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Neurobiology of Disease

Phenotypic Conversions of “Protoplasmic” to “Reactive”
Astrocytes in Alexander Disease

Alexander A. Sosunov,'* Eileen Guilfoyle,>* Xiaoping Wu,"* Guy M. McKhann 2nd,' and James E. Goldman?
Departments of 'Neurosurgery and 2Pathology and Cell Biology, Columbia University, New York, New York 10032

Alexander Disease (AxD) is a primary disorder of astrocytes, caused by heterozygous mutations in GFAP, which encodes the major
astrocyte intermediate filament protein, glial fibrillary acidic protein (GFAP). Astrocytes in AxD display hypertrophy, massive increases
in GFAP, and the accumulation of Rosenthal fibers, cytoplasmic protein inclusions containing GFAP, and small heat shock proteins. To
study the effects of GFAP mutations on astrocyte morphology and physiology, we have examined hippocampal astrocytes in three mouse
models of AxD, a transgenic line (GFAP"®) in which the normal human GFAP is expressed in several copies, a knock-in line (Gfap *"***H)
in which one of the Gfap genes bears an R236H mutation, and a mouse derived from the mating of these two lines (GFAP"®; Gfap*"*?3°H),
We report changes in astrocyte phenotype in all lines, with the most severe in the GFAP™$;Gfap™/***%H, resulting in the conversion of
protoplasmic astrocytes to cells that have lost their bushy-like morphology because of a reduction of distal fine processes, and become
multinucleated and hypertrophic. Astrocytes activate the mTOR cascade, acquire CD44, and lose GLT-1. The altered astrocytes display a
microheterogeneity in phenotypes, even neighboring cells. Astrocytes also show diminished glutamate transporter current, are signifi-
cantly depolarized, and not coupled to adjacent astrocytes. Thus, the accumulation of GFAP in the AxD mouse astrocytes initiates a
conversion of normal, protoplasmic astrocytes to astrocytes that display severely “reactive” characteristics, many of which may be

detrimental to neighboring neurons and oligodendrocytes.

Introduction

Alexander disease (AxD) is a primary disorder of astrocytes,
caused by heterozygous mutations in GFAP, which encodes the
major astrocyte intermediate filament protein, GFAP. In its most
severe form, this fatal neurological disease strikes infants and
causes developmental retardation and seizures (Messing et al.,
2012). Astrocytes in AxD are greatly enlarged and accumulate
massive amounts of GFAP, some of which resides in Rosenthal
fibers, cytoplasmic protein inclusions of which GFAP and small
heat shock proteins are major constituents (Messing et al., 2012).
Astrocytes undergo many biochemical changes, including inhi-
bition of proteasomal activity, activation of MAP kinase stress
pathways leading to the activation of JNK and p38 kinases, up-
regulation of small heat shock protein genes encoding aB-
crystallin and Hsp27, and loss of GLT-1, a major glutamate
transporter in astrocytes (Tang et al., 2006, 2008, 2010; Cho and
Messing, 2009; Tian et al., 2006, 2010). Furthermore, the neuro-
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pathology of AxD includes not only marked astrocyte pathology,
but also demyelination or dysmyelination and variable degrees of
neuronal death, indicating that astrocyte dysfunction profoundly
affects the functions and survival of both oligodendrocytes and
neurons (Messing et al., 2012).

We have examined hippocampal astrocytes in three mouse
models of AxD, a transgenic line (GFAP™®) in which the normal
human GFAP is expressed in several copies (Messing et al., 1998),
a knock-in line (Gfap™"****") in which one of the Gfap genes
bears an R236H mutation (the mouse homolog of a common
human mutation site) (Hagemann et al., 2006), and a mouse derived
from the mating of these two lines (GFAP"$;Gfap*"****"). The life
spans of both the GFAP™® and Gfap™/****" mice are normal, al-
though they display increased sensitivity to induced seizures
(Hagemann et al., 2006). The life span of the GFAP™%;Gfap ™" is
~30 d, and they die with convulsive seizures (Hagemann et al., 2006).
All three lines accumulate Rosenthal fibers in several brain regions,
including the hippocampus (Messing et al., 1998; Hagemann et al.,
2006). Since hippocampal abnormalities might result in the sei-
zures in GFAP™%;Gfap /%" mice (Hagemann et al., 2006), and
the hippocampus was found to be one of the most vulnerable
structures, we chose to examine this area as a part of the CNS that
might reproduce typical features of astrocyte pathology in AxD.

In the GFAP™$;Gfap™"***"mice, protoplasmic astrocytes
were converted to cells that had lost their bushy morphology due
to a loss of distal fine processes, lost GLT-1, a major glutamate
transporter, and lost coupling through gap junctions to adjacent
astrocytes. They became hypertrophic and multinucleated, in-
creased their GFAP levels greatly, activated the mTOR pathway,
and acquired CD44, a hyaluronan receptor normally found in
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white matter, subpial, and reactive astro-
cytes, but not the protoplasmic astrocytes
of gray matter (Mansour et al., 1990; Gir-
grahetal., 1991; Akiyama et al., 1993; Shin
etal., 2005; Hagemann et al., 2006; Zama-
nian et al., 2012). Thus, the massive accu-
mulation of GFAP initiates a series of
pathological events that change astrocyte
morphologies and functions dramatically,
in many ways resembling “reactive” astro-
cytes in other conditions.

Materials and Methods

Mice. The mouse lines have been previously
described (Messing et al., 1998; Hagemann et
al., 2006) (and see Introduction). The GFAP®
line was initially generated in an FVB back-
ground, but the mice were crossed into a B6
background over at least five generations be-
fore they were used for these experiments. The
Gfap t/®#3H line was initially generated in mice
with a B6 background. All animal use was per-
formed under the guidelines of the Columbia
University Institutional Animal Care and Use
Committee.

Histology and immunohistochemistry. Mice
were anesthetized with ketamine—xylazine be-
fore intracardiac perfusion with 4% parafor-
maldehyde in PBS. Brains were removed and
kept in the fixative for 12—-16 h (4°C). Coronal
sections (40 um) were prepared with a vi-
bratome (Leica VT1000S) and stored in cryo-
protectant solution at —20°C before use.

