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Abstract

Changes in AMPA receptors have been proposed to underlie changes in synaptic efficacy in
hippocampus and other brain structures. Calpain activation has also been discussed as a potential
mechanism to produce lasting modifications of synaptic structure and function. Stargazin is a
member of the family of transmembrane AMPA receptor associated proteins (TARPS), which
participate in trafficking of AMPA receptors and regulate their kinetic properties. We report here
that preincubation of thin (20 microns) frozen rat brain sections with calcium changes the
immunological properties of stargazin, an effect totally blocked by a calpain inhibitor.
Immunocytochemistry indicates that in situ calpain activation produces a decreased
immunoreactivity for stargazin in the neuropil throughout the brain, and western blots confirmed
that a similar treatment decreased stargazin levels. Interestingly, the same treatment did not
modify the immunoreactivity for another TARP member, y-8, although it increased
immunoreactivity in cell bodies in hippocampus, an effect that was not blocked by calpain
inhibition. These results strongly suggest the involvement of calpain in the regulation of AMPA
receptor targeting and function through truncation of stargazin.
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1. Introduction

Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS) and
mediates its postsynaptic effects through interactions with both ionotropic and metabotropic
receptors (Nakanishi and Masu, 1994). Over the last 30 years, it has been clearly
demonstrated that changes in the synaptic number of one subtype of ionotropic receptors,
the AMPA receptors, are responsible for the long-term changes in synaptic efficacy that
underlie some forms of learning and memory (Baudry and Lynch, 2001; Kessels and
Malinow, 2009). As a result, there has been considerable interest in understanding the
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mechanisms involved in the regulation of synaptic AMPA receptor number in various brain
structures. In addition to the traditional mechanisms of receptor endocytosis and exocytosis
(Caroll et al., 2001; Groc and Choquet, 2006), the relatively recent discovery of a family of
transmembrane AMPA receptor associated proteins (TARPS) provided a new level of
control of synaptic AMPA receptor number and function (Tomita et al., 2003;
Vandenberghe et al., 2005; Nicoll et al., 2006). TARPs are auxiliary proteins for AMPA
receptors and they participate in both the trafficking of AMPA receptors from the
endoplasmic reticulum to the plasma membrane and postsynaptic sites, as well as in setting
the kinetic properties of the receptor-channel complex. Among the TARPs, stargazin, also
known as TARP-y-2, has been the most extensively studied since its discovery in the ataxic
and epipleptic stargazer mutant mouse (Chen et al., 2000). Stargazin is abundantly present in
the cerebellum as well as in hippocampus and cortex. Interestingly, the absence of stargazin
in cerebellar granule cells of the stargazer mutant mice results in the absence of functional
synaptic AMPA receptors, clearly indicating the role of stargazin in AMPA receptor
trafficking (Chen et al., 2003).

Another mechanism regulating AMPA receptor properties is through truncation of the C-
terminal domain of various AMPA receptor subunits by the calcium-dependent protease,
calpain (Bi et al., 1996a; Bi et al., 1997). We previously reported that calpain treatment of
synaptic membranes resulted in the truncation of GluR1-3 C-terminal domains. We also
showed a similar effect following calcium treatment of frozen-thawed brain sections (Bi et
al., 1994), as well as in vivo following seizure activity elicited by systemic kainic acid
injection in adult rats (Bi et al., 1996b). Additional experiments indicated that calpain-
mediated truncation of the C-terminal domain of AMPA receptor subunits resulted in
increased internalization of the receptors and further degradation (Lu et al., 2000b). We also
showed that calpain could truncate several proteins involved in AMPA and NMDA receptor
anchoring to postsynaptic membranes, such as PSD-95 and GRIP (Lu et al., 2000a; Lu et al.,
2001). It was therefore logical to determine whether calpain activation could also regulate
TARP levels in various brain regions. To answer this question, we used calcium treatment of
frozen-thawed brain sections in the absence and presence of a calpain inhibitor, followed by
immunohistochemistry with antibodies against stargazin and TARP-y-8. We also performed
western blots to confirm the results from immunohistochemistry. Our results indicate that
calpain does modify stargazin but not y-8 immunoreactivity in most brain regions, consistent
with calpain-mediated truncation of stargazin in its C-terminal domain.

