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We observed nuclear swelling in glutamate (Glu)-treated
astrocytes that was concomitant with but independent
of astrocytic cell swelling. We confirmed Glu-induced
nuclear swelling with nuclei isolated from astrocytes.
Ammonia is metabolically related to Glu and could
induce a nuclear swelling in intact astrocytes but shrink-
age in isolated nuclei. Other compounds such as gluta-
mine, aspartate, taurine, glycine, and ATP did not cause
any nuclear swelling in isolated nuclei of astrocytes. Sur-
prisingly, Glu and ammonia did not induce nuclear swel-
ling in microglia, C6, HEK 293, or Hep G2 cell lines in
cultures and their isolated nuclei. The Glu- and ammo-
nia-induced nuclear size changes appear to be a spe-
cific response of astrocytes to these two closely related
metabolic compounds. © 2011 Wiley-Liss, Inc.
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Glutamate (Glu) is the major excitatory neurotrans-
mitter, transferring information among neural cells in the
central nervous system (CNS). Glu released from neu-
rons not only relates excitatory signals to neurons but
also excites astrocytes (Zonta and Carmignoto, 2002;
Haydon and Carmignoto, 2006; Yang et al., 2008; Ben-
nett et al.,, 2009; Lehmann et al., 2009). More and more
evidence has demonstrated that Glu-induced cell swel-
ling is one of the most remarkable size changes observed
in astrocytes (Hansson et al.,, 1994; Gunnarson et al.,
2008, 2009). Glu was directly taken up by Glu trans-
porters on the plasma membrane (Kimelberg et al.,
1989), and each internalized Glu molecule would trans-
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locate over 400 water molecules into astrocytes (Mac-
Aulay et al., 2001, 2002; Yang et al., 2008).

Significant astrocytic swelling is also observed
under high concentrations of extracellular ammonium
ions (Gregorios et al., 1985; Norenberg et al., 2005;
Jayakumar et al., 2006; Albrecht et al., 2010). Even
under normal physiological conditions, astrocytes are
generally exposed to higher levels of Glu and ammonia,
and subsequent volume changes might be a normal
response or function in vivo. Astrocytes can detoxify
ammonia with Glu via glutamine synthetase to form glu-
tamine (Gln), which not only is essential but also is a
unique way to reduce the ammonia level in the CNS,
which has no urea cycle (Schneider et al., 1992; Zwing-
mann, 2007; Brusilow et al., 2010; Butterworth, 2010).
This could be considered as one of the specializations in
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astrocytes, which has evolved to deal with toxic ammo-
nia levels in the CNS through Glu, ammonia, and gluta-
mine metabolism.

This study systematically analyzed the response of
astrocytes to Glu and ammonia. We observed that Glu
and ammonia induce a nuclear size change in the astro-
cytes that is concomitant with but independent of its
cytoplasmic swelling. We also confirmed that Glu
induced nuclear swelling but that ammonia induced nu-
clear shrinkage. These nuclear responses are specific and
could not be simulated by Glu-related compounds or in
some other cell types. Therefore, we might have found
a new addition to the specializations of astrocytes.

MATERIALS AND METHODS
Cell Cultures

Primary cultures of cerebral cortical astrocytes were pre-
pared from newborn ICR mice as described previously (Yu
and Hertz, 1982; Yu and Lau, 2000; Lau and Yu, 2001;
Dong et al,, 2009; Xu et al, 2009). Primary cultures of
microglia were obtained as described by Liva and de Vellis
(2001), with minor modification. Briefly, the cortices of new-
born ICR mice were dissected and mechanically dissociated.
In each T75 flask (Corning, Corning, NY), 2 X 107 cells
were plated in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS; HyClone, Australia).
The medium was changed at day 3, and the floating microglia
were harvested at days 12—15. These microglia were plated at
1 X 10° per 35-mm dish in DMEM containing 10% FBS,
incubated at 37°C with 5% CO, for 1 hr for cell attachment.
Dishes were washed once with culture medium to remove
nonadherent cells. Cells were grown for 2-3 days and then
treated with Glu or NH4CI or processed for nuclei isolation.
C6, HEK 293, and Hep G2 cell lines were grown in DMEM
containing 10% FBS in 35-mm dishes. Cells were passaged by
detaching with trypsin-EDTA, diluting 1:10 in fresh medium
for reseeding. Cells were treated with Glu or NH,CI directly
or processed for nuclei isolation.

