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Abstract

Glycogen synthase kinase-3 (GSK3), which is inhibited by serine-phosphorylation, is involved in
the neuropathology of Alzheimer's disease (AD). We tested if the two therapeutic strategies used for
AD, inhibition of acetylcholinesterase and of N-methyl-o-aspartate (NMDA) receptors, modulate the
phosphorylation state of the two isoforms of GSK3 in mouse brain. Large, rapid increases in the
levels of phospho-Ser21-GSK3a and phospho-Ser9-GSK3p occurred in mouse hippocampus,
cerebral cortex, and striatum after treatment of mice with the muscarinic agonist pilocarpine or the
acetylcholinesterase inhibitor physostigmine. Treatment with memantine, an NMDA receptor
antagonist, also increased the serine-phosphorylation of both GSK3 isoforms in mouse brain. Co-
administration of physostigmine and memantine increased serine-phosphorylated GSK3 levels
equally to that achieved by either agent alone, indicating that the actions of these two drugs converge
on overlapping pools of GSK3. Thus, drugs in each class of therapeutic agents used for AD have the
common property of increasing the regulatory serine-phosphorylation of GSK3 within common pools
of the enzyme.
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1. Introduction

Alzheimer's disease (AD) is a progressively debilitating neurodegenerative disease involving
several characteristic pathological features. Prominent among these are amyloid plaques,
neurofibrillary tangles, and neuronal dysfunction and loss [3]. Glycogen synthase kinase-3
(GSK3) is an enzyme with a diverse number of actions in intracellular signaling systems,
regulating neuronal plasticity, gene expression and cell survival, and it is closely associated
with each of the prominent features of AD, as previously reviewed in detail [21]. For example,
amyloid B-peptide (AP), the primary component of plaques, activates GSK3 [51] and causes
cell death in a GSK3-dependent manner [1,2,11,19,27,50,55,56]. Furthermore, GSK3 activity
promotes A production [41,47]. Presenilin-1, a protein that contributes to Ap production and
that is mutated in one form of familial AD, also binds and can regulate GSK3 [17,31,49].
Neurofibrillary tangles consist primarily of hyperphosphorylated tau. GSK3 is a prime
candidate kinase for contributing to this phosphorylation which results in decreased
microtubule binding, perhaps enhancing paired helical filament formation, a possible prelude
to neurofibrillary tangle formation [29]. Finally, the structure, function, and death of neurons
is regulated by GSK3 in numerous ways that may be related to the neuropathology of AD
[30]. For example endoplasmic reticulum (ER) stress and the accumulation of misfolded
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proteins contributes to the neurotoxicity evident in Alzheimer's disease [25,34,37,39], and
endoplasmic reticulum stress causes activation of GSK3p which promotes apoptotic cell death
[46]. Thus, through these and other mechanisms GSK3 is intimately associated with many
features of AD, raising the possibility that inhibition of GSK3 may be therapeutic for the
disease.

The activity of GSK3 is primarily regulated by phosphorylation, although of importance for
specific substrates are other regulatory mechanisms that include modulation of its subcellular
distribution, complex formation with GSK3-binding proteins, and regulation of the
phosphorylation state of certain substrates [30]. Phosphorylation-dependent regulation of
GSK3 primarily involves an N-terminal serine in each of the two isoforms of GSK3, serine-9
in GSK3p and serine-21 in GSK3a. It is firmly established that this modification acts as an
internal pseudosubstrate that binds the substrate-binding pocket of GSK3 to inhibit its activity
[10,16]. Conversely, decreased serine-phosphorylation increases the activity of GSK3. Thus,
measurements of changes in the phosphorylation state of the regulatory N-terminal serine of
GSK3 reflect modulation of its activity. GSK3 is also phosphorylated on a tyrosine, a
modulation that may be regulatory or may be an autophosphorylation event [9,16].

Although there is no known cure for AD, two types of agents that provide some degree of
therapeutic benefit are currently approved for treatment in the United States: agents that inhibit
acetylcholinesterase [45] or that block the NMDA receptor [42,43]. Additionally, initial
evidence indicates that both types of agents can be administered concurrently [24,53]. Since
GSK3 is so closely linked to the prominent pathological features of AD, the present study
examined the effects of these therapeutic agents on the in vivo phosphorylation state of GSK3
in mouse brain. The results show that administration of agents that increase cholinergic
stimulation or block NMDA receptors increase the inhibitory serine-phosphorylation of GSK3
in mouse brain in vivo. Thus, agents belonging to each of the two classes of drugs used to treat
AD share the common outcome of increasing the inhibitory serine-phosphorylation of GSK3.