Primary antibodies were used against: (1)
markers of astroglial cells: (i) glial fibrillary
acidic protein (GFAP): monoclonal (1:1000,
(G3893; Sigma-Aldrich), rabbit polyclonal (1:
1000, Z 0334; Dako), and chicken polyclonal
(1:500, PCK-591P; Covance); (ii) nestin: rabbit
polyclonal (1:500, PRB-570; Covance); (iii) vi-
mentin: goat polyclonal (1:100, sc-365088;
Santa Cruz Biotechnology); (iv) glutamine
synthetase  (GS):  monoclonal  (1:1000,
MAB302; Chemicon) and rabbit polyclonal (1:
200, sc-9067; Santa Cruz Biotechnology); (v)
astrocyte specific glutamate transporters:
GLT-1 (EAAT2): mouse monoclonal (1:500,
611654; BD Transduction Laboratories);
GLAST (EAAT1): rabbit monoclonal (1:200,
#5684; Cell Signaling); (vi) CD44: rat mono-
clonal (1:150, 14-0441; eBioscience); (2) mark-
ers of the mTOR cascade activation: (i)
phospho-S6 ribosomal protein [phosphory-
lated at Ser235/236 (p-S6(235))]: rabbit mono-
clonal  (1:100, 4857; Cell Signaling),
phospho-S6 ribosomal protein [phosphory-
lated at Ser240/244 (p-S6(240))]: rabbit mono-
clonal (1:100, 5364; Cell Signaling); (ii)
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Figure1.  Progressive accumulation of astrocytic pathology in GFAP™%;Gfap */F%%H (Tq/KI) hippocampus at 1, 2, and 4 weeks of
age compared with normal astrocyte development in wild-type (WT) mouse hippocampus. Immunostaining in A and B, GFAP; C,
nestin; D, vimentin; E, (D44; F, GLT-1; G, GLAST; H, Kir4.1immunostaining. A, Progressive increase of GFAP immunoreactivity, first
in str.lac-mol (sim) and then in str. rad and str. mol is much more prominent in Tg/KI than in WT hippocampi. B, Layer-specific
differences in astrocyte morphology in 2-week-old Tg/KI hippocampus. The border between sim and str.rad is dotted. Note that in
str.rad (upper boxed area, enlarged in BT), astrocytes have only a slightly thickened appearance, whereas in the sim they have
more complex profiles and many thin processes filled with GFAP (middle boxed area, enlarged in B2); in the outer part of the slm,
many swollen astrocytes with thick proximal processes are present (lower boxed area, enlarged in B3). Confocal microscopy; pyr,
pyramidal cell layer; str.rad, stratum radiatum; slm, stratum lacunosum-moleculare; dg, dentate gyrus. Scale bars: 4, 130 wm; B,
70 wm; C=H, 110 wm.

phospho-4E-BP1: rabbit monoclonal (1:100, 2855; Cell Signaling); and
(3) Lucifer yellow: rabbit polyclonal (1:200, A-5750; Invitrogen). Sec-
ondary antibodies included anti-mouse Alexa Fluor 488, 594, and 633;
anti-chicken Alexa Fluor 488, 594, 633; and anti-rabbit Alexa Fluor 594;
all from goat or donkey (1:300; Invitrogen).

For double- and/or triple-immunofluorescence, after blocking with
10% normal goat (or donkey) serum [30 min, at room temperature
(RT)], free-floating sections were incubated overnight at 4°C in a mix-
ture of primary antibodies raised in different species. For visualization,
Alexa Fluor-conjugated secondary antibodies were applied for 1 h at RT.

Fluorescent Nissl reagent (NeuroTrace 640/660 deep-red, 1:150, Invitro-
gen) was used (30 min, RT) for visualization of general histological struc-
ture in double immunostaining. DAPI (Vector Laboratories) was used
with triple immunostaining. Blocking serum, primary, secondary anti-
bodies, and fluorescent Nissl reagent were applied in 0.2% Triton X-100
in PBS. Sections for fluorescent microscopy were mounted on slides
in Vectashield (Vector Laboratory). To control the specificity of im-
munostaining, primary antibodies were omitted and substituted with
appropriate normal serum. Slides were viewed using a Nikon AIR MP
confocal microscope. Three-dimensional reconstructions were gen-
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Figure 2.

*¥p <0.005, ***p < 0.0005. Only significant differences are marked on the graphs.

erated from stacks of images with confocal microscope software
NIS-Elements.

Quantitative immunohistochemical analysis. Double or triple immu-
nostained slices for nestin, pS6, and GFAP were used for quantification of
the number of reactive astrocytes in CA1 stratum radiatum (str. rad.) at
4 weeks of age. Quantitation was performed of the images merged from
stacks of six adjacent images (1024 X 1024 pixel resolution, observed area
644 X 644 wm) captured at a distance of 0.5 um from each other. Only
cells with clearly outlined nuclei (stained with Nissl or DAPI) were taken
into consideration. For analysis of GLT-1 and CD44, immunostaining
images were obtained from CAl str. rad. and the adjacent stratum
lacunosum-moleculare (str. lac-mol.). Merged images from three adja-
cent optical slices {[1024 X 1024 pixel resolution, observed area 57 X 57
pum [this size corresponds to the diameter of an astrocyte domain in
rodents (Oberheim et al., 2006); selection of images was done randomly
and included cell bodies and neuropil ]} acquired at a distance of 0.25 mm
from each other. Images were transferred to Adobe Photoshop (version
7.0), grayscaled, and used for analysis of optical density (OD) with Scion
Image Beta 4.02 (public domain).

Quantification of Ki67-immunopositive astrocytes was done on im-
ages obtained from sections double immunostained for GFAP and Ki67
taken from different rostrocaudal levels of hippocampi (5 slices from
each animal, 4 animals in each age group). Merged images from eight
adjacent optical slices (step 0.5 wm, 1024 X 1024 pixel resolution, ob-
served area 295 X 295 um) were taken from str. rad of CA1, str. lac-mol.,
and stratum moleculare (str. mol.) of the dentate gyrus and used for
quantification. Only cells with well outlined nuclei (stained with Nissl
reagent) were considered as reliable for counting.

Electrophysiological recording in acute mouse brain slices. The mouse
brain coronal slices (160-180 wm) were cut with a Vibratome (LEICA

I GFAP';Gfap*/R23eH

I GFAP'9;Gfap*/R?3eH
*

2 week

Increased protein levels of GFAP and (D44 and decreased GLT-1 in the hippocampus of GFAP™;Gfap */#23H (Tq/KI)
mice compared with the hippocampus of WT mice. A, Western blot analysis of GFAP (10 g of total protein load/lane), (D44 (55
wwg/lane), and GLT-1(55 1g/lane) in hippocampi of 1, 2, and 4 week WT and GFAP™;Gfap */*3* (Tq/KI) mice. GAPDH is assessed
as a loading control. B—D, Quantitation of GFAP (B), (D44 (C), and GLT-1 (D) levels on Western blots based on optical densities
normalized to the level of GAPDH. Note that for the GFAP, we scanned allimmunoreactive bands, not only the main band at 50 kDa.
Data are mean == SEM of 3 (GFAP) or 4 (GLT-1and (D44) independent experiments. Two-way ANOVA with Tukey test; *p << 0.05,
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VT 1000S) in ice-cold oxygenated-modified
artificial CSF (aCSF) (in mm): 125 NaCl, 2.5
KCl, 2 CaCl,, 1.5 MgCl,, 1.25 NaH,PO,, 26
NaHCO;, and 10 Dextrose. The slices recov-
* ered at 30°C in a chamber for at least 1 h before
electrophysiological recording. The above so-
lution was also used for whole-cell patch-
clamp recording in brain slices at 30°C. The
bath solution was applied at a flow rate of 1.5
ml/min using the VC-6 perfusion valve control
system (Warner Instruments) with the TC-
344B temperature controller. Cells were visual-
ized under a LEICA DMLEFS microscope with a
63X water-immersion lens. The intracellular so-
lution in the patch pipettes contained the follow-
ing (in mM): 140 KCI, 1 MgCl,, 10 EGTA, 10
HEPES, 3 MgATP, 0.3 Na,ATP, pH 7.3 with
KOH. Tetrodotoxin (TTX, 1 uM; Sigma) was
applied in the bath solution to block sodium
channels. 3-(2-Carboxypiperazin-4-yl) propyl-
1-phosphonic acid (40 um; CPP, Sigma) and
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo-
[f]quinoxaline-7-sulfonamide (NBQX, 50 wm;
Sigma) were also applied to the bath solution to
block NMDA receptors and AMPA receptors, re-
spectively. Pipette resistance was ~3-5 M(). Cell
capacitance and series resistance were measured
using the software MultiClamp 700A Com-
mander Ver. 1.1.2.27 and pClamp 8 (Axon In-
strument, Molecular Devices). L-glutamic acid
sodium salt (10 mum; Sigma) or potassium chlo-
ride (30 my; Sigma) in CSF were applied focally
on the recording cells using a pressure perfusion
system (pressure system Ilc, Toohey Company)
to assess glutamate transporter function or potas-
sium uptake efficiency. Cells were initially identi-
fied morphologically based on the sizes and
shapes of their somas and the architecture of their
processes. The majority of the astrocytes from
which we recorded were located in the str. lac-
mol. For analysis of cell morphology and gap junction coupling with the
surrounding cells, Lucifer yellow (LY, Sigma-Aldrich) was added to the in-
tracellular solution (final concentration 0.1%) and filtered through a 0.2 wm
PTFE filter. After the experiment, slices were immersed in fixative (4% para-
formaldehyde in PBS) and kept overnight at 4°C. Slices were immuno-
stained, and observed under a confocal microscope, as above.

