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Abstract
Novel and diverse functions of glial cells are currently the focus of much attention [A. Volterra and J. Meldolesi (2005) Nature Rev.
6, 626–640]. Here we present evidence that rat astroglia release acetylcholinesterase (AChE) as part of their response to hypoxic
damage. Exposure of astroglia to tert-butyl hydroperoxide, and hence oxidative stress, subsequently leads to a switching in mRNA
from the classical membrane-bound T-AChE to a preferential increase in the splice variant for a soluble form, R-AChE, This change
in expression is reflected in increased perinuclear and reduced cytoplasmic AChE staining of the insulted glial cells, with a
concomitant and marked increase in extracellular secretion that peaks at 1 h post-treatment. An analogous increase in R-AChE, over
a similar time scale, occurs in response to psychological stress [D. Kaufer et al. (1998) Nature 93, 373–377], as well as to head injury
and stroke [E. Shohami et al. (1999) J. Neurotrauma 6, 365–76]. The data presented here suggest that glial cells may be key
chemical intermediaries in such situations and, perhaps more generally in pathological conditions involving oxidative stress, such as
neurodegeneration.

Introduction
It is now well established that acetylcholinesterase (AChE, EC 3.1.1.7)
has multiple biological functions other than hydrolysing acetylcholine
(Soreq & Seidman, 2001; Greenﬁeld & Vaux, 2002). Studies showing
the trophic effect of AChE have been performed in the postnatal
developing brain (Keymer et al., 1999; Day & Greenﬁeld, 2002), as
well as in embryonic development (Whyte & Greenﬁeld, 2003; Dori
et al., 2005). As yet, little is known of the mechanisms underlying
these trophic actions of AChE. However, answers to this question are
of particular urgency in the light of the parallels between mechanisms
of development and those of neurodegeneration, where released AChE
could be a critical signalling molecule (Greenﬁeld & Vaux, 2002;
Toiber & Soreq, 2005). The role of glial cells in the degenerative
process has been generally overlooked, despite increasing awareness
of their active and diverse functions (Volterra & Meldolesi, 2005).
This issue is particularly signiﬁcant because reactive astrogliosis has
been recognized as the distinguishing feature characterizing both acute
and chronic central nervous system damage in most degenerative
pathologies (Marchetti et al., 2005).
Alternative splicing of AChE yields multiple variants with different
respective functions (Meshorer et al., 2004). The most likely isoform to
be involved in any extracellular signalling by glia is the ‘readthrough’
form of AChE (R-AChE), as R-AChE remains monomeric and soluble,
and therefore secretable, unlike T-AChE, which predominantly exists
in tetrameric membrane-bound form (Grisaru et al., 1999). R-AChE,
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speciﬁcally, appears transiently during critical periods of neurogenesis
(Coleman & Taylor, 1996), displays haemopoietic growth-promoting
activities, and increases during psychological stress (Pick et al., 2004)
and head injury (Shohami et al., 1999). We have therefore investigated
whether cultures of rat brain astroglia could secrete R-AChE when
exposed to the kind of insult that would be common in both head injury
and neurodegeneration, i.e. oxidative stress.

Materials and methods
All reagents were purchased from Sigma-Aldrich Co. Ltd, Poole, UK,
unless otherwise noted.

Preparation of astroglia
Astroglia were prepared as described previously (Whyte & Greenﬁeld,
2003). Brieﬂy, P1 rats were killed by anaesthetic overdose of
isoﬂurane (Schedule 1, Animal Scientiﬁc Procedures Act, 1986).
Then the cerebrum was removed, cut into 1-mm3 pieces, and
dissociated with gentle trituration in Dulbecco’s modiﬁed Eagle
medium (DMEM; Life Technologies Ltd, Paisley, UK) containing
10% fetal calf serum, 1% penicillin ⁄ streptomycin and 2.5 lg ⁄ mL
amphotericin B, then incubated at 37 C in a humidiﬁed atmosphere
(95% air, 5% CO2) for 7 days. Astroglia were then passaged, placed
into clean 75-cm2 ﬂasks and allowed to reach conﬂuency. After a
second passage, glia were plated onto six-well plates or 13-mm
coverslips in 12-well plates and allowed to recover for 3 days. Plates
and coverslips were precoated with poly-d-lysine; coverslips were
also precoated with collagen (Farenheit Laboratory Supplies, Ltd,
Milton Keynes, UK).
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Treatment with t-BHP
Astroglia were conditioned overnight in serum-free DMEM, then tertbutyl hydroperoxide (t-BHP) was added to the cells for 1 h. Cells were
washed twice with 2 mL DMEM to remove residual t-BHP and placed
back into serum-free media for various recovery periods.