Glu or NH,CI Treatment and Nuclear Area
Measurements

Cultures were washed twice with prewarmed (37°C)
DMEM and incubated with 1 mM monosodium glutamate
(Glu; Sigma-Aldrich, St. Louis, MO) or 5 mM NH,CI
(Sigma-Aldrich) in serum-free DMEM for 0, 4, 8, and 12 hr.
For nuclear area measurement, cultures were washed twice
with ice-cold phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde, and stained with Hoechst 33342 (2 pg/ml;
Sigma-Aldrich). At least five images were taken randomly
from each culture under a fluorescent microscope (Leica,
Wetzlar, Germany), and nuclear areas in each field were meas-
ured by Image Pro Plus (V 6.0; Media Cybernetics, Silver
Spring, MD).

Time-Lapse Imaging Analysis

Time-lapse imaging was performed on 2-week-old
astrocyte cultures. Images of the same field were taken every
5 min for up to 6 hr. Images were analyzed by a MetaMorph

Imaging System (V. 4.5 r 5; Universal Imaging Corp., Down-
ington, PA), which converted light intensity to relative height
and allowed comparison of the height changes of astrocytes.

Atomic Force Microscopy (AFM)

Astrocytes, after 12 hr of Glu or NH,CI treatment,
were fixed for 30 min in 2.5% glutaraldehyde in 0.9% NaCl,
washed three times with distilled water, cut into 1 X 1 cm’
squares, and immobilized onto a steel disk with double-sided
adhesive tape. AFM image was captured in contact mode
with a SPM-9500]3 scanning probe microscope (Shimadzu
Corporation, Tokyo, Japan) as described previously (Xu et al.,
2009).

Nuclear Isolation and Treatments

Nuclei of cells in cultures were isolated by Optiprep
iso-osmotic density medium (Nycomed, Norway). Cultures
were washed twice with PBS and collected in 0.5 ml ice-cold
homogenization solution (0.25 M sucrose, 25 mM KCI,
10 mM MgCl,, 20 mM Tricine, pH 7.8). After incubation on
ice for 10 min, the cell suspension was centrifuged at 600g for
10 min at 4°C, and the pellets were washed once with the
homogenization solution. Then, the pellets were resuspended
in 0.25 ml homogenization solution and 0.25 ml solution C
[50% (w/v) Optiprep, 25 mM KCI, 5 mM MgCl,, 20 mM
Tricine, pH 7.8]. The suspension was underlaid with 0.3 ml
30% iodixanol and 0.2 ml of the 35% iodixanol before being
centrifuged at 10,000¢ for 20 min at 4°C. The nuclei were
collected at the 30-35% interface. Isolated nuclei were resus-
pended in cytosolic buffer (120 mM KCl, 10 mM NaCl, 2
mM MgCl,, 1.1 mM EGTA, 0.1 mM CaCl,, 10 mM
HEPES, pH 7.4; Wang and Clapham, 1999).

Isolated nuclei were seeded onto 35-mm tissue culture
dishes precoated with poly-D-lysine. After 30 min of incuba-
tion at 37°C, some of these attached nuclei were treated with
hypotonic solution (150 Osm) to determine their integrity
(Highland et al.,, 1991; Fig. 4B). Some Glu- and NH,CI-
treated nuclei were fixed and stained with Hoechst 33342
(2 pg/ml). Twenty images were randomly taken from each
sample, and the experiment was repeated for at least three
times. Nuclear areas were estimated by Image Pro Plus as
mentioned above.

Statistical Analysis

All experiments were performed at least three times
with cultures from at least two different batches. Results were
analyzed in Prism 4.0 software (GraphPad Software, San
Diego, CA), and mean = SEM were calculated using one-
way ANOVA with Bonferroni posttest. The y” test was used
for grouped nuclear area comparisons. Results were consid-
ered statistically significant at P < 0.05.