Western blotting. Hippocampi were removed under a dissecting mi-
croscope and the tissue either frozen on dry ice and then stored at —80°C
until use or lysed directly in ice-cold tissue lysis buffer (Invitrogen, #
FNNO0011) supplemented with 0.001 M PMSF, protease (complete, mini,
EDTA-free Roche) and phosphatase inhibitors (HALT, Thermo Scien-
tific) and SDS to 2%. After mechanical homogenization, tissue was left
on ice for 45 min with periodic additional homogenization, then soni-
cated twice for 3 s, and spun at 14,000 RPM for 10 min. Protein concen-
tration in the supernatant was determined with Pierce 660 nm reagent
(Thermo Scientific) supplemented with Ionic compatibility reagent
(Thermo Scientific) as per manufacturer’s instructions. Proteins (55 ug/
lane for CD44 and GLT-1 gels and 10 pg/lane for GFAP) in LDS sample
buffer (Invitrogen) under reducing conditions were subjected to SDS-
PAGE electrophoresis using NuPage 4—12% Tris-Bis gels and MES buf-
fer (Invitrogen) and then transferred to nitrocellulose membranes (GE
Lifesciences). Membranes were blocked with 5% skim milk in TBS (50
mu Tris-HCI, pH 7.5, 150 mm NaCl) for 1 h at RT and then incubated
overnight at 4°C in 5% skim milk with 0.1% Tween 20 in TBS (TBS-T
buffer) with each of the following primary antibodies: rat anti-CD44
(IM7) (1:4000), anti-rabbit GFAP (1:10,000), and anti-mouse GAPDH
(1:3000 EMD Millipore). Blots were washed 3X in TBST and then incu-
bated in primary blocking solution with fluorescent-conjugated anti-rat,
anti-rabbit, or anti-mouse secondary antibodies (1:15,000, Li-Cor) for

2 week 4 week

4 week



7442 - ). Neurosci., April 24, 2013 - 33(17):7439 7450

1 hat RT in the dark. Visualization of bands on
membranes was performed using an Odyssey
Infrared Scanner, ver. 2.1 (Li-Cor) and optical
density was quantified and analyzed using Od-
yssey version 2.1 software. Band intensities for
the protein of interest were normalized within
gels using GAPDH and between gels using a
common homogenate of WT mouse brain ly-
sate. Optical density is expressed in arbitrary
units.

Statistical analysis. Data are expressed as
mean * SEM. Student’s ¢ test, two-way
ANOVA for multiple groups, with Tukey test,
and Pearson correlation coefficient were used
as appropriate. p < 0.05 was considered
significant.

Results

Evolution of astrocyte changes in
GFAP"%,Gfap*"****" hippocampi

GFAP

The accumulation of GFAP is considered
the major triggering factor in the develop-
ment of astrocyte pathology in AxD
(Messing et al., 2012). To study the evolu-
tion of astrocyte changes, we compared
the distribution and levels of GFAP in hip-
pocampi of 1, 2, and 4 week-old GFAPTE;
Gfap®**°H mice with wild-type (WT)
mice. We found marked pathological
changes even during such a short time in-
terval. In WT hippocampus at 1 week of
age, GFAP immunostaining was confined
largely to the str. lac-mol., and little im-
munoreactivity was present in the str.
rad., which contains the dendrites of the
CA1 pyramidal cells, or the stratum mo-
leculare (str. mol.) of the dentate gyrus,
which contains the dendrites of granule
cells (Fig. 1A). GFAP immunostaining of

Fi 3.
the hippocampus in 4-week-old WT mice guire

Sosunov et al. @ Reactive Astrocytes in Alexander Disease

[}
+
=1 K v .
| ‘
.0
+
O (N J
P
0 LA MU UV S
(N T TR T O/ N
OD of CD44
0,
’0 ol ¢
R .
J . +
¢ ‘.’ X3 +
T RNRAM)
+ ]
Y o
0 * e e
AN %
0 I 4 .‘ o . ¢ oo"
0 s 0 180 20 %0 30
OD of CD44
2%0
‘
o m N
.
Lt} o
= o o000 ®
O i, W e, ¥
N ‘ ” ‘
[$) + . why ‘

OD of Kir4.1

Microheterogeneity in immunohistochemical patterns of (D44, GLT-1, GLAST, and Kir4.1 in GFAP™;Gfap™/#23H

showed more GFAP signal in the str. rad.
than at 1 week, but all astrocytes displayed
a normal appearance, with thin, GFAP+
proximal processes (Fig. 1A).