2. Experimental procedures

2.1. Tissue preparation

Adult (2-4 months of age), male C57BL/6 mice (Frederick Cancer Research, Frederick, MD)
were treated with pilocarpine, physostigmine, or memantine (Sigma—Aldrich, St. Louis, MO)
by intraperitoneal injection. After the indicated intervals, mice were decapitated, and brain
regions (hippocampus, cerebral cortex, striatum) were rapidly dissected in ice-cold saline.
Brain regions were homogenized in ice-cold lysis buffer containing 10 mM Tris—-HCI, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 10 pug/ml leupeptin, 10 ug/ml
aprotinin, 5 ug/ml pepstatin, 0.1 mM B-glycerophosphate, 1 mM phenylmethanesulfonyl
fluoride, 1 mM sodium vanadate, 50 mM NaF, and 100 nM okadaic acid. The lysates were
centrifuged at 20,800 x g for 15 min. Protein concentrations in the supernatants were
determined using the Bradford protein assay [8]. For subcellular fractionation, cytosolic,
nuclear, and mitochondrial extracts were prepared from cerebral cortices exactly as described
previously [7].

2.2. Western blotting

Samples were mixed with Laemmli sample buffer (2% SDS) and placed in a boiling water bath
for 5 min. Proteins were resolved in 7% SDS-polyacrylamide gels, and transferred to
nitrocellulose. Membranes were probed with antibodies to phospho-Ser21-GSK3a, phospho-
Ser9-GSK3p, phospho-Tyr279/216-GSK3a/B, total GSK3a/B, phospho-Ser473-Akt,
phospho-Thr308-Akt (Cell Signaling Technology, Beverly, MA) and total Akt (Sigma
Chemical Co., St. Louis, MO). Immunoblots were developed using horseradish peroxidase-
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conjugated goat anti-mouse, or goat anti-rabbit 1gG, followed by detection with enhanced
chemiluminescence, and the protein bands were quantitated with a densitometer. Data were
analyzed by a t-test and values of p < 0.05 were considered to be statistically significant.

3. Results

3.1. Muscarinic receptor stimulation increases the in vivo serine-phosphorylation of GSK3
in mouse brain

The first goal of this study was to test if activation of cholinergic muscarinic receptors
modulates the serine-phosphorylation state of either isoform of GSK3 in vivo. Therefore, mice
were treated with the muscarinic receptor-specific agonist pilocarpine for 5-120 min. Phospho-
serine-selective antibodies were used to determine the serine-phosphorylation states of
GSK3a and GSK3p in immunoblots of extracts from three brain regions. In the hippocampus,
treatment with pilocarpine induced a rapid and robust increase in the phospho-serine levels of
both GSK3 isoforms (Fig. 1). The increases in both phospho-Ser21-GSK3a and phospho-Ser9-
GSK3p were time-dependent and maximal increases occurred between 15 and 30 min after
pilocarpine administration. The rapid and transient nature of the responses likely result from
the pharmacokinetics of pilocarpine which acts rapidly in the brain following peripheral
administration and then it is rapidly cleared. Examination of the peak effect of pilocarpine in
multiple mice demonstrated that there was relatively small interindividual variance, as 15 min
after pilocarpine administration the levels of phospho-Ser21-GSK3a and phospho-Ser9-
GSK3p were increased to 654 + 97 and 1046 + 135%, respectively, of the control levels (means
+ S.E.M.; n=3; p < 0.05).

Similarly large increases in the serine-phosphorylation of both GSK3 isoforms occurred in the
cerebral cortex and the striatum following pilocarpine administration (Fig. 1). As in the
hippocampus, the increases in serine-phosphorylation were rapid and reached maximal levels
between 15 and 30 min after treatment with pilocarpine. Measurements in multiple animals
revealed that the peak effect at 15 min after pilocarpine administration increased the levels of
phospho-Ser21-GSK3o to 542 + 21% of the control levels in the cerebral cortex, and 2849 +
143% in the striatum, and the levels of phospho-Ser9-GSK3p to 673 + 184% in the cerebral
cortex, and 2138 £ 249% in the striatum (means + S.E.M.; n=3; p < 0.05). The pilocarpine-
induced increases in serine-phosphorylated GSK3 were independent of any change in the total
level of GSK3, which remained unaltered following administration of pilocarpine (Fig. 1).
Additionally, pilocarpine treatment did not cause any changes in phospho-Tyr279-GSK3a or
phospho-Tyr216-GSK3p.