Neu-N and GFAP immunostaining
Cultures were washed with phosphate-buffered saline (PBS) and ﬁxed
in 4% paraformaldehyde, followed by methanol and 33% hydrogen
peroxide 9 : 1, then treated with 0.4% sodium borohydride. Nonspeciﬁc antibody binding was blocked with 3% normal goat serum,
0.3% Triton X-100 and 0.2% acetylated bovine serum albumin (BSA).
Primary mouse monoclonal antibodies (Chemicon International, Ltd,
Eastleigh, UK) were applied to astroglia (Neu-N 1 : 100, GFAP
1 : 100) and organotypic cultures [neuron-speciﬁc nuclear protein
(Neu-N) 1 : 200, glial ﬁbrillary acidic protein (GFAP) 1 : 300] in PBS
containing 1% goat serum, 0.1% Triton X-100 and 0.2% BSA, and
incubated at 4 C for 18 h. After washing, cultures were incubated
with biotinylated goat anti-mouse (Vector Laboratories Ltd, Peterborough, UK) 1 : 500 in PBS with 1% goat serum and 0.2% BSA for 2 h
at 23 C, then in ABC Elite (Vector Laboratories Ltd) as per the
manufacturer’s recommendations. Peroxidase was revealed using
0.025% diaminobenzidine and 0.03% hydrogen peroxide in TrisHCl buffer, pH 7.6, for 8 min at 23 C. The reaction was quenched
with excess Tris-buffered saline, pH 7.6, before dehydrating and
mounting on slides.

AChE histochemistry
Staining for AChE was performed as described (Hedreen et al., 1985).
Brieﬂy, cultures were ﬁxed in 1.5% glutaraldehyde and 0.5%
paraformaldehyde for 1 h at 23 C. Cultures and sections were
incubated in 0.3 m sodium acetate buffer, pH 6.0, containing
0.5 mg ⁄ mL acetylthiocholine iodide, 4 mm sodium citrate, 3 mm
CuSO4.5H2O and 0.1 mm K3Fe(CN)6 for 15 min (brain sections) or
25 min (astroglia cultures). After successive washes with 1% (NH4)2S
and 0.1 m NaNO3, cultures were stained with 0.1% silver nitrate for
1 min, washed, dehydrated and mounted onto slides.

Fig. 1. Immunohistochemical analysis of cultures. (A) Organotypic
(300 lm thick) and monolayer astroglial cultures stained for glial ﬁbrillary
acidic protein (GFAP) and neuron-speciﬁc nuclear protein (Neu-N). (B) Acetylcholinesterase (AChE) staining in brain tissue and astroglial cultures.
Positive control shows high level of AChE present in a 50-lm tissue slice
through the granular layer of the anterior lobe of the cerebellum. Prominent
perinuclear staining is visible in both treated and control astroglial cultures.
Punctate AChE staining is visible in the cytoplasm of untreated astroglia, but
not in those treated for 1 h with 0.5 mm t-BHP.

Measurement of cholinesterase activity
Media removed from the cells was centrifuged and 25-lL aliquots were
taken from the supernatant for analysis. The method of Ellman et al.
(1961) was used to determine the levels of cholinesterase. Absorbance
was read at 405 nm over 20 min using a Molecular Devices plate
reader (Alpha Laboratories Ltd, Hampshire, UK). Activity was also
measured in the presence of 100 lm tetra-isopropyl pyrophosphoramide (Iso-OMPA) or 100 lm 1,5-bis(4-allydimethylammoniumphenyl)-pentan-3-one dibromide (BW284c51). For intracellular AChE
activity measurements, cells were washed twice with PBS, then
scraped from the plate into 1 mL PBS. Cell homogenates were assayed
for AChE activity as above. AChE activity was calculated (Vmax · enzyme efﬁciency factor · dilution factor ¼ mU ⁄ mL) and statistical
analyses were performed by use of Student’s t-test.