In contrast, by 1 week of age in the

mouse hippocampus. 4, Variability of GLT-1 immunostaining in adjacent astrocytes in the str. lac-mol. at 4 weeks; * denote
locations of astrocyte nuclei (compare with Nissl); B, GLT-1 level is minimal in cells with high immunostaining for (D44; C, GLAST
is presentin some astrocytes without GLT-1immunoreactivity. D, Focal diversity in the levels of (D44 and Kir4.1immunoreactivity.
Note that astrocytes with high (D44 immunoreactivity do not also have high Kir4.1immunolabeling. E, Triple immunostaining for
Kir4.1, GLT-1,and (D44 displays variable pattern of immunolabeling in neighboring astrocytes. Confocal microscopy; scale bars, 95
m. F-H, Graphs representing optical density readings of (D44 versus GLT-1, (D44 versus Kir4.1, and Kir4.1 versus GLT-1immu-

GFAP"8,Gfap™/***"mice, astrocytes in all
hippocampal layers displayed strong GFAP
immunostaining, the highest in the str. lac-
mol. (Fig. 1A). By 2 weeks, GFAP immunostaining had increased
further (Fig. 14, B). Astrocytes in the str. lac-mol. now appeared
enlarged, with thick, short, primary processes (Fig. 1B,B3). In the
upper part (near str. mol) of str.lac-mol, astrocytes displayed un-
even, processes (Fig. 1B2). Furthermore, large numbers of small,
dot-like, GFAP+ structures had appeared in the neuropil between
astrocytes, reflecting the presence of GFAP in small astrocyte pro-
cesses (compare Fig. 1B1,B2). Astrocytes in the str. rad. near the
pyramidal cell layer appeared enlarged (Fig. 1BI) but did not display
severe changes. Thus, there appeared to be a gradient of pathology,
most severe in the str. lac-mol. and least severe in the str. rad. By 4
weeks of age, these changes had become even more pronounced
(Fig. 1A) and abnormal astrocytes were present in all layers. Thus,
the accumulation of GFAP in the GFAP",Gfap™****"hippocampus
followed the normal developmental evolution of GFAP in the WT

nofluorescence, respectively. Note that inverse correlation is significant in F (strong: r = 0.854, p << 0.001) and G (weak: r =
—0.573; p < 0.001); in H, there is no correlation between parameters (r = —0.156; p = 0.196).

hippocampus (str. lac-mol. first, then str. rad. and str. mol.) but was
much more rapid and reached much greater levels than in the WT
hippocampus.

The increase in GFAP immunostaining was mirrored in the
increased amount of GFAP, as determined by Western blot (Fig.
2A,B). Note the increase in more slowly moving GFAP reactive
bands in the GFAP%Gfap™/*?** hippocampus. These reflect
ubiquitinated GFAP and higher levels of oligomers (Tang et al.,
2006, 2008, 2010).

Other intermediate filaments, vimentin and nestin

Vimentin and nestin are widely expressed in the immature ner-
vous system; in adult brain, high expression of these proteins is a
specific feature of reactive astrocytes appeared after various brain
insults (Ridet al., 1997; Sofroniew and Vinters, 2010). In WT
hippocampi, astrocytes did not show immunoreactivity for either
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mTOR cascade components in GFAP™Y;Gfap™ "2 (Tg/KI) and WT mice. A, Progressive accumulation of p-56 (235/
236) immunopositive astrocytes in Tg/KI from T week to 4 weeks. Note that T week and 4 week WT astrocytes do not show p-S6
immunoreactivity; theimmunopositive cells in str.rad and str.lac-mol in the WT hippocampus are interneurons, and the pyramidal
neurons are also positive. B, Positive immunostaining with p-56(240/244) of astrocytes in GFAP™;Gfap ™/*#*" but not in the WT
mouse. BT, Note that some enlarged astrocytes with high levels of GFAP do not show p-S6 immunolabeling (arrows). €, Expression
of 4E-BP1and GFAPin WT and GFAP™;Gfap */#3" mice. Confocal microscopy. All scale bars 125 jum, except B and B’ (35 wm).

Figure 4.

protein over the 1-4 week postnatal time (Fig. 1C,D). In the
GFAP"8Gfap*/*?*H hippocampus, however, both proteins were
found in astrocytes beginning at 1 week in the str. lac-mol. and
then in astrocytes throughout all subfields (Fig. 1C,D). This pro-
gression mirrored that of the aberrant astrocytes shown above
with GFAP immunostaining. Both nestin and vimentin labeling
were confirmed to be astrocytic by double immunolabeling with
GFAP (data not shown).

Plasma membrane proteins (CD44, GLT-1, GLAST, and Kir4.1)
The progression of astrocyte pathology could also be clearly vi-
sualized by the analysis of plasma membrane proteins. We ini-
tially looked at the localization of CD44, a hyaluronan receptor
expressed in white matter and subpial astrocytes in the normal
CNS (Akiyama et al., 1993; Cargill etal., 2011). At 1 week of age in
both WT and GFAP"%;Gfap™"*****'mice CD44+ immunostain-
ing predominated in the str. lac-mol. (Fig. 1E). In WT mice CD44
immunostaining remained within the borders of the str. lac-mol.
at all time points (shown in Fig. 1E at 1 and 4 weeks, and re-
mained in this stratum up to 1.5 years of age, the oldest mice
examined, data not shown). In contrast, by 2 weeks of age in the
GFAP™8;Gfap*/***H mice, astrocytes positive for CD44 had be-
gun to appear outside of the str. lac-mol. and by 4 weeks, CD44
immunostaining occupied most of the str.rad and the str. mol.
(Fig. 1E). Western blotting for CD44 showed an increase in the
level of the protein over the 4 weeks (Fig. 2A, C).
Immunostaining for GLT-1 and GLAST, the astrocyte-specific
glutamate transporters, showed a diffuse pattern throughout all lay-
ers in WT hippocampus at every studied time (from 1 week to 1.5
years) (Fig. 1F,G, shown only at 1 and 4 weeks). In the GFAP™;
Gfap™/***" hippocampus, in contrast, there was a progressive de-
cline in GLT-1 immunostaining from 2 to 4 weeks (Fig. 1F). The
decline appeared to begin in the str. lac-mol. and then spread into the
str. rad. and str. mol. Western blot analysis of total hippocampus

T‘/KI 2w T]/KI 4w

p-4E-BP1/GFAP
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showed a significant difference in GLT-1 be-
tween 4-week-old GFAP™8;Gfap™/*%*° and
WT mice (Fig. 2A,D). GLT-1 levels in-
creased in WT mice from 2 to 4 weeks,
but failed to do so in the GFAPT
GfapH**Hmice.

Kir4.1 is a member of inward rectifier-
type potassium channel family responsible
for K clearance from the extracellular mi-
lieu due to a higher propensity for K* up-
take than for release at a normal range of
resting membrane potential. Immunostain-
ing for Kir4.1 in WT mice displayed moder-
ate gradual increase from minimal and
homogeneous in 1- and 2 week-old animals
to more intense and less equal even in
neighboring astrocytes in 4 weeks (Fig.
1H). Preabsorption of antibody with the
peptide completely abolished immuno-
staining (data not shown). A striking feature
of Kir4.l immunostaining in GFAP™;
Gfap*****™ mice was a high intensification
in the immunolabeling only of some astro-
cytes. At 1 week, high immunostaining for
Kir4.1 was observed only in a few astrocytes
in the str. lac-mol. (Fig. 1H). In 2 weeks,
additionally some aberrant astrocytes dis-
played high staining in the str.lac-mol. and
str.mol. (Fig. 1I), and in 4 weeks, such astro-
cytes appeared in str.rad. (Fig. 1H).

A remarkable feature of the astrocyte populations in the
GFAP™8Gfap™/***! mice was their phenotypic heterogeneity on a
microscopic scale. Even neighboring astrocytes in one layer differed
in their immunomarker profiles (Fig. 3A-E). For example, a
GLT-1+ astrocyte could reside adjacent to a GLT-1-negative astro-
cyte and a CD44+ astrocyte could appear adjacent to a CD44-
negative astrocyte (Fig. 3A, B,E). Examination of WT hippocampi
did not reveal any such heterogeneity, and thus it is not a feature of
the normal hippocampal astrocyte population.

