin GAP activity. Mutations in an exchange factor for a non-Ras small G-
protein cause a form of human mental retardation [1]. Altered small G-protein activity may be
a key regulator of normal brain function that underlies the pathology we have defined.

Astrocyte activation is a marker for neuronal degeneration (see Refs. [44,54,55]). GFAP levels
increase in response to CNS injuries such as toxins, stab wounds, pharmaceutical insults,
transplantation and disease (see Latov et al. [33]; reviewed in Ref. [15]). Brains from patients
with neurodegenerative diseases such as Alzheimer’s, Down syndrome, and amyotrophic
lateral sclerosis show increased GFAP levels, particularly in regions of extensive neuronal
degeneration [5,28,32]. We failed to find any evidence of neuronal degeneration in Nf1/nf1
brains. Similarly, human NF1 brains did not show consistent evidence of neuronal degeneration
[39]. Therefore, the gliosis we have defined in Nf1/nf1 mice may result from astrocyte or
neuronal abnormalities but in either case is likely to reflect subtle biochemical changes in cells,
rather than cell degeneration. Additional study will determine whether astrocytes manifest cell-
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autonomous changes leading to increase in GFAP expression and/or if neuronal abnormalities
induce changes in astrocytes, indirectly resulting in astrogliosis.
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Fig. 1.
Nf1/nf1 mouse brain astrocytes show increased GFAP expression in nucleus accumbens and
periaquductal grey. Sections through nucleus accumbens (A–D) or periaqueductal grey (E–H)
were stained with anti-GFAP antibody, and labeling visualized as described in Section 2.
Sections from wild type mice are shown in A, B, E, and F. Sections from Nf1/nf1 mice are
shown in C, D, G, and H. Low magnification photographs are shown in the left panel (Bar =
100 μM); higher magnification views are on the right (Bar = 50 μm). Arrowheads in A and C
circumscribe the area of the nucleus accumbens. Boxes in E and G designate areas analyzed
for cell number and cell size.
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Fig. 2.
Nf1/nf1 mouse brain astrocytes show normal GFAP expression in thalamus and cerebellum.
Sections through thalamus (A–D) or cerebellum (E–H) were stained with anti-GFAP antibody,
and labeling visualized as described in Section 2. Sections from wild type mice are shown in
A, B, E, and F. Sections from Nf1/nf1 mice are shown in C, D, G, and H. Low magnification
photographs are shown in the left panel (Bar = 100 μM); higher magnification views are on
the right (Bar =50 μm).
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Fig. 3.
Nf1/nf1 mouse brain astrocytes show variable increases in GFAP expression in hippocampus.
Sections through hippocampus were stained with anti-GFAP antibody, and labeling visualized
as described in Section 2. Sections from wild type mice are shown in A and B. Sections from
Nf1/nf1 mice are shown in C–H. Low magnification photographs are shown in the left panel
(Bar = 100 μM); higher magnification views are on the right (Bar =50 μm). Box in panel C
designates area representative of those analyzed for cell number and cell size.
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Fig. 4.
Increased numbers of GFAP-positive astrocytes in PAG and hippocampus in Nf1/nf1 mice.
GFAP-positive astrocytes were counted in sections. Counts from individual animals (2
sections/animal) are shown in A and C; pooled data is shown in B and D. Error bars indicate
standard deviation; difference between wild type and mutant mice was significant for both
regions.
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Fig. 5.
Increased numbers of GFAP-positive astrocytes in hippocampus in Nf1/nf1 mice at different
ages. GFAP-positive astrocytes were counted in sections through the hippocampus of 1 month,
2 month, 6 month and 1 year old animals. Counts from individual animals (2 sections/animal)
were pooled for each age group (n =6 animals each age and each genotype). Error bars represent
standard deviation. Statistical significance was observed for all ages (see text).
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Fig. 6.
Increased size of anti-GFAP labeled astrocytes in periaqueductal gray but not hippocampus in
Nf1/nf1 mice. The perimeter of 25 astrocytes was measured in sections of periaqueductal gray
(A) or hippocampus (B), in regions similar to those shown in boxes in Fig. 1 and Fig. 3. The
difference between the size of astrocytes from wild type (+/+) and Nf1 heterozygous (+/−)
animals was significant (P < 0.036) only for cells from PAG.
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Fig. 7.
GFAP protein is increased in Nf1/nf1 brain lysates. GFAP and tubulin levels were quantified
with Western blot analysis. 3 μg (left lane in each set) and 10 μg (right lane in each set) of
cytoskeletal extracts from Nf1/nf1 brains (+/−) or wild type (wt) brains were transferred to
nitrocellulose and probed with antibodies recognizing GFAP (left four lanes) or tubulin (right
four lanes). Nf1/nf1 brains have approximately two-fold increased levels of GFAP proteins.
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