RESULTS

Time-Lapse Imaging Analysis of Astrocytes in
Primary Cultures under Glu and NH,Cl
Treatment

Swelling of astrocyte in primary cultures treated
with Glu (1 mM) or NH,4CI (5 mM) was recorded from
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the same field for 6 hr (Fig. 1A,B). Glu induced signifi-
cant swelling within 5 min of treatment; the entire cell
body became visible and surrounded by a dark gray ring
(Fig. 1Aa, arrow). The cell body area appeared to
decrease in the first 3 hr, probably as a result of cell lift-
ing caused by the swelling. Cell processes began to
come into focus (Fig. 1Aa, white arrowheads). After 4
hr, the spreading cell boundary indicated a continuous
cytoplasmic swelling (Fig. 1Aa, arrows). The nuclei
became phase bright at 2 hr (Fig. 1Aa, star), which was
probably caused by a decrease in refractive index result-
ing from water entry. By 3—6 hr, the nuclei had signifi-
cantly increased in size.

Astrocytes treated with NH4CI did not swell or lift
compared with those under Glu treatment. Instead, the
swelling caused cell bodies to spread and result in a
reduction of the extracellular spaces (Fig. 1Ba). The cells
did not bear cell processes as obvious as those under Glu
treatment. Nuclei showed swelling, rounding and mov-
ing into focus by 1 hr (Fig. 1Ba, star). The increase in
nuclear size was not as fast and dramatic as under Glu
treatment. The swelling was apparent only at 5 and 6 hr.
The swollen nuclei under NH4CI treatment appeared to
be less phase bright at 6 hr. This is possibly due to the
concealment of nuclear swelling by increased cytoplas-
mic coverage or confined movement of the spreading
cell, pulling them out of the focal plane.

Swelling was more obvious after reconstruction of
the phase-contrast images into three-dimensional color
images (Fig. 1Ab, Bb). The cell processes were the first to
become red within 1 hr of Glu treatment (Fig. 1Ab), and
the edges of the nuclear area followed. This indicated
that the cytoplasm became progressively swollen, followed
by the nuclear swelling. Relative height changes of the
cell body were not significant under NH,Cl treatment,
but changes around the nucleus were obvious between 1
and 5 hr (Fig. 1Bb). Figure 1C is a schematic diagram
illustrating the differences in morphological changes in
astrocytes under Glu or NH,Cl treatments.

AFM Analysis on Nuclear Swelling and
Nanochange of Plasma Membrane

AFM could be used to estimate the nuclear volume
changes by measuring changes in the height of the high-
est membrane area (Oberleithner et al., 2003). We used
this parameter of height changes to illustrate further the
nuclear swelling in astrocytes under Glu and NH,CI
treatment. Control astrocytes exhibited a relatively
smooth membrane as indicated by its maximum height
deviation (~392 nm), with subcellular structures under
the membrane not clearly distinguishable and cell-to-cell
boundaries not clearly defined (Fig. 2Ab, thin arrow).

The maximum height deviation increased to ~609
nm at 12 hr of Glu treatment as a result of swelling
(Fig. 2B). Cell boundaries were clearly distinguishable
(Fig. 2BDb, thin arrow), and dense finger-like structures
were present on the membrane (Fig. 2Bc, d, arrow-
heads). The nucleus (Fig. 2Bb, d, thick arrows) could be
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distinguished based on the height difference from the
cell body. Cytoplasmic swelling under 12 hr NH,CI
treatment was not as apparent as under Glu treatment,
and the cell boundary appeared to be less distinct (Fig.
2C, thin arrow). Large, tuber-like structures (Fig. 2Cc,
d, arrowheads) were located on the membrane, and the
protruding swollen nucleus was easily detected (maxi-
mum height deviation ~726 nm), with the nucleus
(light yellow) being the highest area.