We looked for correlates between these various phenotypic
changes. The decline of GLT-1 appeared inverse to that of the in-
creasing CD44 (Fig. 1E,F). Quantitative analysis of CD44 and
GLT-1 immunoreactivity in 4 week GFAP™%Gfap*/*#**"! hip-
pocampusbased on optical density readings ofimmunofluorescence-
staining in the str. rad. and str. lac.-mol. showed a significant inverse
correlation (r = 0.854, p < 0.001) (Fig. 3F). That is, as CD44 in-
creased, GLT-1 decreased. GLAST did not show a similar profound
diminution in immunolabeling and many astrocytes devoid of
GLT-1 immunoreactivity were GLAST+ (Fig. 3C). Quantification
of the optical density of fluorescence showed a significant inverse
correlation between Kir4.1 and CD44 immunolabeling (r = —0.573;
p < 0.001) (Fig. 3G) but an absence of correlation between Kir4.1
and GLT-1 (r = —0.156; p = 0.196) (Fig. 3H).

WT 4w

Tg/KI 4w

mTOR pathway activation

The activation of the mTOR cascade is a characteristic feature of
acutely reactive astrocytes in other brain pathologies (Codeluppi
et al., 2009; Park et al., 2012). Thus, we looked for mTOR activa-
tion by immunostaining hippocampal sections with antibodies to
p-S6 and p-4E-BP1, downstream substrates and effectors of
mTOR activation. To dissect two pathways participating in the
phosphorylation of S6, we used two types of antibodies:
P-S6(240/244), specific for the mTOR pathway, and p-S6(235/
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236), which might indicate involvement of p90 kinase of the
MAPK pathway (Anjum and Blenis, 2008). In WT hippocampus,
astrocytes did not show immunoreactivity for these antibodies at
1 or 4 weeks (Fig. 4A,B). In contrast, immunostaining of the
GEAP™%;,Gfap ™ /****™ hippocampus revealed a marked increase in
the numbers of p-S6+ astrocytes from 1 to 4 weeks of age [Fig.
4 A, B, time dependence shown only for p-56(235/236)]. A similar
pattern of immunoreactivity in GFAP*%Gfap*/2%" astrocytes
was observed for p-4E-BP1 (Fig. 4C, shown only for the 4-week-
old mouse). We also noted that some of the markedly enlarged
astrocytes at 4 weeks in the str.lac-mol. revealed minimal or ab-
sent p-S6 immunostaining (Fig. 4B1,B1").

Aberrant morphological features and multinucleation in

AxD astrocytes

We observed highly unusual astrocytes in the str.lac-mol. of
GFAP"8;Gfap*/****" mice. Aberrant astrocyte morphology was
especially well visualized when cells were filled with LY during
electrophysiological recording: large perikarya gave rise to short
primary processes possessing only few thin secondary/tertiary
branches that were themselves devoid of the miniature leaf-like
processes of normal protoplasmic astrocytes (Fig. 5A). Thus,
these cells were drastically altered from the bushy, protoplasmic
astrocytes that normally populate the str.Jac-mol.

Nuclei in these abnormal astrocytes were irregular in shape
and often lobulated; many cells had several nuclei (Fig. 5A,B).
Multinucleated astrocytes, which are typical for AxD (Messing et
al., 2012), have been described in various brain pathologies asso-
ciated with severe astrogliosis and considered as a result of ar-
rested mitoses (Diemer and Klinken, 1976). We assessed this
issue and found that some appeared to be arrested in metaphase,
with unaligned chromosomes (Fig. 5C, compare with normal
metaphase in D, arrow). Furthermore, astrocytes with abnormal
nuclei had two centrioles visualized with pericentrin (Fig. 5E), an
observation that suggests unfulfilled cytokinesis in the cells, a
characteristic result of arrested mitosis (Rieder and Maiato,
2004). We observed multinucleated astrocytes as early as 1 week
of age and their numbers increased over the next 3 weeks.

The processes of some astrocytes in the 4 week GFAP'S;
Gfap*/*?*" ended with large, bulbous-like structures filled with
GFAP (Fig. 5F); these processes were in striking contrast with the
tapered processes typical for normal astrocytes (Fig. 5F). Because
CD44 expression was high in such cells, CD44+ immunostaining
outlined these unusual cellular profiles clearly and confirmed the
drastic changes in shape (Fig. 5G).

Astrocyte cycling in GFAP™%;Gfap*"***"

We examined cell cycling with Ki67 immunolabeling, comparing
2 and 4 week GFAP™8;Gfap™*#**"and WT mice. Significant in-
creases in astrocyte proliferation was found in the GFAP'S;
Gfap**?*" mice (Fig. 6). It should be noted that other, not
identified cell types (probably NG** cells and microglia) also
revealed strong activation of cycling in the GFAP™$;Gfap™/***°"
mice, although we did not explore that by immunolabeling.
Ki67+ cells were also observed in subgranular layer of dentate
gyrus but they were not a focus of the present study.

Physiological changes in astrocytes

All astrocytes recorded in the GFAP'%;Gfap™****" mice were
subdivided into two groups based on post hoc morphological
evaluation (immunoreactivity for GFAP and LY cell filling): (1)
severe changes (fewer small processes, enlarged cell bodies, high
level of GFAP immunostaining) and (2) mild changes (normal

Sosunov et al. @ Reactive Astrocytes in Alexander Disease

INISSL

Figure 5.  Abnormal morphology of astrocytes in GFAP™;Gfap ™/*?**" mouse hippocampus.
AT1-A4, Aberrant types of astrocytes visualized with Lucifer yellow (LY) filling during electro-
physiological recording in the str.lac-mol in 4 week GFAP™?;Gfap */**%" mice. Note that astro-
cytes depicted in A7(a) and A2-A4 lack fine peripheral processes, and therefore their profiles
are clearly outlined and display nuclear abnormalities. The astrocyte depicted in A7(b) still
retains a bushy appearance and a single nucleus. Cell nuclei are shown in insets. B, Aberrant
astrocytes (arrows) have multilobulated nuclei in 4 week GFAP™;Gfap ™/*2**" mouse. B’, Two-
dimensional projection of 3D reconstruction of nuclei. C, Arrested mitosis of astrocyte in 2 week
GFAP™:Gfap /"% mouse. Note rounded perikaryon lacking primary processes except one
forming a perivascular endfoot (arrow). Inset, Unaligned chromosomes in this cell, marked with
arrow. D, Normal metaphase of astrocyte (arrow) in 2 week GFAP™%;Gfap™ /2> mouse. Note
that nuclei in two neighboring astrocytes are Ki67+ (not in metaphase). Inset, Metaphase
chromosomes are congregated in compact group. E, An astrocyte with two nuclei (shown in the
inset) has two centrioles (arrows). F, An astrocyte with enlarged, bulbous-like tips of processes
(arrowheads). Note that a neighboring astrocyte has more normal long and tapered processes
(arrows), immunostained for GFAP (2D projection of 3D reconstruction). G, An astrocyte with
similar changes of processes as in F; (D44 immunostaining clearly outlines the bulbous-like
profiles of processes (arrows). Note a low level of GLT-1. G, G’, and G” are split channel images
from a triple-stained slice counterstained with DAPI. Confocal microscopy; scale bars: AT 4,15
um; B,10 wm; €, D, 20 wm; E, 15 wm; F, 20 um; G, 15 um.

bushy-like protoplasmic morphology, low GFAP levels) (see Fig.
8 for examples). We should be noted that all of the astrocytes
from which we recorded in the GFAP™8;Gfap™/****" mice dif-
fered from astrocytes in WT mice so we could not compose a
group of normal-like astrocytes studied in GFAP™8;Gfap ™" "***¢H
mice. This might be because of the initial selection of astrocytes
for electrophysiological recording that was aimed at more
changed cells (enlarged cell body, higher contrast in DIC
microscope).