2. Experimental Procedures

Animals were treated in accordance with the principles and procedures of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals; all protocols were
approved by the Institutional Animal Care and Use Committee of the University of Southern
California. Young adult male (postnatal day 35-42) Sprague-Dawley rats were killed by
decapitation following anesthesia and brains were rapidly removed, frozen in methylbutane
at —40 °C and stored at —80 °C. Serial sagittal or coronal sections (20 um thick) were cut on
a cryostat, thaw-mounted onto chrome-alum gelatin-coated slides, and kept at —80 °C until
used.

2.1 Tissue section treatment

Adjacent sections were thawed at room temperature (RT) and incubated for 90 min at RT in
Tris-acetate buffer (100 mM, pH 7.4) containing 100 uM EGTA with or without calcium
chloride (2 mM) and in the absence or presence of calpain inhibitor 111 (Calbiochem, 10

uM).
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2.2 Immunocytochemistry

Following treatment, sections were rinsed in Tris-acetate buffer and immersed fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) containing 100 uM EGTA at4 C
for 1 h. After incubation with 10% normal goat serum for 1 h at RT, sections were incubated
with primary antibodies in 5% normal goat serum overnight at 4 °C. The following
antibodies were used : anti-stargazin (Millipore, cat #: 07-577; dilution 1:500) and anti-
TARP-y-8 (Abcam; dlution 1:500). Sections were then washed in PBS and incubated with
biotinylated goat anti-rabbit 1gG antibody (1:200, Vector Laboratories) for 2 h at RT. The
sections were reacted with ABC Elite kit and DAB (Vector Laboratories) at RT for 45 min
according to the manufacturer’s protocol.

2.3 Western blots

Following treatment, sections were collected in TBS containing a protease inhibitor cocktail
[2.08 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 1.6 uM aprotinin, 40
uM leupeptin, 80 uM bestatin, 30 uM pepstatin A, and 28 uM trans-3-carboxyoxirane-2-
carbonyl-L-leucylagmatine] (Sigma-Aldrich, St. Louis, MO). Proteins were denatured in the
presence of 0.1 M 2-mercaptoethanol. Equal amounts (20-60 pg) of protein were separated
by SDS-PAGE using 8-10% gels and transferred onto polyvinylidene difluoride
membranes. Membranes were blocked with 3% non-fat milk for one hour at room
temperature then incubated with representative primary antibodies (stargazin and GRIP1
antibodies, from Millipore; anti-PSD95 from Cell Signaling; anti-TARP-y-8 from Abcam)
overnight at 4 °C. After wash, membranes were incubated with IRDye™ 680 goat anti-
rabbit IgG (H+L) (LI-COR, Cat. # 926-32221) for an hour at RT. After wash, signals were
acquired with the Odyssey infrared imaging system at 700 nm and 800 nm fluorescent
channels and the bands of interest were quantified with the Odyssey software (LI-COR
Bioscience, NE).

2.4 Membrane preparation and calpain treatment

Brain membranes were prepared from adult Sprague-Dawley rats (200-250 g): brains were
collected in homogenization buffer (0.32 M sucrose, 10 mM HEPES pH 7.4, 2 mM EDTA,
protease inhibitor cocktail (Sigma), phosphatase inhibitor cocktail (Sigma) and
homogenized using a glass-Teflon homogenizer. The homogenate was centrifuged at 1,000
g and the resultant supernatant was collected and centrifuged at 100,000 g. Pellets
(membrane fraction) were re-suspended in PBS containing 1% Triton-X and phosphatase
inhibitors. After determining protein concentration using the BCA assay (Pierce),
membranes were incubated at 37° C in the presence or absence of calpain-1 (2.4 U/ml) and 2
mM calcium for 30 min. Calpain-induced reaction was stopped by adding Laemmli's loading
buffer followed by boiling at 100° C for 5 min. Samples were then processed for SDS-
PAGE and western blots.