Nuclear Area Changes in Astrocytes under
Glu and NH,CI Treatment

The control nuclei at O hr had a mean area of 155.9
+ 353 pm® (n = 833), which was only shghtly and
insignificantly increased to 164.8 * 429 um> (n = 625)
after 12 hr. Treatment with 1 mM Glu increased the rela-
tive nuclear area by 6.7% = 1.5% (n = 426) at 4 hr and
11.2% = 0.9% (n = 500) at 8 hr (Fig. 3C). Although
reduced to 4.9% * 1.3% (n = 516) at 12 hr, this mean
area was still significantly higher than that of the control
(Fig. 3C). The numbers of cells measured were increased
to ~1,500 for each time point after finding a greater vari-
ation in nuclear sizes under 5 mM NH,CI treatment.
Nuclear area was not changed significantly at 4 hr (1.1%
* 0.8%, n = 1,538) or 8 hr (0.8% * 0.9%, n = 1,469;
Fig. 3C). However, the relative nuclear area at 12 hr of
treatment was found to be equivalent to that of 12 hr
Glu treatment (4.3% = 0.8%, n = 1,316; Fig. 3C).

Statistical analysis at the 95% confidence level for
all the measured nuclear areas in the control cultures
revealed that the nuclear area could be split into three
categories: small, <124 pm?; medium, 124-184 pm?;
and large, >184 pm?® (Fig. 3D). The nuclear area distri-
bution in control cultures was 11% small, 74% medium,
and 15% large. Glu treatment for 4 hr increased the large
nuclear area pool to 34% and reduced the medium pool
to 52% (Fig. 3D). At 8-12 hr, the small pool was
reduced to 7%, but the large pool remained at 35%. In
contrast, 4 hr NH,CI treatment induced a dual change.
The small nuclei pool increased to 22% (shrinkage) and
the large pool to 28% (swelling; Fig. 3D). This distribu-
tion pattern remained unchanged at 8 hr. At 12 hr, the
small nuclei pool was reduced significantly to 8%, and
the overall nuclear area distribution resembled that under
12 hr Glu treatment (Fig. 3D). Therefore, the nucleus
swells faster under Glu than NH,4CI treatment.

Dosage Effects of Glu and NH,Cl on Nuclear
Size Change

We treated astrocytes in cultures for 8 hr with
increasing doses of Glu (0.1, 0.2, 0.5, 1 and 2 mM; Fig.
3E) and NH,CI (1, 2, 5 and 10 mM; Fig. 3F). Glu at
0.5 mM could induce a significant nuclear area increase
to 14.8% £ 1.4% (n = 384), and so did the higher doses
such as 1 mM to 14.9% = 1.3% (n = 434) and 2 mM
to 17.9% * 1.4% (n = 424). There is a slight but statis-
tically insignificant increase in nuclear area at lower
doses. NH,4CI at 2 mM significantly increased nuclear
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Fig. 1. Swelling effects of Glu and NH,Cl on primary culture of astrocytes. Time-lapse phase-contrast microscopy recording for 6 hr (A, B).
Aa: Glu-induced cytoplasmic swelling and nuclear swelling were observed in 5 min. Cell boundary (black arrow) and nucleus (black star)
became visible. Cell processes (white arrowhead) appeared at the cell boundary. Astrocyte at right is outlined to highlight changes in cell area.
Ba: NH,CI induced the nucleus (black star) to round up and become phase bright in 1 hr. The astrocyte at right is outlined to highlight
changes in cell area. Ab, Bb: Intensity profile analysis of Aa and Ba. The color bar indicates light intensity and relative grayness. Ab: Under
Glu treatment, the cell boundary (thick black arrow) and processes (white arrowhead) became red. The nuclear region (black star) swelled,
and the extracellular space (thin black arrow) decreased. The cytoplasmic area is outlined. Bb: No height changes in the cell boundary under
NH,CI treatment (thick black arrow). The nuclear region (black star) had increased in height by 1-5 hr. The extracellular space (thin black
arrow) decreased. The cytoplasmic area is outlined. C: Diagrams to compare Glu- and NH,Cl -induced swelling in astrocytes. Scale bars =
40 pm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 2. Nanochanges of the astrocytic membrane following 12 hr of treatment with Glu or NH,Cl were analyzed by AFM. Deflection and
three-dimensional views are shown in two resolutions. AFM images in two difterent views: deflection (a, ¢) and three dimensions (b, d). The
boxed area in a corresponds to the area in b, viewed at a higher resolution in ¢ and d, respectively. A: Control astrocytes. The membrane
appeared smooth. The cell boundary (thin arrow) and nuclear area (thick arrow) could not be clearly distinguished. B: Glu-treated astrocytes.
The membrane was rougher, with peak-like structures (arrowheads). The cell boundary (thin arrow) and nuclear area (thick arrow) became
clearer. C: NH,Cl-treated astrocytes. The membrane appeared rougher. Arrowheads indicate membrane protrusions, “tubers.” The nuclear
area (thick arrow) protruded above the cell body. The cell boundary (thin arrow) was less distinct. D: Comparison of membrane roughness of
astrocytes under Glu and NH,CI treatment. Both Glu and NH,CI significantly increased membrane roughness by sevenfold. **P < 0.01,
***P < 0.001. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