Passive membrane properties of GEAP™%Gfap "% and WT
astrocytes are presented in Table 1. Astrocytes with severe mor-



Sosunov et al. @ Reactive Astrocytes in Alexander Disease

IGFAP
Tg/KI

2 week

DN W
o o o

o o

o

L.

2 week 4 weeks

Number of Ki67+ astrocyte per mm?

Figure 6.  Astrocyte proliferation in GFAP'?;Gfap */#3" (Tq/KI) mice at 2 (A) and 4 weeks (C). WT reveals fewer Ki67+ cells at
the same ages (B and D, respectively). Ki67 + astrocytes are marked with arrows. Confocal microscopy. A=D’, Split channel for
Ki67 of A-Dimages. Scale bars, 200 m. E, Graph showing quantitative evaluation of numbers of Ki67 + astrocytes. *Significant

difference. Two-way ANOVA, Tukey's test.

Table 1. Physiological changes in AxD astrocytes

Resting membrane  (Capacitance Input resistance
Astrocyte type potential (mV) (pF) (MW)
Severe changes (Tg/K)n =18  —36.9 £ 4* 77 =85 46+ 1
Mild changes (Tg/Kl) n = 4 —74 =25 53.9 =123 6817
WTn=12 —751+22 64.8 £ 9 6.4+ 08

phological changes in the GFAP™8;Gfap™*#** had significantly
lower resting membrane potentials (RMP), but capacitance and
input resistance did not differ significantly from those in WT
astrocytes. These astrocytes displayed significantly reduced
glutamate-induced current, which indicates a reduced ability for
glutamate uptake (Table 1; Fig. 7). Those astrocytes in GFAP';
Gfap™"**" hippocampus that displayed only mild changes did
not show significant diminution of glutamate uptake or RMP.

The ability of astrocytes to take up potassium at high external
potassium concentration was also significantly diminished in
GEAP™%,Gfap™/***™ mice. In this experiment, all recorded cells
in GFAP™8;Gfap™*#**! corresponded to severely changed astro-
cytes so only two groups (GFAP'%Gfapt/%" and WT) are
shown (Fig. 7).

A prominent feature of astrocytes in GFAP™$;Gfap %7 was
aloss of intercellular gap junction coupling as visualized with LY
injections at the time of intracellular recording. In WT mice the
dye spread into adjacent astrocytes (6 cells from a total of 9 re-
corded showed dye coupling to the surrounding astrocytes),
whereas none of the astrocytes from the GFAP'S;Gfap™ /%!
mouse filled with LY was coupled to any adjacent cells (Fig. 8).

Bl - ToK
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It is worth noting that all astrocytes re-
corded at 4 weeks of age in the WT and
GFAP™8;Gfap™/*?*" mice displayed pas-
sive voltage-current relationships with
low input membrane resistance, typical
membrane properties of mature astro-
cytes (Schools et al., 2006) (Fig. 8).

GFAP™ and Gfap*"****" mice display
astrocyte pathology similar to that in
the GFAP™%;Gfap*/***°" but the
changes evolve much more slowly

We compared hippocampi of the GFAP';
Gfap /823" at 4 weeks of age with those of
age-matched GFAP™® and Gfap " ****H lit-
termates. In line with previous reports
(Messing et al., 1998; Hagemann et al.,
2006), many astrocytes in the hippocampi
in the GFAP'® and Gfap*/%%**" lines dis-
played high levels of GFAP, as judged by
immunostaining, although the GFAP+
astrocytes in both were less widely distrib-
uted than in the GFAP'$Gfap™/***"
mice and were confined mostly to the str.
lac-mol. (Fig. 9). The astrocytes in the
GFAP™® and Gfap™/*?**" mice accumu-
lated vimentin, nestin, and CD44 (vimen-
tin not shown) and displayed decreased
levels of the glutamate transporter,
GLT-1, and increased staining for Kir4.1
in scattered cells (Fig. 9). Many of the as-
trocytes were p-S6 +. Immunostaining for
GLAST showed a homogeneous pattern
throughout the hippocampal subfields
that appeared to remain in a WT pattern in all of the AxD
mouse models (data not shown). In the 4-week-old GFAP™¢
and Gfap"®?°" mice, reactive-like astrocytes were observed
mainlyin thestr.lac-mol., thus similar to the patternin GFAP"%;
Gfap™***" mice younger than 2 weeks. Furthermore, we
counted the numbers of reactive astrocytes, based on nestin and
p-S6 immunostaining and found that in the CA1 str.rad the num-
ber of reactive astrocytes in the GFAP™$;Gfap "***" mice signif-
icantly outnumbered those in GFAP*® and Gfap™ %" mice at 4
weeks (Fig. 9). Thus, both the GFAP™ and Gfap*/****" mice
showed pathological changes similar to but less severe than
those in the GFAP™8;Gfap™/*?*°H mice.

To ask whether the astrocyte pathology in the GFAP™® and
Gfap*****H mice continued to evolve, we examined hippocampi
of 1-year-old GFAP™® and Gfap"®***" mice. There were many
astrocytes with a reactive phenotype in both lines, distributed in
all hippocampal layers (Fig. 10 A, B). We also observed the same
micro-heterogeneity in astrocytes of the GFAP™ and Gfap*/***°H
mice that was present in the GFAP™8;Gfap™*#**! (illustrated for
cortex and hippocampus in GFAP”¢ in Fig. 10C, and hippocam-
pus for Gfap /%" in Fig. 10D). In addition, as observed in the
GFAP™8,Gfap*®**H mice, many of the astrocytes displayed an
abnormal shape (enlarged cell bodies and long, thick processes)
with focal aggregations of GFAP (Fig. 10E). Many were multinu-
cleated with micronuclei (Fig. 10E1,E2). Thus, the astrocyte pa-
thology in the GFAP™® and Gfap ™ ##**" mice continued to evolve,
indicating ongoing transitions of protoplasmic astrocytes into
pathological forms.
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Astrocyte pathology is widespread in

the GFAP"8;Gfap™*"***" brains Glu 10mM

In the present study our main attention v N
was focused on the hippocampus. Never- ‘ \
theless, it is worth noting that many 1 ‘
brain regions were severely affected in \
the GFAP'$,Gfap™/*?**" mice (Fig. 11).