2.5 Immunohistochemistry quantification

Images were acquired using an Eclipse E600 optical Microscope (Nikon); all sections were
viewed under bright-field illumination using a 4x objective and a fixed light source.
Stargazin and y8 immunolabeling was quantitatively analyzed with a computerized
densitometer using the National Institutes of Health Image J 1.42q software. Density was
obtained from the same regions of the granular layer and molecular layer of the cerebellum
and from CA1 and CAS3 areas of the hippocampus, and from the cerebral cortex. To enable
comparisons between experimental and control sections, the parameters including
brightness, contrast, and image size were kept constant throughout the analysis. Background
was subtracted from the density values. Five sections were analyzed per animal.
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2.5 Statistical analysis

Significant differences in immunodensities among the groups were determined by 1-way
ANOVAs. For multiple comparisons Tukey and Fisher’s Least Square Protection Tests were
used. Significance was set at P < 0.05 for all tests.

3. Results

3.1 Effects of calcium treatment on stargazin immunoreactivity in different brain regions

Frozen brain tissue sections were thawed at room temperature immediately before being
incubated with calcium (2 mM) or incubation buffer alone in the absence or presence of
calpain inhibitor 111 (10 uM) for 90 min. They were washed in Tris-acetate buffer, fixed in
paraformaldehyde, and processed for immunohistochemistry with antibodies against
stargazin. In cerebellar sections incubated with buffer alone, high levels of stargazin
immunoreactivity were present in the molecular layer, and lower levels in the granule cell
layer (Fig. 1A). Treatment with calcium resulted in a large decrease in stargazin
immunoreactivity in both molecular layer and granule layer. These qualitative data were
confirmed by image quantification using Image J software (Fig. 1B,C). Treatment with
calpain inhibitor 111 alone did not alter stargazin immunoreactivity but completely prevented
the changes elicited by calcium treatment (Fig. 1B,C).

Similarly, high to moderate levels of stargazin were present throughout the hippocampus,
with low levels in the cell body layer of the dentate gyrus (Fig. 2A). Incubation with calcium
also resulted in a large decrease in stargazin immunoreactivity throughout the hippocampus,
which was confirmed by quantitative analysis (Fig. 2B,C). Calcium treatment induced
changes in stargazin immunoreactivity in hippocampus was also completely blocked by
calpain inhibitor I1I.

In control conditions, stargazin immunoreactivity was distributed relatively uniformly in the
cerebral cortex (Fig. 3A). Following calcium treatment, immunoreactivity was also
decreased throughout the cortex, an effect which was also completely prevented by calpain
inhibitor I11.

3.2 Effects of calcium treatment on TARP y-8 immunoreactivity in hippocampus and cortex

To test whether calpain also truncate other members of the TARP family proteins, we tested
the effects of calcium treatment of frozen-thawed brain sections on y-8. In hippocampus, y-8
immunoreactivity exhibited a relatively uniform distribution, except for a higher level in the
stratum pyramidale and the dentate granule cell layer (Fig. 4A). Calcium treatment did not
change y-8 immunoreactivity in the dendritic fields, but markedly increased that in the cell
body layers of both hippocampus and dentate gyrus. Quantification of the images indicated
that y-8 immunoreactivity was doubled in the cell body layers of field CA1 (Fig. 4B), CA3
(Fig. 4C) and dentate gyrus (not shown). Treatment with calpain inhibitor I11 alone did not
alter y-8 immunoreactivity in any subfield, nor did it modify the effects of calcium in the
cell body layers.

In cerebral cortex, y-8 immunoreactivity was distributed relatively uniformly throughout the
different cortical layers (Fig. 5). Calcium treatment did not modify y-8 immunoreactivity,
nor did incubation with calpain inhibitor III.