area to 7.5% * 1.4% (n = 433) and 5 mM to 6.2% =*
1.2% (n = 439).

Response of Nuclei Isolated From Astrocytes to
Glu and NH,CIl Treatment

We used nuclei acutely isolated from astrocytes in
culture to elucidate the direct effect of Glu (1 mM) and
NH,4CI (5 mM) on nuclear size change. The average
area of isolated nuclei was measured to be ~69.5 pm~,
considerably smaller than the ~155.9 um?” in intact cells
(Fig. 4A). Areas of the isolated nuclei did not change
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significantly during the 12 hr control incubation (data
not shown). We tested the integrity and viability of
these isolated nuclei by treatment with hypotonic solu-
tion (150 Osm; Highland et al., 1991; Mladenovic et al.,
1995; Lionetto et al., 2005). The nuclear area increased
to 122.0% = 4.9% (n = 260) at 4 hr and to 109.7% =
2.7% (n = 289) at 8 hr under hypotonic treatment (Fig.
4B). However, this swelling response subsided 16 hr
after isolation (data not shown).

Glu treatment for 4 hr significantly increased the
area of these isolated nuclei by 19.7% = 23% (n =
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Fig. 3. Nuclear area changes after Glu or NH4CI treatments of astrocytes in culture. Fluorescent images of astrocytic nuclei treated with Glu
(A) and NH,4CI (B). Glu and NH,4CI induced nuclear size changes (large arrowhead). Some nuclear size recovery was observed at 12 hr of
Glu treatment (small arrowhead). C: Relative nuclear areas of control at each time point. Glu (solid circles) induced a significant increase in
nuclear area at 4, 8 and 12 hr. NH4CI (open circles) did not increase nuclear area until 12 hr. D: Nuclear size distribution analysis. Nuclear
sizes were categorized into small (<124 pm?), medium (124-184 pm?), and large (>184 pm?). The numbers of nuclei in C were recounted,
categorized, and analyzed by ¥ test. E: Glu induced a dose effect on astrocytic nuclei. F: NH,Cl induced a dose effect on astrocytic nuclei.
Data are mean *= SEM from at least three batches of astrocyte culture and from three independent experiments; n = 426—1,538 for each time
point. Significant differences from control are indicated by **P < 0.01, ***P < 0.001 (Bonfferoni posttest). Scale bars = 20 pum.

391). The area remained swollen at 8 hr by 13.5% =
1.8% (n = 378) and at 12 hr by 6.7% * 4.5% (n = 372,
P > 0.05). Even though the swelling was reduced with
time, it was still significantly greater than in the control.
However, the area of isolated nuclei under NH,CI treat-
ment was significantly reduced at 4 hr by 19.2% * 1.7%
(n = 543), at 8 hr by 24.6% * 0.9% (n = 882), and at
12 hr by 10.3% * 2.7% (n = 186; Fig. 4B).

The modal values (values with the highest fre-
quency) for nuclear area distributions allowed us to
compare the differences between Glu and NH,4CI eftects

on isolated nuclei (Fig. 4C). The modal values for
nuclear area of the control remained at 60 pm?” at 4 and
8 hr (Fig. 4C). Hypotonic and Glu treatments increased
the modal values to 80 pm? at 4 hr and to 60 pm? at
8 hr; whereas NH4CI reduced the modal values to 40
pum” under all incubation conditions. These findings
confirmed that Glu induced nuclear swelling and NH,Cl
induced shrinkage.