GSKa3 is distributed throughout cells and its phosphorylation state can be regulated selectively
within subcellular domains, such as nuclei or mitochondria [7]. Therefore, we examined which
pools of GSK3 were subjected to regulation by serine-phosphorylation following pilocarpine
administration. The cerebral cortices of control and pilocarpine-treated mice were separated
into cytosolic, nuclear, and mitochondrial fractions, and the serine-phosphorylated and total
levels of both GSK3 isoforms were measured in each fraction. The levels of phospho-Ser21-
GSK3ua and phospho-Ser9-GSK3p increased in all three subcellular fractions after pilocarpine
treatment (Fig. 2). No changes in the total levels of GSK3 were observed in any fraction,
indicating that muscarinic receptor stimulation with pilocarpine did not change the subcellular
distribution of GSK3. Thus, muscarinic receptor stimulation increased the serine-
phosphorylation of GSK3 throughout the cell.
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3.2. Serine-phosphorylation of GSK3 is increased in vivo following inhibition of
acetylcholinesterase

To test if enhanced endogenous cholinergic activity attained by inhibition of
acetylcholinesterase was sufficient to modulate the serine-phosphorylation of GSK3, mice
were treated with a low dose (0.1 mg/kg) of the acetylcholinesterase inhibitor physostigmine.
Physostigmine is a rapid and short-acting inhibitor of acetylcholinesterase, with maximal
inhibition attained approximately 15 min after administration [20,23]. Therefore, 15, 30, and
60 min after physostigmine administration the levels of phospho-Ser-GSK3 and total GSK3
were measured. Treatment with physostigmine caused rapid increases of both phospho-Ser21-
GSK3o and phospho-Ser9-GSK3p in the hippocampus, cerebral cortex, and striatum, with a
maximal effect occurring after 15 min (Fig. 3). Total levels of GSK3 did not change. Therefore,
further experiments utilized the 15 min time point after physostigmine administration.

The dose-response of physostigmine-induced serine-phosphorylation of GSK3 was measured
in all three brain regions (Fig. 4). Small increases in the serine-phosphorylation of both GSK3
isoforms were induced by 0.1 mg/kg physostigmine, and larger increases occurred following
higher doses of physostigmine. Measurements made in multiple animals 15 min after
physostigmine (0.4 mg/kg) administration showed that the levels of phospho-Ser21-GSK3a
were increased to 350 + 64% of the control levels in the hippocampus, 252 + 38% in the cerebral
cortex, and 425 + 56% in the striatum, and the levels of phospho-Ser9-GSK3p were 313 + 73%
in the hippocampus, 164 + 53% in the cerebral cortex, and 397 + 27% in the striatum (means
+ S.E.M.; n=4; p < 0.05). As with other treatments, no changes in the total levels of GSK3a
and GSK3p were detected following physostigmine treatment.

3.3. NMDA receptor inhibition increases thein vivo serine-phosphorylation of GSK3in mouse

brain

Totest if inhibition of NMDA receptors had a similar or different effect on the phosphorylation
of GSK3 compared with stimulation of muscarinic receptors, the NMDA receptor antagonist
memantine was administered to mice and the serine-phosphorylation levels of both isoforms
of GSK3 were measured. Measurements of the serine-phosphorylation of GSK3a and
GSK3p in the cerebral cortex after administration of 50 mg/kg memantine to mice revealed
increases in phosphorylation of both isoforms between 1 and 2 h and a plateau was maintained
3 hafter treatment (Fig. 5A). In contrast to the increases in serine-phosphorylation, no changes
in total levels of GSK3a or GSK3p occurred following the administration of memantine.
Increases in the serine-phosphorylation levels of both GSK3a and GSK3p also were observed
in the hippocampus and striatum 2 h after treatment with memantine (Fig. 5B), so this time
period was used in further experiments.