3.3 Effects of calcium treatment on stargazin levels in frozen-thawed brain sections

We next tested the effect of calcium treatment on levels of TARP proteins by western blot.
After treatment of coronal brain sections with calcium in the absence or presence of calpain
inhibitor 111, sections were collected, homogenized and aliquots of the homogenates were
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processed for western blots with antibodies against either stargazin or y-8. The stargazin
antibodies recognized two major bands with an apparent molecular weight of 33-35 kD.
This corresponds well with previously reported data from Tomita et al. (2005), who
suggested that the larger molecular weight band might correspond to the phosphorylated
form of stargazin (Fig. 6). Treatment of coronal brain sections with calcium resulted in a
very large decrease in stargazin levels (Fig. 6). This effect was almost completely reversed
by a calpain inhibitor, which by itself did not modify stargazin levels. To further confirm
that the decrease in stargazin levels observed following calcium treatment was due to
calpain activation, we ran on the same blots samples of membrane fractions treated without
or with calpain and calcium (lanes 6-7 in Fig. 6). The results clearly indicate that the
stargazin immunopositive bands in the membrane fraction are identical to those found in
tissue sections and that calpain treatment results in the disappearance of these bands.
Aliquots of the same homogenates were also processed for western blots with y-8 antibody
(Fig. 7). This antibody recognized a major doublet band with a molecular weight of 43-45
kD, which corresponds to the molecular weight of TARP y-8 (Sager et al., 2009). In
agreement with our immunohistochemical results, calcium treatment of brain sections did
not modify y-8 levels. To further confirm that y-8 was not a substrate of calpain, we also ran
on the same blots samples of brain membranes treated in the absence or presence of calpain
and calcium (lanes 5-6 of Fig. 7). Calpain treatment did not modify y-8 levels under these
conditions.

4. Discussion

Our results indicate that in situ calpain activation modifies immunohistochemical properties
of stargazin but not of TARP-y-8 in various rat brain regions. In addition, the same treatment
resulted in a large decrease in stargazin but not in TARP-y-8 levels assessed by western
blots. The decrease in stargazin immunoreactivity and levels resulting from calpain
activation is consistent with calpain-mediated truncation in the C-terminal domain, which
contains the antigenic domain recognized by the polyclonal antibodies we used. This was
also supported by results obtained with calpain treatment of brain membranes that resulted

in an identical pattern of stargazin loss in western blot. Moreover, the extent of stargazin
decrease following calcium treatment of brain sections (more than 80%) in various brain
regions was similar to that observed in membrane fractions following calpain treatment.

In the cerebellum, stargazin immunoreactivity was higher in the molecular layer than in the
granule layer, and calcium-induced decrease in stargazin levels was relatively similar in the
molecular and granule layers. Several studies have shown that calpain was present both in
Purkinje cells and granule cells, although it is difficult to determine the relative distribution
of calpain between these 2 neuronal populations (Simonson et al., 1985; Hamakubo et al.,
1986; Li et al., 1996; Shields et al., 1998). In addition, we did not attempt to determine
whether calpain-1 or calpain-2 was involved in calcium-induced changes in stargazin levels,
since, under our experimental conditions, both types of calpain should be activated.
However, one study reported high levels of calpain-2 in cerebellar Purkinje cells,
hippocampal pyramidal neurons and neurons in the deep layers of the cerebral cortex (Li et
al., 1996).

While many studies have investigated in details the functions of stargazin and TARPS in
various cell types and brain structures, very few studies have investigated the cellular
distribution of the various TARPs in adult brain. In hippocampus, we found that stargazin
was relatively uniformly distributed except for lower levels in the granule cell and pyramidal
layers. This distribution agrees well with the results from Inamura et al. (Inamura et al.,
2006), although they used a different antibody. Calcium treatment resulted in a relatively
uniform decrease in stargazin levels by more than 80%. Using a similar approach, we
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observed that the same treatment resulted in a 80% decrease in GIuR1 subunits of AMPA
receptors (Bi et al., 1996b), due to calpain-mediated truncation in the C-terminal domain.
Stargazin has been reported to be present both in pyramidal cells and interneurons in
hippocampus (Mi et al., 2004), and our data do not allow to determine whether calcium
treatment results in a similar decrease in stargazin in these 2 cell populations. It would be
interesting to determine whether calpain activation elicits the same truncation of stargazin in
these 2 neuronal populations, as it has been suggested that stargazin has different functions
for organizing excitatory synapses in these 2 types of neurons (Mi et al., 2004).