LDH assay
Lactate dehydrogenase (LDH) activity was measured in media from
control and treated astroglial cultures by the method of Allen et al.

(1994) using an LDH diagnostic assay kit (Sigma). Brieﬂy, samples
for each treatment group were incubated with the kit A ⁄ B reagent
mixture at 25 C for 30 s, and the change in absorbance was then
measured at 340 nm over a period of 3 min using a UV-160A
spectrophotometer (Shimadzu Europe Ltd, Milton Keynes, UK). LDH
activity (U ⁄ L) was calculated for each sample and statistical analysis
was performed by using Student’s t-test.

Total RNA Isolation, cDNA preparation and real-time PCR
Total RNA was isolated from astroglial cells using the Sigma
GenEluteTM Mammalian Total RNA kit, and Taqman analysis
performed as previously described (Patel et al., 2003). Gene-speciﬁc
primers and probes for Taqman analysis of T-AChE and R-AChE
mRNA were designed using the PrimerExpress software program (PE
Applied Biosystems, UK). Primers and probe for the Tata binding
protein (Tbp) have been previously described (Eriksson et al., 2000).
All probes were labelled at the 5¢ end with the reporter dye FAM
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Fig. 2. AChE release from astroglia in response to oxidative stress. (A) Effect of treatment concentration and post-treatment incubation time on AChE release.
Each experiment was performed on a pool of astroglia harvested from 20 to 27 P1 rat pups from two litters. The results shown represent the combined data from three
independent experiments with n ¼ 3, n ¼ 6 and n ¼ 6 astroglia, respectively. Values shown (mean ± SEM) were determined by comparison with untreated control
glia from the same time point. Asterisks indicate values signiﬁcantly different from controls (*P < 0.001; #P < 0.01). (B) Intracellular AChE activity in astroglia
exposed to 0.5 mm t-BHP for 1 h, then allowed to recover for 1 h in serum-free medium. Results shown are from a single experiment (n ¼ 6). The experiment was
repeated twice. Results (mean ± SEM): control ¼ 0.93 ± 0.099; treated ¼ 2.35 ± 0.236 mU ⁄ mL cell lysate. (C) Effect of speciﬁc inhibitors on AChE activity.
Glia were exposed to 0.5 mm t-BHP for 1 h and media were sampled for AChE activity in the absence and presence of 100 lm BW284c51 or 100 lm Iso-OMPA at
time 0, 1 h and 4 h post-treatment. Data were compiled from two independent experiments, each with n ¼ 6 glia. Asterisks indicate results signiﬁcantly different
from control values at the same time point (P < 0.001). (D) LDH assay results. Cell media were sampled for LDH activity after 1 h treatment with 0.5 or 1.0 mm
t-BHP, followed by 1 h recovery (105 ± 7.3 and 116 ± 9.3% of control values, respectively) or 24 h recovery (108 ± 7.7 and 111 ± 7.4%) in serum-free medium
(n ¼ 6). There was no signiﬁcant difference in LDH release into the medium from treated astroglia as compared with controls at either time point.

(6-carboxyﬂuorescein) and at the 3¢ end with the quencher dye
TAMRA (6-carboxytetramethylrhodamine). Single tube Taqman analysis was performed using 300 nm primers and 200 nm probes.
Concentrations for each gene were obtained as described in PE User
Bulletin #2 (Perkin Elmer Applied Biosystems).

Results
AChE staining in pure astroglial cultures
To ensure that the astroglial cultures were uncontaminated by neuronal
cell types, we stained for the presence of Neu-N and glia-speciﬁc
GFAP. Astroglial cultures were negative for Neu-N but positive for
GFAP, whereas control organotypic brain cultures were positive for
both (Fig. 1A). AChE staining was readily discerned in brain slice
preparations, as well as in astroglial cultures (Fig. 1B). Distinct
perinuclear AChE staining was visible in control glial cultures and in
those exposed to oxidative stress, whereas cytoplasmic AChE staining
was detected only in control cells.