3.4. Cholinergic stimulation and NMDA receptor inhibition converge to increase the serine-
phosphorylation of GSK3

The next goal was to test if additive effects on serine-phosphorylation of GSK3 were obtained
with combined cholinergic stimulation with physostigmine and NMDA receptor inhibition
with memantine. For these experiments, measurements were taken in multiple animals at the
times of peak effect of each drug, 2 h after memantine (50 mg/kg) treatment and 15 min after
administration of physostigmine (0.4 mg/kg). Quantitative evaluations of the serine-
phosphorylation levels revealed that after co-administration of both agents there was no greater
increase in the serine-phosphorylation of GSK3a or GSK3p than was attained by each drug
individually (Fig. 6), indicating that they converge on the same pools of GSK3. The levels of
phospho-Tyr279-GSK3a or phospho-Tyr216-GSK3p and total levels of each isoform were
unaltered after administration of each drug alone or after combined treatment.
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3.5. Phosphorylation of Akt following cholinergic stimulation and NMDA receptor inhibition

Likely the most widely studied kinase responsible for serine-phosphorylation of GSK3 is Akt,
and Akt has been reported to be activated via dual phosphorylation on serine-473 and
threonine-308 in cultured cells following stimulation of muscarinic receptors [22,36,52].
Therefore, we examined in the same mouse brain samples if increased Akt phosphorylation
correlated with the increases in serine-phosphorylated GSK3 that we observed. Fig. 7A shows
results obtained 5-120 min after pilocarpine administration. In the hippocampus only slight
increases in Akt phosphorylation occurred following pilocarpine administration, with the
largest effect being an increase in phospho-Thr308-Akt after 15 min but less of an increase in
phospho-Ser473-Akt. These increases were much less than the increases in phospho-Ser-
GSK3, suggesting that Akt may not mediate this effect in mouse hippocampus after pilocarpine
treatment. Mouse cerebral cortex displayed similar weak phosphorylation of Akt whereas
larger increases were evident in the striatum, raising the possibility that different signaling
systems may be involved in different brain regions. Administration of physostigmine caused
a relatively strong dose-dependent increase in phospho-Thr308-Akt in all three brain regions,
but the increase in phospho-Ser473-Akt was weaker and more variable (Fig. 7B). After
administration of 0.4 mg/kg physostigmine, phospho-Thr308-Akt was 440 + 31% (p < 0.01),
1053 £ 150% (p < 0.01), and 616 + 84% (p < 0.01) of control (n=4) and phospho-Ser473-Akt
was 141 + 19% (p > 0.05), 231 + 28% (p < 0.05), and 400 + 67% (p < 0.01) of control, in the
hippocampus, cerebral cortex, and striatum, respectively. Administration of memantine caused
relatively weak increases in the dual phosphorylation of Akt, and in combination with
physostigmine treatment the increases in Akt phosphorylation were equivalent to those induced
by administration of physostigmine alone (Fig. 7C). Overall, although these agents caused
some increases in Akt phosphorylation, notably more at threonine-308 than at serine-473, the
changes did not closely mirror the increases in the serine-phosphorylation of GSK3, indicating
that activation of Akt may contribute a part of the signal to GSK3 but it is not likely to be the
sole intermediate.

4. Discussion

Therapeutic treatments currently used for AD include agents that inhibit acetylcholinesterase
[45] or that block the NMDA receptor [42,43], and the combination of both types of agents
[24,53]. Each of these classes of drugs was developed to target a specific component of the
neuropathology of AD, with acetylcholinesterase inhibitors being used to bolster deficiencies
in the actions of acetylcholine and NMDA blockade meant to attenuate toxicity mediated by
abnormal hyperactivation of these receptors. Here we report that actions on these two disparate
targets converge on GSK3, increasing the level of the inhibitory N-terminal serine-
phosphorylation on both isoforms of GSK3. This reveals a previously unknown convergent
point for these two classes of therapeutic agents and raises the possibility that inhibition of
GSK3 may contribute to the therapeutic benefits derived from these drugs.

This is the first investigation to study if cholinergic activity regulates the phosphorylation of
GSK3 in vivo, and the results showed that cholinergic stimulation rapidly increased the serine-
phosphorylation of GSK3 by several-fold in three brain regions. This response was greater
following administration of the direct-acting muscarinic agonist pilocarpine than after
treatment with the acetylcholinesterase inhibitor physostigmine, as would be expected by the
greater activation achieved by direct receptor stimulation. The effects of both pilocarpine and
physostigmine on GSK3 phosphorylation were rapid and large. Within 15 min of
administration both agents increased GSK3 phosphorylation, and the maximal increases caused
by pilocarpine administration in three brain regions all involved more than five-fold increases
above the control level of serine-phosphorylation of both GSK3a and GSK3p. The more
transient effect of physostigmine compared with pilocarpine correlates with its rapidly
reversible inhibition of acetylcholinesterase [20,23]. Thus, cholinergic stimulation can
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contribute to the inhibitory control of GSK3 in vivo by promoting the serine-phosphorylation
of both GSK3 isoforms. This raises the possibility that impaired cholinergic activity which is
known to occur in AD [54] may contribute to inadequate inhibitory control of GSK3 which
can be restored by stimulation of muscarinic receptors.