Stargazin immunoreactivity was present throughout the cerebral cortex, and calpain-
mediated decrease was also relatively uniform throughout the cortex. At this level of
resolution, it was not possible to determine whether the decrease was differentially
distributed in certain neuronal populations. Nevertheless, the results suggest that calpain
activation can produce widespread truncation of stargazin throughout the cortical layers.

In contrast to stargazin, TARP-y-8 immunoreactivity was not modified by calpain activation
in any brain region. This result was confirmed by the finding that TARP-y-8 was not
truncated by direct calpain treatment of brain membranes. Intriguingly, we found that
calcium treatment of frozen-thawed brain sections resulted in increased TARP-y-8
immunoreactivity in the cell body layers of the hippocampus. This effect was not due to
calpain activation as it was not blocked by a calpain inhibitor. At present, the mechanism
underlying this increase in immunoreactivity is not clear. It is conceivable that this is due to
the activation of some calcium-dependent process that is more prevalent in the cell bodies
than in the dendrites and that modifies the conformation of TARP-y-8 in such a way as to
increase its affinity for the antibody. This interpretation is also in agreement with the lack of
effect of calcium treatment of brain sections or of calpain treatment of brain membranes on
TARP-y-8 levels.

We previously showed that calcium treatment of brain tissue sections results in calpain-
mediated truncation of several proteins involved in signal transmission at glutamatergic
synapses; in particular, we found that several subunits of glutamate receptors (GIuR1-3), as
well as GRIP and PSD95 were truncated under similar conditions (Bi et al., 1997; Lu et al.,
2000, 2001). It is unlikely that these effects represent simply widespread tissue deterioration
resulting from calcium treatment. Thus, we did not observe any changes in levels of actin in
the same samples used for stargazin analysis. In addition, the same treatment resulted in
increased 3H-AMPA binding measured with autoradiography (Tocco et al., 1992), but did
not affect glutamate binding to NMDA receptors (Lapierre et al., 2000). Interestingly, the
increase in 3H-AMPA binding observed following calcium treatment was at least partially
blocked by calpain inhibition. It is tempting to propose that this effect could be the result of
calpain-mediated stargazin truncation, as stargazin is involved in the regulation of the
pharmacological properties of AMPA receptors (Nicoll et al., 2006).

In conclusion, our data indicate that calpain activation produces a widespread decrease in
stargazin but not TARP-y-8 immunoreactivity and levels throughout adult rat brain. The
results are consistent with calpain-mediated truncation of the C-terminal domain of
stargazin. Interestingly, Tomita et al. (2005) observed a similar decrease in stargazin levels
following NMDA treatment of cultured hippocampal neurons. Although they did not
comment on this effect in their manuscript, the result is consistent with the known calpain
activation following NMDA receptor stimulation. Our results therefore suggest that calpain-
mediated stargazin truncation represents an additional level of regulation of AMPA receptor
function by calpain activation.
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Figure 1. Effects of calcium and calpain inhibitor on stargazin immunolabeling in cerebellum
Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
absence of calcium (Control), in the presence of 2.0 mM calcium (Ca**), and in the presence
of 10 uM calpain inhibitor 111 (ClI). They were then processed for immunohistochemistry
with anti-stargazin antibodies.