In the cortex, especially in the piriform
cortex, many astrocytes displayed reac-

tive features similar to those shown in B
hippocampus (Fig. 11E,F). Two fea-
tures of astrocytes should be noted related

to the neocortex: (1) the appearance of
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reactive astrocytes recapitulated normal
developmental expression of GFAP (e.g.,
in piriform cortex, where in control brains
astrocytes revealed higher levels of GFAP,
there were more reactive astrocytes vs
neighboring parts of temporal cortex),
and (2) the highest GFAP signal in the
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cortex was found in astrocytes around WT
large blood vessels and in subpial astro-
cytes (Fig. 11B,E).
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Figure 7. Astrocyte glutamate (4, B) and potassium (C, D) uptake are compromised in the str. lac-mol. in the GFAP™;

Gfap™/F2%! (Tg/KI) mice compared with WT. 4, Representative inward current traces induced with 10 mm glutamate (Glu) at

Discussion

Protoplasmic astrocytes convert
dramatically to a reactive phenotype in
AxD mice

Astrocytes in the AXD mice appear similar
in many ways to reactive astrocytes in
other conditions. The hypertrophic ap-
pearance with thickening of astrocyte processes and increases in
GFAP is a characteristic reactive change in astrocytes in response
to many CNS pathologies (Eddleston and Mucke, 1993; Wil-
helmsson et al., 2006). In addition, astrocytes displayed increases
in nestin, vimentin, CD44, p-S6, loss of GLT-1, and intracellular
coupling, and nuclear pathology, including multinucleated
forms, molecular changes likely to be caused by mechanisms sim-
ilar to those that result in reactive astrocytes in other conditions.
One of the general mechanisms may be activation of the mTOR
cascade, activated in AxD astrocytes and reactive astrocytes in
other pathologies. The activation of stress kinase pathways in
AxD astrocytes (Tang et al., 2006, 2008, 2010) is a likely mecha-
nism for mTOR activation, since ERK activation inactivates
TSC2 and also phosphorylates p90RSK, which in turn phosphor-
ylates raptor, one of the TORC1 components (Cully and Down-
ward, 2009). Both of these events would increase mTOR activity.
Furthermore, astrocytes in the mutant mice show signs of an
unfolded protein response [CHOP and BIP expression (E. Guil-
foyle, unpublished observations)]. The UPR leads to aggregation
of polyubiquinated cytosolic proteins and an activation of mTOR
(Appenzeller-Herzog and Hall, 2012; Liu et al., 2012). However,
we also noted that the enlarged, markedly misshapen astrocytes
in the str. lac-mol. of the 4 week GFAP™8;Gfap ™ *#**" mice dis-
played weak or no immunostaining for p-S6, suggesting that the
initial activation of the mTOR pathway represents an early but
transitory phenomenon. Phosphorylation of this ribosomal pro-
tein happens only in the acute phase of brain injury and then
gradually diminishes with time (Codeluppi et al., 2009; Park et
al., 2012). Eventually in chronic gliosis, astrocytes deactivate
mTOR, which promotes autophagy. We have previously ob-
served a decline in mTOR signaling and an increase in autophagy

holding potential —70 mV obtained in WT and GFAP™;Gfap */****" mice. B, Significant reduction of glutamate-induced inward
current was observed only in severely changed astrocytes (n = 7), whereas mildly changed astrocytes (n = 4) do not differ from
cellsin WT mice (n = 6). *p << 0.05, two-way ANOVA, Tukey's test. , Representative current traces induced with local application
of 30 mm potassium at holding potential —70 mV in WT and GFAP™;Gfap ™*/#22*" mice. D, Significant decline in potassium uptake
in GFAP™;Gfap™ /236" (n = 11) versus WT (n = 6) mice. *p << 0.05, Student’s t test. Small horizontal bars in A and Cindicate the
time of glutamate and potassium application, respectively.

in AxD astrocyte lines and evidence for autophagy in human AxD
brain tissues (Tang et al., 2008).

One of the most robust changes in the AxD mouse astrocytes
is the increase in levels of CD44, a receptor for hyaluronan and
chondroitin sulfate proteoglycans. Since CD44 is linked to the
underlying actin network via ERM proteins, it will be interesting
to determine whether CD44 is in part responsible for the changes
in astrocyte cell shape. It will also be important to determine
whether CD44 expression is causally linked to changes in levels of
GLT-1.

Our observations suggest a sequence of pathological changes,
beginning with the accumulation of GFAP. Increased CD44 and a
loss of intercellular gap junction coupling appear to be among the
early changes, while loss of GLT-1 appears later. The activation
through the mTOR pathway appears to be an early change, while
the later, more severe pathology is accompanied by mTOR
inactivation.

The evolution of astrocyte pathology in the hippocampus
coincides with the developmental expression of GFAP

The initial changes in astrocytes occurred in the str. lac-mol.,
rather than being randomly distributed through all hippocampal
layers. This area (str. lac. per se) contains both incoming myelin-
ated axons from the perforant pathway and distal dendrites of
pyramidal neurons, thus being a mix of white matter and gray
matter and normally has higher levels of GFAP than either str.
rad. or str. mol., evident in WT mice (Fig. 1). A high level of GFAP
in an astrocyte is critical in promoting pathological changes in
AxD (Messing et al., 2012). Thus it is reasonable that astrocytes
with the highest initial levels of GFAP, as determined during
normal astrocyte development (Nixdorf-Bergweiler et al., 1994),
would reach a pathological threshold before neighboring gray
matter astrocytes, which normally have lower GFAP levels. Thus,
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Figure 8.

Gap junction coupling and voltage-current relationship in astrocytes from 4-week-old WT (4) and GFAP™;Gfap */*2>*" mice (B, mild morphological changes; €, severe morphological changes).

Note that normal astrocytes are coupled (arrows in A depict neighboring astrocytes into which Lucifer yellow diffused), whereas GFAP™;Gfap ™ #2%" astrocytes are not coupled with adjacent cells and display a
high level of GFAP immunostaining only in drastically changed cells (€). The membrane holding potential was set at —70 mV. The current was evoked by a step voltage protocol (from —160to +60mVin 10
mV increments, 100 ms duration). The current—voltage (/—V/) curves were obtained from the measurements near the end of each voltage step (small square). All three groups of astrocytes display passive
membrane properties with linear current-voltage curves. Note that reversal potential is significantly shifted toward sodium equilibrium in the AxD mouse astrocytes.

the normal developmental pattern of GFAP expression would
explain the general pattern of GFAP increases of all of the mu-
tants, in that the str. lac-mol. is the first zone to show enlarged
astrocytes, followed by the str. rad. and str. mol.

Astrocyte pathology is heterogeneous on a microscopic scale
In addition to the overall pattern of GFAP accumulation, we
observed a striking pattern of spatial heterogeneity on a micro
scale, with abnormal astrocytes next to normal-appearing astro-
cytes and CD44+ astrocytes next to CD44 — astrocytes, and sim-
ilarly for the other markers. We do not understand this
mosaicism at present, but such micro-heterogeneity in the con-
text of AxD suggests that different astrocytes in the same vicinity
accumulate GFAP at different rates. The mosaicism is unlikely to
result from mosaicism of transgene expression, since we also ob-
served this heterogeneity in the Gfap™****" hippocampus. Za-
manian et al. (2012) observed local heterogeneity of Lcn2 and
Serpin3a immunostaining in reactive astrocytes after a transient
middle cerebral artery occlusion. Thus, heterogeneity may be a
more general feature of astrocyte reactions.