Previous reports have linked signaling by NMDA receptors to changes in the serine-
phosphorylation of GSK3, and those were confirmed here. NMDA treatment of cultured
hippocampal neurons caused a rapid and nearly complete dephosphorylation of phospho-Ser9-
GSK3, indicating that GSK3 is activated by NMDA receptor signaling [32]. In accordance
with that conclusion, in vivo blockade of NMDA receptors by administration of the antagonist
phencyclidine increased mouse brain serine-phosphorylation [48], a response we also observed
inthis study following memantine administration. A conflicting report showed that inimmature
rats blockade of NMDA receptors by in vivo administration of the antagonist MK-801
transiently decreased the serine-phosphorylation of GSK3 [13], a difference that could be due
to age-dependent differences in responses to NMDA receptor modulation. Thus, although still
few, the majority of studies indicate that NMDA receptor stimulation dephosphorylates GSK3
and that blockade of NMDA receptors in vivo is sufficient to cause increased levels of serine-
phosphorylated GSK3.

Following our finding that either cholinergic stimulation or NMDA receptor blockade
increased serine-phosphorylated GSK3 in vivo, we tested if the responses to these two
therapeutic strategies used in AD were additive. This is of interest both because GSK3 appears
to be a common target of the two therapeutic strategies and because recent studies suggest that
both acetylcholinesterase inhibitors and memantine may be administered concurrently to
patients with AD [24,53]. These experiments showed that co-administration of physostigmine
and memantine increased serine-phosphorylated GSK3 to levels attained by administration of
either agent alone, indicating that the actions of these two drugs converge on overlapping pools
of GSK3. Activation of Akt may contribute a part of the drug-induced increases in serine-
phosphorylation of GSK3, but it appears not to be sufficiently robust to account entirely for
the increased phosphorylation of GSK3. Thus, drugs in each class of therapeutic agents used
for AD share the capacity to increase the regulatory serine-phosphorylation of GSK3, and this
occurs within the same pools of the enzyme, raising the possibility that inhibition of GSK3
contributes to the therapeutic actions of these agents.

These results add indirect support to previous suggestions that inhibition of GSK3 may provide
therapeutic benefits in AD [12,21,33,41]. Increased serine-phosphorylation of GSK3 induced
by muscarinic receptor stimulation or NMDA receptor inhibition could have multiple
ramifications on neuropathological processes associated with AD. For example, two recent
reports demonstrated that GSK3 activity promotes the production of Af [41,47]. Therefore,
the reported reduction by cholinergic stimulation of AB in animal brain [5,6,14,18] or AB in
cerebrospinal fluid from AD patients [4,26,38] may result, at least partially, from our observed
inhibition of GSK3 caused by cholinergic stimulation. Similarly, serine-phosphorylation of
GSK3 also may contribute partially to the reported protection from Ap toxicity provided by
NMDA receptor inhibition [28,35] since AB-induced cell death is attenuated by inhibitors of
GSK3[1,2,11,19,27,50,55,56]. The present results also raise the possibility that tau
phosphorylation, which may be mediated by GSK3, which was reduced in cultured cells
following cholinergic stimulation [15,44] also may be derived from inhibition of GSK3 caused
by muscarinic receptor stimulation. It is notable that recent in vivo data concerning the
influence of muscarinic activity on AD-type neuropathology revealed increased density of
amyloid plaque and neurofibrillary tangles in patients after long-term anti-muscarinic
medication, further supporting the hypothesis that cholinergic activity attenuates these events
[40]. Additionally, GSK3 has many actions that can impair neuronal plasticity and promote
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Il death [21], suggesting that inhibition of GSK3 may bolster neuronal function and survival
llowing exposure to potentially lethal insults.

summary, administration of agents used in the treatment of AD that stimulate muscarinic

receptors or block NMDA receptors caused large, widespread increases in the serine-
phosphorylation levels of GSK3 in mouse brain in vivo. Furthermore, the actions of these

ag
of

ents converged on overlapping pools of GSK3. Considering the many known interactions
GSK3 with the major neuropathological characteristics of AD, these findings raise the

possibility that modulation of GSK3 phosphorylation state contributes to the therapeutic

ac

tions of agents used in the treatment of the disease.
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Pilocarpine administration stimulates serine-phosphorylation of GSK3 in mouse brain.
Pilocarpine (30 mg/kg; 5, 15, 30, 60, 90 and 120 min) was administered to mice and protein
extracts from the hippocampus, cerebral cortex, and striatum were immunoblotted with
antibodies for phospho-Ser21-GSK3a, phospho-Ser9-GSK3p, total GSK3a/B, and phospho-
Tyr279/216-GSK3o/p. Quantitative values are expressed as a percentage of values from
control, saline-treated, mice. The number of mice tested at 5, 15, 30, 60, 90, and 120 min after

pilocarpine administration were 1, 3, 2, 3, 1, and 1, respectively.
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Fig. 2.