A. Representative images of brain sections incubated under each condition.

B & C. Quantitative analysis of images similar to those shown in A. Staining levels were
analyzed in cerebellar molecular layer (B) and granule layer (C). Results were expressed as
percent of the values found under control conditions and are means + S.E.M. of 12 sections.
*p<0.001.
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Figure 2. Effects of calcium and calpain inhibitor on stargazin immunolabeling in hippocampus
Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
absence of calcium (Control), in the presence of 2.0 mM calcium (Ca**), and in the presence
of 10 uM calpain inhibitor 111 (ClI). They were then processed for immunohistochemistry
with anti-stargazin antibodies.

A. Representative images of brain sections incubated under each condition.

B & C. Quantitative analysis of images similar to those shown in A. Staining levels were
analyzed in CA1 (B) and CA3 (C) regions. Results were expressed as percent of the values
found under control conditions and are means + S.E.M. of 12 sections. *p<0.001.
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"U Figure 3. Effects of calcium and calpain inhibitor on stargazin immunolabeling in cortex
> Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
> absence of calcium (Control), in the presence of 2.0 mM calcium (Ca**), and in the presence
% of 10 puM calpain inhibitor I11 (Cl). They were then processed for immunohistochemistry
o with anti-stargazin antibodies.
= A. Representative images of brain sections incubated under each condition.
) B. Quantitative analysis of images similar to those shown in A. Results were expressed as
E percent of the values found under control conditions and are means + S.E.M. of 12 sections.
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Figure 4. Effects of calcium and calpain inhibitor on y-8 immunolabeling in hippocampus

Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
absence of calcium (Control), in the presence of 2.0 mM calcium (Ca**), and in the presence
of 10 uM calpain inhibitor I11 (CI). They were then processed for immunohistochemistry
with anti-y-8 antibodies.

A. Representative images of brain sections incubated under each condition.

B & C. Quantitative analysis of images similar to those shown in A. Staining levels were
analyzed in the cell bodies of field CA1 (B) and CA3 (C). Results were expressed as percent
of the values found under control conditions and are means + S.E.M. of 12 sections.
*p<0.001.
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Figure 5. Effects of calcium and calpain inhibitor on y-8 immunolabeling in cortex

Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
absence of calcium (Control), in the presence of 2.0 mM calcium (Ca**), and in the presence
of 10 uM calpain inhibitor I11 (ClI). They were then processed for immunohistochemistry
with anti-y-8 antibodies.

A. Representative images of brain sections incubated under each condition.

B. Quantitative analysis of images similar to those shown in A. Results were expressed as
percent of the values found under Control conditions and are means + S.E.M. of 12 sections.
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Figure 6. Effects of calcium and calpain inhibitor on stargazin levels in brain homogenates
Thin frozen-thawed brain sections were incubated at room temperature for 90 min in the
absence of calcium (lane 2, Cont), in the presence of 2.0 mM calcium (lane 3, Ca**), and in
the presence of 2.0 mM calcium and10 uM calpain inhibitor 111 (lane 4, Ca ** + CI), or
calpain inhibitor alone (lane 5, CI). They were then processed for western blots with anti-
stargazin antibodies. Membrane fractions were prepared as described under Materials and
Methods, and aliquots were treated without (lane 6) or with calpain and calcium (lane 7).
Lane 1: molecular weight scale. Right arrow points to the doublet band labeled with the
stargazin antibody with an apparent molecular weight of 33-35 kD.

Top: representative image of a western blot under each condition.

Bottom: quantitative analysis of western blots similar to those shown on top. Results were
expressed as percent of the values found under control conditions and are means = S.E.M. of
3 experiments. *p<0.001.
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Figure 7. Effects of calcium and calpain inhibitor on TARP y-8 levels in brain homogenates
After calpain and calcium treatment, samples were processed for western blot analysis of
TARP y-8 as described under Figure 6 and detailed in Materials and Methods. Right arrow
points to the doublet band labeled with the TARP y-8 antibody with an apparent molecular
weight of 43-45 kD.

Top: representative image of a western blot under each condition.

Bottom: quantitative analysis of western blots similar to those shown on top. Results were
expressed as percent of the values found under control conditions and are means = S.E.M. of
3 experiments.
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