We treated these isolated nuclei with various dos-
ages of Glu (Fig. 4D) and NH,CI (Fig. 4E) for 4 hr.
Similarly to nuclei in intact astrocytes, the area of

Journal of Neuroscience Research



Glu- and NH,*-Induced Astrocytic Nuclear Size Changes 7

A & Control Hypot@iciﬁ B

¥
S '

Glu NH.Cl

s

Relative Nuclear Area (%)

— Time (h)

C 95 Control %81 Hypotonicity °# Glu L NH,CI

E 06 06 06 06
1]

4h 3 04 0.4 0.4 0.4
g

o 02 02 0.2 0.2

0.0 |_| AL 0.0 0.0 0.0

Niedendeny  wRSWSnESes T nYYeSNSSEs wEenpoasens
Nuclear Area ( um?) Nuclear Area ( pm?) Nuclear Area ( um?) Nuclear Area ( um?)
0.8+ 0.8 0.8 0.8+
S 08 056 0.6 0.6
<
8h S 0.4 0.4 0.4 0.4
&
o 0.2 0.21 0.2 0.2
0.0- 0.0- 0.0 0.0-
oocoo0co0ooocoo0oo0o oo ooocoooo o coooocooocooooQ (==~~~ - A~ -~ ]
NESB3N3EER THASREZESBR “NNRSZINEESR SISRgNREES
Nuclear Area ( pm?) Nuclear Area ( um?) Nuclear Area ( pm?) Nuclear Area ( pm?)
0.87 0.87 0.8q 0.8q
E‘ 0.61 0.61 0,61 0.61
<
1 2h 3 041 0.41 0.4 0.41
5
o 0.27 0.21 0.21 0.21
0.0° 0.0° 0.0° 0.0"
[ - I - I — I — ] (== — I — I — - IO — O — B — I — ] [ — I — I — I — I — O — O — ] [ - — I — I — I — I - — ]
NEESmNSBER T AvEssA3shy NAER=dsbdg e
Nuclear Area ( um?) Nuclear Area ( um?) Nuclear Area ( um?) Nuclear Area ( um?)
— ?
D < 1257 Hkk KEE E S 1257
P P
2 —— &_
- = —— *k*k
< 100 < 100 I
1] o =i
o 2
Q Q
5 757 S 757
= =
(] Q
= >
- 50 T T T T T T “a 50 T T T T T
% 0 01 02 05 1 2 v 0 1 2 5 10
2 [ Glu](mM) 2 _[NH,CI](mM)
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nuclei from astrocytes. E: Dose effect of NH4Cl on nuclei isolated from astrocytes. Significant differences from control are indicated by *P <

0.05, **P < 0.01, ***P < 0.001. Significant decreases from control are indicated by "*#P < 0.001 (Bonferroni posttest). Scale bar = 10 pm.
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isolated nuclei increased by 13.9% = 2.5% (n = 369) at
1 mM and by 15.7% % 2.2% (n = 429) at 2 mM Glu,
although the area was reduced significantly by 7.8%
1.6% (n = 304) at 5 mM and by 11.1% = 1.3% (n
429) at 10 mM NH,CL

I+

Effects of Glutamine, Aspartate, Taurine, ATP,
and Glycine on Nuclear Size

We treated isolated nuclei from astrocytes with
1 mM glutamine, 1 mM aspartate, 1 mM taurine, 1 mM
ATP, and 1 mM glycine and measured the changes in
area of these nuclei as a function of time of treatment.
These treatments will allow us to elucidate whether the
responses of astrocytic nuclei to Glu and NH,Cl are
specific. Interestingly, we did not find any significant
changes in nuclear area under these treatments (Fig. 5).