Astroglia secretion of AChE in response to t-BHP-induced
oxidative stress
To ascertain the extent and time course of AChE release in response to
oxidative stress, we exposed astroglia to various concentrations of
t-BHP then measured subsequent release of AChE into the media over
the course of 24 h. In preliminary experiments both t-BHP and
hydrogen peroxide were tested as stress-inducing agents. Although
both induced similar levels of AChE release, results were more
variable with hydrogen peroxide, and thus t-BHP was chosen for
further experimentation. Serum-free medium was used to eliminate
exogenous AChE activity in the assay. For each time point, media
were sampled from replicate six-well plates containing one well of
each t-BHP treatment concentration, one well of no treatment control,
and one well of media control. A distinct concentration-dependent
AChE release was observed that reached a maximum at 1 h posttreatment (Fig. 2A). The induced release diminished by approximately
50% at 4 h and returned to control levels by 24 h post-treatment. No
response was detected at the lowest concentration of t-BHP tested
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Fig. 3. Real-time PCR analysis of AChE isoform expression in control and
t-BHP treated astroglia. (A) Schematic representation of the readthrough
(R-AChE) and synaptic (T-AChE) alternative splicing products arising from
the AChE gene. The forward (F) and reverse (R) primers and the probe (P)
used for real-time RT-PCR studies are indicated for the R-AChE and
T-AChE transcripts. The table lists sequence and location of primers and
probes used. (B) R-AChE and T-AChE expression 1 h post-treatment in
control glial cultures and those treated for 1 h with 0.5 mm t-BHP: 1 lg
total RNA was reverse transcribed into cDNA; 200 ng cDNA was ampliﬁed
by PCR with isoform-speciﬁc primers. Average R-AChE expression is
increased 240% (P < 0.001, by both Mann–Whitney test and Student’s
t-test), while T-AChE expression is decreased by 65% in treated cells as
compared with controls. The decrease in T-AChE was found not to be
signiﬁcant (P ¼ 0.054). Results were obtained from ten experiments each
performed in triplicate. Values were normalized to internal TATA-binding
protein (Tbp) controls, which showed no variability between control and
treated samples.

(0.1 mm), presumably due to the glutathione oxidation mechanism
present in astroglia, which has a high capacity to detoxify reactive
oxygen species rapidly (Dringen et al., 1998). Intracellular AChE
activity, measured at 1 h post-treatment, was consistent with the
observed increase in released AChE (Fig. 2B).
To conﬁrm that this activity was exclusively attributable to AChE,
rather than the alternative esterase butyrylcholinesterase (BuChE), the
speciﬁc AChE inhibitor BW284c51 and the speciﬁc BuChE antagonist
Iso-OMPA were also tested (Fig. 2C). The presence of BW284c51
abolished the observed AChE activity, whereas addition of Iso-OMPA
had no signiﬁcant effect. LDH release from cultures exposed to 0.5 or
1.0 mm t-BHP for 1 h was not signiﬁcantly different from control
cultures at 1 or 24 h post-treatment (Fig. 2D), but a trend towards
increased cell death with increasing t-BHP concentration was
observed.

Fig. 4. Sucrose gradient proﬁles of AChE in cell culture medium. A 5–50%
sucrose gradient was prepared in 50 mm Tris buffer containing 1 m NaCl and
0.2 mm EDTA, then loaded with 2 mL serum-free medium and centrifuged at
165 000g (35 000 r.p.m.), 4 C for 18 h. Fractions of 250 lL were collected
and analysed for AChE activity as described. (A) 200 mU ⁄ mL commercial
eel tetrameric AChE (m) and puriﬁed monomeric AChE (n) added to serumfree medium. (B) Medium collected from control astroglial cultures (m) and
glia exposed to 0.5 mm t-BHP for 1 h, then allowed to recover for 1 h (n).