Pilocarpine administration stimulates serine-phosphorylation of GSK3 in subcellular fractions
of mouse cerebral cortex. Pilocarpine (30 mg/kg; 15 min) was administered to mice and the
cytosol, nuclear, and mitochondrial fractions from the cerebral cortex were immunoblotted
with antibodies for phospho-Ser21-GSK3a, phospho-Ser9-GSK3p, and total GSK3a/p.
Immunoblots shown are representative of results obtained from three mice.
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Physostigmine administration stimulates serine-phosphorylation of GSK3 in mouse brain.
Physostigmine (0.1 mg/kg; 15, 30, 60 min) was administered to mice and protein extracts from
the hippocampus, cerebral cortex, and striatum were immunoblotted with antibodies for
phospho-Ser21-GSK3a, phospho-Ser9-GSK3p, and total GSK3a/p.
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Dose-dependence of physostigmine-stimulated serine-phosphorylation of GSK3 in mouse
brain. Physostigmine (0.1, 0.2, 0.4, 0.8 mg/kg; 15 min) was administered to mice and protein
extracts from the hippocampus, cerebral cortex, and striatum were immunoblotted with
antibodies for phospho-Ser21-GSK3a, phospho-Ser9-GSK3p, and total GSK3a/.
Quantitative values are given as a percentage of values from control, saline-treated, mice. The
number of mice tested with 0.1, 0.2, 0.4, and 0.8 mg/kg pilocarpine were 2, 1, 4, and 1,

respectively.
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Fig. 5.

Memantine administration stimulates serine-phosphorylation of GSK3 in mouse brain. (A)
Memantine (50 mg/kg; 1, 2 and 3 h) was administered to mice and protein extracts from the
cerebral cortex were immunoblotted with antibodies for phospho-Ser21-GSK3a, phospho-
Ser9-GSK3p, and total GSK3a/p. (B) Memantine (50 mg/kg; 2 h) was administered to mice
and protein extracts from the hippocampus and striatum were immunoblotted with antibodies
for phospho-Ser21-GSK3a and phospho-Ser9-GSK3p. The number of mice tested 1, 2, and 3
h after memantine administration were 3, 4, and 2, respectively.
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Physostigmine and memantine stimulation converge on serine-phosphorylation of GSK3 in
mouse brain. Mice were treated with physostigmine (0.4 mg/kg; 15 min), memantine (50 mg/
kg; 2 h), or both drugs (physostigmine was given 105 min after memantine, for 15 min), and
protein extracts from the hippocampus, cerebral cortex, and striatum were immunoblotted with
antibodies for phospho-Ser21-GSK3a, phospho-Ser9-GSK3p, total GSK3a/B, and phospho-
Tyr279/216-GSK3a/p. Quantitative values were obtained by densitometric scans of
immunoblots (means £ S.E.M.; n=4). No statistical differences (p > 0.05) were observed
comparing the results from treatment with physostigmine alone to those following treatment
with memantine plus physostigmine.
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Fig. 7.

Pilocarpine, physostigmine, and memantine stimulation of Akt phosphorylation. Mice were
treated with (A) pilocarpine (30 mg/kg; 5, 15, 30, 60, 90 and 120 min), (B) physostigmine (0.1,
0.2, 0.4 and 0.8 mg/kg; 15 min), or (C) memantine (50 mg/kg; 2 h), physostigmine (0.4 mg/
kg; 15 min), or both drugs (physostigmine was given 105 min after memantine, for 15 min).
Protein extracts from the hippocampus, cerebral cortex, and striatum were immunoblotted with
antibodies for phospho-Thr308-Akt, phospho-Ser473-Akt, and total Akt. Quantitative values
were obtained by densitometric scans of immunoblots (means + S.E.M.; n=4). No statistically
significant differences (p > 0.05) were observed comparing the results from treatment with
physostigmine alone to those following treatment with memantine plus physostigmine.
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