Glu and NH,CI Effects on Nuclear Size
in Other Cell Types

We examined whether Glu and NH4CI could
induce similar nuclear responses in microglia in primary
cultures and cell lines such as C6, HEK 293, and Hep
G2. Both intact cells and their acutely isolated nuclei
were treated with Glu and NH,Cl, and the changes in
nuclear area were measured. Surprisingly, Glu and

NH,CI did not induce any detectable changes in nuclear
size in any of these cells or their isolated nuclei (Fig.
6A-H).

DISCUSSION

This study investigated astrocytic swelling under
treatments with Glu and NH4CI. We observed a nuclear
size change in astrocytes under these treatments that is
concomitant with but independent of the swelling of
cytoplasm. We also investigated these nuclear responses to
Glu and NH,CI with nuclei isolated from astrocytes. Iso-
lated nuclei under hypotonic treatments became swollen,
suggesting that these nuclei were intact and capable of
undergoing significant swelling. We found that Glu indu-
ces a direct swelling on isolated astrocyte nuclei, whereas
NH,CI induces shrinkage. These effects of Glu and
NH,4CI appeared to be astrocyte specific, insofar as we
could not observe similar nuclear swelling with com-
pounds closely related to Glu or in many other cell types.

These nuclear swelling responses to Glu and
NH,CI in astrocyte were further confirmed in our AFM
studies. The AFM observations showed that cytoplasm
and nuclei swelled at different rates. AFM also illustrated
membrane changes in astrocyte under Glu and NH,CI
treatments. These changes were reflected by an increase
in roughness of the cell membrane. Glu treatment
induced dense, finger-like peak structures (Fig. 2Bc, d,
arrowheads), whereas NH,CI treatment induced large,
tuber-like structures (Fig. 2Cc, d, arrowheads) on the
plasma membrane. We have previously reported that ar-
achidonic acid could induce changes on astrocyte mem-
brane as observed under AFM (Xu et al., 2009). Others
have reported that peaks resulted from the anchoring cy-
toskeleton and that tubers were from stiff membrane
proteins protruding from the membrane surface (Viitala
and Jarnefelt, 1985; Nowakowski et al., 2001). Some
studies showed that membrane changes observed under
AFM may be related to cytoskeleton rearrangement
(Weissmuller et al., 2000; Nowakowski et al., 2001).
The cytoskeleton rearrangement was also shown to
involve cell/nuclear volume changes (Pedersen et al.,
2001; Morris, 2002), ion transportation (Ahmed et al.,
2000), and water homeostasis via aquaporins (Nicchia
et al.,, 2005). These changes in membrane surface mor-
phology after Glu and NH,CI treatments might be an
important index to reveal the cellular response to specific
treatments and are worthy of further investigation.

During neuronal activity, astrocytes are responsible
for removing most of the Glu from the synapse (Yu and
Hertz, 1982; Danbolt, 2001; Hertz and Zielke, 2004;
Yang et al., 2008). Astrocytes internalize extracellular
Glu via Glu transporters on their cytoplasmic membrane
accompanied by a translocation of water molecules to
induce an osmotic response (MacAulay et al, 2001,
2002; Yang et al., 2008). Internalized Glu reacts with
ammonia to form Gln by glutamine synthetase in the
well-known Glu-GIn-Glu cycle (Yu and Hertz, 1982;
Hertz et al., 1999; Hertz and Zielke, 2004; McKenna,
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Fig. 6. Nuclear area changes in other cell types under Glu and NH,CI treatments. Insets are fluorescent images of nuclei at 4 hr of treatment.
A-D: Nuclear area changes in intact microglia, C6, HEK 293, and Hep G2 in cultures. Nuclei in these four types of cells did not display
swelling when treated with 1T mM Glu (solid circles) or 5 mM NH4CI (open circles) during the 12 hr treatment period. E-H: Area changes
of nuclei isolated from microglia, C6, HEK 293, and Hep G2 treated with hypotonic solution (lozenges), 1 mM Glu (solid circles), or 5 mM
NH,CI (open circles). Data are means = SEM from at least two batches of cultures and two independent experiments; n = 76-1,294 for
each time point. Significant increases from control are indicated by **P < 0.01, ***P < (0.001 (Bonferroni posttest). Scale bar = 10 pum.