Transcription of a soluble monomeric AChE isoform is
up-regulated in response to oxidative stress
In order to determine if the release of AChE following oxidative stress
was the result of an increase in the soluble R-AChE form, we examined
mRNA splice variants from control astroglia, and those exposed to
oxidative stress. Taqman technology was used to determine mRNA
levels of the readthrough transcript (R-AChE) and the more common
transcript (T-AChE) (Fig. 3). At the 1-h peak release response, there
was a non-signiﬁcant tendency to decrease the expression of T-AChE
(P ¼ 0.54) and a signiﬁcant 240% increase (P < 0.001) in R-AChE
expression in astroglial cells exposed to t-BHP as compared with
control glial cells.
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In addition, to conﬁrm at the protein level that the soluble AChE
released was in the monomeric form, we performed sucrose density
gradient sedimentation analysis of media samples from control and
t-BHP-treated astroglia (Fig. 4). Commercial eel AChE was used as a
control marker for the tetrameric (G4) form of the enzyme; puriﬁed
C-terminal truncated G1 AChE (gift from Palmer Taylor, Department
of Pharmacology, UCSD) was used as a control marker for the
monomeric form (Fig. 4A). Sucrose gradient proﬁles of media samples
taken at 1 h post-treatment indicate that only secreted monomeric
AChE increases in response to oxidative stress (Fig. 4B).

Discussion
The exclusivity or otherwise of R-AChE as a signalling molecule from
astroglia during conditions simulating brain damage is currently an open
question. Similarly, although consistent with the expanded role of
astrocytes to include other more dynamic functions such as neural
repair, we have yet to discover how widespread such a system would be,
or whether only astroglia from speciﬁc brain regions would respond in
this way. Certainly the mechanism described here would explain the
observation, under ischaemic conditions, of enhanced AChE release
from organotypic rat hippocampal slice cultures which contain glia as
well as neurons (Sáez-Valero et al., 2003).
Following oxidative stress, the consequent release of AChE seen here
could not be attributed to passive leakage from dying cells, as release
of the soluble cytoplasmic enzyme LDH, an indicator of compromised
plasma membrane integrity, remained at control levels after t-BHP
treatment. Additionally, increased intracellular AChE activity was
consistent with both increased activity of released AChE and with
changes in R-AChE expression. These results support the conclusion
that the stress-induced increase in AChE release is due to up-regulation
of functional R-AChE isoform expression, although it is possible that
this may be attributed to increased R-AChE mRNA transcript stability,
as well as an increase in the rate of AChE transcription.
The surprisingly rapid change in astroglial AChE gene expression
(two- to three-fold increase in R-AChE within 1 h post-stress) is
supported by earlier in vivo work showing c-fos-promoted
up-regulation of R-AChE mRNA within 30 min of acute stress or
AChE inhibition (Kaufer et al., 1998). In vivo induced R-AChE upregulation can persist for more than 3 days post-stress, but a gradual
decline in measured AChE activity over the 24 h subsequent to t-BHP
treatment was observed in glial cultures. This decrease in activity most
probably reﬂects both degradation of the initial spike of released RAChE in the media and down-regulation of the induced response as
cells recover. It is also possible that in the absence of feedback signals
from neurons in pure astroglial cultures, the response is not sustained
to the same extent as in vivo.
In previous studies on AChE release, the observed response was
attributed to neuronal origin, as astroglia normally exhibit comparatively very low levels of AChE activity. However, our results in
astroglia alone matched those from in vivo studies, both temporally
and in degree, provocatively suggesting that astroglia may be the
predominant source of stimulus-induced R-AChE secretion. The
sequence of events described here, in conditions similar to the early
stages of neurodegeneration, might well be key in subsequent
pathology, and would be consistent with a more general response by
astrocytes to neuronal insult (Desagher et al., 1996).
Because stem cells transiently express monomeric R-AChE selectively when adopting the neuronal cell line (Coleman & Taylor, 1996),
the phenomenon described here might be a critical intermediary in
neurogenesis. However, aberrant activation of the system could lead to
excessive levels of R-AChE, i.e. the monomeric form. Such a scenario

does indeed characterize the Alzheimer brain, in which the level of
monomeric AChE increases disproportionately to its tetrameric
counterpart (Arendt et al., 1992; Toiber & Soreq, 2005), suggesting
an inappropriate recapitulation of developmental mechanisms. The
ﬁnely tuned astroglial expression and secretion of a speciﬁc isoform of
AChE reported here could be a pivotal mechanism in any situation
attempting to exploit, aberrantly or otherwise, neurogenesis in the
adult brain.
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