Astrocytes cycle but do not undergo cytokinesis

By 1 week of age, many of the GFAP™;Gfap *"*?**" astrocytes display
multiple nuclei, suggesting that they are driven to proliferate, but
cytokinesis is inhibited. Site-specific phosphorylation of intermedi-
ate filaments by Cdk1, Plkl, Rho-kinase, and Aurora-B kinases are
required during cytokinesis (Izawa and Inagaki, 2006). The accumu-
lation of GFAP in AxD astrocytes may in some way interfere with
filament phosphorylation at the critical time of cytokinesis, leading
to failure of cytokinesis and a polyploid state. Alternatively, the ac-
cumulations of GFAP may physically interfere with cytokinesis. AxD
astrocytes manifest a number of biochemical changes of intracellular
stress (Tang et al., 2006, 2008, 2010), and it is possible that the acti-
vation of intracellular stress pathways activates MAP kinase path-
ways and drives the cells into cycle.

How might the marked changes in the shapes of astrocytes
effect interactions between astrocytes and other CNS cells?
Many of the astrocytes changed from their normal, highly
branched, protoplasmic forms to irregular cells that displayed
thickened processes and a loss of fine processes. Since the fine pro-
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cesses of astrocytes are normally wrapped A
around and in close apposition to interneu-
ronal synapses (Parpura et al., 2012), we in-
fer that the astrocyte ensheathment of these
synapses and therefore the astrocyte regula-
tion of synaptic function is likely to be dis-
rupted significantly. The diminution of
glutamate and potassium uptake by AxD as-
trocytes would further disrupt this astrocyte
regulation of synaptic function. Indeed, it is
possible that the astrocyte pathology plays a
role in the development of the seizures (Se-
ifert et al., 2010; de Lanerolle et al., 2010).
However, before 4 weeks, these animals do
not display seizures, indicating that the de-
veloping astrocyte pathology we observed at
1-2 weeks is not a result of seizures.

The distal apical dendrites of CA1 hip-
pocampal pyramidal neurons manifest
large plateau potentials, with Ca*™ influx,
large after-depolarizations, burst output,
and LTP in the axo-dendritic synapses
formed by axons of the perforant pathway
and Schaffer collaterals (Takahashi and Ma-
gee, 2009). These distal dendrites are located
among the most altered astrocytes in the
AxD mice. This activity at the distal den- /
drites might make them particularly depen-  p-S6(235/236)
dent on astrocyte glutamate buffering.

Examining the structure and function of
apical dendrites that course through the
pathological astrocyte domains in the AxD
mice will reveal the extent of synaptic and
dendritic pathology. B

Many of the AxD mouse astrocytes are
depolarized (Table 1). In addition to
showing lower glutamate-induced cur-
rents, they also display a decrease in K™
buffering capacity, although the input resis-
tance was not changed. These alterations
could in part be due to aloss of Kir4.1, since
knock-out of Kir4.1 in astrocytes leads to
depolarization, although not to the degree
that we observe, and a diminution of K™
buffering (Chever et al., 2010). We have not
yet examined the AxD mouse astrocytes for
the expression of other ion channels or elec-
trogenic pumps, however.

AxD is classified as a leukodystrophy, a
disease in which white matter degenerates
with loss of myelin. Since oligodendrocytes
do not express GFAP, the pathology of astrocytes must affect oligo-
dendrocyte function and myelination. We do not yet know how
oligodendrocyte function is perturbed, but we can speculate that
effects on oligodendrocytes could arise from secretion of toxic cyto-
kines (TNFe, for example) or inhibition of myelination [by hyalu-
ronan for example, which we have found increased in the AxD
hippocampus (E. Guilfoyle, unpublished observations)].

GFAP &

CD44

GLT-1

Kir4.1

Number of cells per mm?

str.rad., whereasin Gfap

The full expression of astrocyte pathology may not be

cell autonomous

The accumulation of large amounts of GFAP, both normal and
mutant, is sufficient to initiate a cell autonomous process that
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Figure 9. A, Immunohistochemical profile of hippocampal astrocytes in GFAP™:Gfap™/***" (Tg/K1), Gfap™™"**"(K), GFAP™ (Tg),
and WT mice at 4 weeks of age. Note that in GFAP'Y;Gfap™ "% mice, astrocytes with reactive-like phenotype occupy most of the CA1
and Tgthey are located mainly in str.lac-mol. Pathology in the Gfap
in WT, but not as severe as the GFAP'Y;Gfap™*> Confocal microscopy; scale bars, 185 wm. B, Quantitation of the number of nestin+
andp-S6-+ reactive astrocytesin the CA1 str.rad. in the three AxD lines at 4 weeks. The number of reactive astrocytes in GFAP™; Gfap */#2¢"
is significantly higher than in GFAP™ and Gfap *#%", One-way ANOVA with Tukey’s test, p << 0.001. The WT hippocampus did not show
any nestin+ or p-S6+ astrocytes (data not shown and not included in statistical analysis).

+/R236H GFAPT miceis more severe than

eventually results in profound changes in astrocytes. We cannot
conclude, however, that all of the astrocyte pathology has a cell-
autonomous basis. For example, changes in astrocytes likely
evoke pathological changes in neighboring cells, and those pa-
thologies could affect the astrocytes, inducing positive feedback
cycles. There is microglial activation in the hippocampus of the
GFAP'¢ and Gfap™*#*" mice (Hagemann et al., 2006, 2012),
and we have evidence that microglia in the GFAP™8;Gfap™/***°H
mouse hippocampus become activated during the development
of the astrocyte pathology and that levels of a variety of cytokines
and chemokines increase (E. Guilfoyle, E. Hod, and A. Sosunov,
unpublished observations). Studying the interactions between
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Figure 10. HR26H (g,

Heterogeneity of astrocytes in hippocampi of adult, 1-year-old Gfap
D) and GFAP™ (B, €) mice. Note variability in the expression of nestin and p-56 (235/236)
among hippocampal astrocytes in A and B. €, D, Mosaic pattern of immunoreactivity for (D44,
Kir4.1, and GFAP in hippocampus (H) and neocortex (Ctx) in the GFAP™ mouse (C) and hip-

pocampus in Gfap */*%" mouse (D). E, Hypertrophied astrocyte (arrow) in GFAP™ hippocam-

pus with long thick processes and several nuclei, some of which are micronuclei. E7, E2, Three-
dimensional reconstruction of hypertrophic astrocyte; E2 shows only the nuclei. Confocal
microscopy, Scale bars: 4, B, 180 wm; C, 220 wm; D, 200 wm; E, 50 pum.

astrocytes and their neighbors will be important to understand-
ing mechanisms of AxD neuropathology and astrocyte reactions/
gliosis more widely.
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