2007; Yang et al., 2008). Glu can also be metabolized Glu concentration in astrocytes. Although the tested
into CO, through the TCA cycle (Yu and Hertz, 1982; concentration (I mM) of Glu appeared to be relatively
McKenna et al., 1996; Yang et al.,, 2008). The activities high, it was still within the range (2 uM to 1 mM)
of these two metabolic pathways control the intracellular of Glu concentrations reported for the synaptic cleft
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(Meldrum, 2000). This concentration has been used in
other in vitro experiments (Koyama et al., 1991;
O’Connor et al., 1993). Glu treatment increases nuclear
sizes to a peak at 8 hr, and then they decrease at 12 hr.
This accords well with the changes of Glu concentra-
tions in astrocytes (Fig. 3C). Experiments on isolated
nuclei confirmed that nuclear swelling was a direct effect
of Glu.

Astrocytlc membranes are permeable to NH;.
NH, " enters astrocytes through specific cotransporters,
such as the NH, -CI” cotransporter, and other NH, "
high-affinity channels (Nagaraja and Brookes, 1998;
Marcaggi and Coles, 2001; Marcaggi et al., 2004; Win-
kler, 2006). Several reports have shown a significant
decrease in Glu and an increase in Gln in brain under
high-ammonia conditions (Brusilow and Traystman,
1986; Hazell and Butterworth, 1999; Felipo and Butter-
worth, 2002; Norenberg et al., 2005). This might be
caused by the Glu-Gln-Glu cycle forming Gln from Glu
in the cytoplasm, a unique feature of astrocytes to detox-
ify ammonia in the brain. However, the increase in Gln
was not responsible for the swelling observed under
NH,4CIl treatment (Jayakumar et al., 2006; Albrecht
et al.,, 2010). Our observation also showed that Gln and
other related compounds did not induce significant swel-
ling or shrinking of nuclei isolated from astrocytes (Fig.
5). Therefore, NH4CIl treatment elicited a nuclear
response entirely different from that of Glu treatment in
astrocytes. Intact astrocytes exhibited nuclear shrinking
and swelling under NH4CIl treatment (Fig. 3D). The
shrinkage may be due patially to the lowering of intra-
cellular Glu as a result of binding with the internalized
ammonia to form Gln and due patially to the direct
effect of NH4Cl on nuclei. This indicates that the early
NH,Cl-induced nuclear shrinkage observed in intact
astrocytes probably was due to a combined effect. The
later nuclear swelling observed in intact astrocytes under
NH,CI treatment was in agreement with nuclear swel-
ling observed in astrocytes under electron microscopy
under clinical conditions such as hyperammonemia
(Willard-Mack et al.,, 1996). This nuclear swelling
observed in intact astrocytes probably was due to other
metabolic events.

Glu mediates excitatory information to postsynaptic
neurons and surrounding astrocytes. Our results indi-
cated that, during excitation, astrocytes took up Glu
and induced nuclear swelling. There are some reports
indicating that nuclear swelling could induce gene

expression, including transcription factors c-Jun and
c-Fos (Finkenzeller et al., 1994; Sadoshima et al., 1996),
ornithine decarboxylase (Lundgren, 1992; Benis and

Lundgren, 1993), and tissue plasminogen activator (Lang
et al., 1998). Hypertonicity has been shown to alter the
karyotype (Uchida et al., 1987). However, whether
nuclear swelling triggered by Glu in astrocytes could
alter gene expression remains unknown.

This study revealed a specific relationship between
Glu, NH,Cl and nuclear size changes in astrocytes.
Although the underlying mechanisms and subsequent

effects of Glu-induced nuclear swelling are still
unknown, our preliminary studies have demonstrated
that nuclear swelling involves Glu entering the nucleus
and requires unique aquaporin expression on astrocytic
nuclear membrane (data unpublished). The lack of simi-
lar nuclear responses to Glu and NH4CI of intact and
1solated nuclei from other cell types and cell lines reveals
that this response is astrocyte specific. Therefore, Glu-
and NH,Cl-induced nuclear size changes in astrocytes
could be considered a new addition to the list of cell
specializations of astrocytes.
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