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The (3-amyloid
precursor
protein
(APP) is a ubiquitous,
highly conserved
secretory
glycoprotein
that is expressed
at high levels in mammalian
brain by neurons, astrocytes,
and activated microglia.
Secreted APP (APP*) is generated
by the cleavage of APP within the p-amyloid
(Ap) portion
of its ectodomain.
The formation
and secretion of APP’ can
be increased
by activation
of particular
neurotransmitter
receptors
and subsequent
protein
phosphorylation.
We
found that tissue slices from rat cortex,
hippocampus,
striatum,
and cerebellum
secrete APPS in vitro. APPs secretion was enhanced
by electrical
stimulation,
but was not
associated
with a general increase
in the release of total
protein, lactate dehydrogenase
(LDH) activity, or neuronal
cell adhesion
molecules.
The pharmacological
profile of
stimulation-induced
APPS secretion
suggests
complex
interactions
between muscarinic
receptor subtypes in the tissue slices: in the unstimulated
state, activation
of Muscarinic Ml receptors
increased
APPs release while nonspecific activation
of multiple
muscarinic
receptors
had little
effect on APP release;
in electrically
stimulated
slices,
nonspecific
inhibition
of muscarinic
receptors
blunted the
increase in APPs secretion.
The nonspecific
muscarinic
agonist carbachol
increased
APPS secretion
only in the presence of an M2 receptor
antagonist,
suggesting
that activation of M2 receptors
suppresses
APP’ formation.
These
data indicate that secretory
APP processing
in brain includes depolarization-enhanced
cleavage of the cell-associated holoprotein
within its ectodomain,
and that the net
effect of depolarization
involves several subtypes
of acetylcholine
receptors.
[Key words: psmyloid
precursor
protein (APP), amyloid,
brain slices, protein secretion,
electrical
stimulation,
acetylcholine,
muscarinic
receptors,
Alzheimer’s
disease]
APP and APP-like proteins (APLP) are homologous
secretory
glycoproteins
with a single transmembrane
domain, an N-terminal ectodomain and an intracellular
C-terminal region (Kang
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et al., 1987; Tanzi et al., 1987; Kitaguchi et al., 1988; Ponte et
al., 1988; Wasco et al., 1992, 1993; Slunt et al., 1994). These
proteins are ubiquitously
expressed, highly conserved, developmentally regulated, and found in especially high levels within
the brain. APP is the only member of this gene family that contains an amyloid B protein (AB) domain and can thus give rise
to amyloidogenic
derivatives that might polymerize to form the
brain amyloid characteristic
of Alzheimer’s
disease (AD) (reviewed by Selkoe, 1994).
The functions of APP and its secretory derivatives (Weidemann et al., 1989) are not well understood, but some evidence
suggests that they may have neurotrophic
(Milward
et al., 1992;
Mucke et al., 1994) and neuroprotective
activities (Mattson et
al., 1993). Secreted APP‘ can also promote cell adhesion (Schubert et al., 1989; Koo et al., 1993) and regulate the activities of
extracellular proteinases (Van Nostrand et al., 1990; Sinha et al.,
1991). In contrast, AB peptides can be toxic (Behl et al., 1994).
APP-deficient
mice fail to display striking pathologies but do
exhibit reactive gliosis, decreased body weight, and reductions
in locomotor activity and forelimb grip strength (Zheng et al.,
1995). Mice expressing a shorter form of APP that lacks an
N-terminal
domain encoded by exon 2 exhibit learning and
memory deficits and an increase in the prevalence of corpus
callosum agenesis (Miiller et al., 1994). Transgenic mice overexpressing the 717 Val+Phe
variant of APP can display brain
amyloid deposits resembling those found in Alzheimer’s
disease
(Games et al., 1995).
Proteolytic cleavage of APP to yield nonamyloidogenic
APP‘
and potentially amyloidogenic
AB peptides (Haass et al., 1992;
Gabuzda et al., 1993) is regulated through complex mechanisms
(Nitsch et al., 1992; Busciglio et al., 1993; Buxbaum et al., 1993;
Hung et al., 1993) that involve activation of various cell surface
receptors coupled to protein kinases. For example, APP secretion is accelerated by agonists for Ml or M3 muscarinic receptors, as well as by activation of protein kinase C (Buxbaum et
al., 1990, 1992; Nitsch et al., 1992; Slack et al., 1993) or by
treatments that increase net tyrosine phosphorylation
(Slack et
al., 1995). Increases in APP‘ secretion are associated with reductions in AB in many cell culture systems, suggesting a reciprocal relationship between the processing of APP into either
APP‘ or AB (Busciglio et al., 1993; Hung et al., 1993; Buxbaum
et al., 1994). The brain proteinases involved in these processing
events have not been isolated, but are classihed according to
their site of cleavage. a-Secretase cleavage occurs between position 16 and 17 within the A@ domain (Esch et al., 1990; Sisodia et al., 1990; Sisodia, 1992); B-secretase cleavage occurs at
the N-terminus
of the AB domain (Seubert et al., 1993); and
y-secretase cleavage occurs at the C-terminus of AB, within the
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membrane-spanning
domain. Thus, cr-secretase activity precludes the formation of brain amyloid from APP whereas p- and
y-secretase activities can generate AP and therefore can give
rise to amyloid formation.
In freshly prepared slices from mammalian brain, regulated
APP secretion correlate:; with the frequency of externally applied electrical pulses, and is dependent on the formation of
action potentials (Nitsch et al., 1993). The present studies used
this slice system to study the pharmacology of APP release from
brain tissues. We found that APP‘ was secreted at a basal rate
from brain cortex, striatum, hippocampus, and cerebellum. APP‘
secretion was increased by electrical stimulation
in all brain
regions and was apparently independent of phosphatidylinositol
(PI)-mediated
signaling. APP‘ secretion was also increased by
inhibition of muscarinic M2 receptors as well as by stimulation
of Ml receptors. These findings suggest a complex interaction
of individual muscarinic receptor subtypes in the regulation of
APP processing in mammalian brain.

Materials and Methods
Animals, tissues, und superfusion system. Adult Sprague-Dawley rats
(Charles River, Cambridge, MA) weighing 350-700 gm, were exposed
to a 12 L: 12 D cycle and were treated in accordance with the guidelines
established by the MIT Committee on Animal Care. Animals were anesthetized with ketamine (85 mg/kg body weight i.m.) and decapitated in
a cold room (+4”C). Brains were rapidly placed in chilled (+4”C) physiologic buffer (in mM: I20 NaCI, 3.5 KCI, I .3 CaCI,, I .2 MgSO,, I .2
NaH?PO,, 25 NaHCO,, IO glucose, insufflated with 95% O2 and 5%
CO?). The dissection buffer contained ketamine (I mM) to reduce excitotoxicity during the dissection and slice preparation procedures (Olney et al., 1986). Meninges and blood vessels we:e carefully removed
and individual brain regions were cut at +4”C into 300 urn slices by
using a McIlwain tissue chopper (Mickle Laboratory Engineering Co:,
Gomstall. Surrev, U.K.). Slices were washed with cold buffer three
times to remove debris, three to six slices were transferred to stimulation
chambers (Warner Instrument Corp., Hamden, CT), and were superfused (0.8 ml/min) at +37”C for 50-75 min prior to the stimulation experiments. Electrical depolarization was performed by using a polarity
reversal stimulator (Warner Instrument Corp.) that monitors chamber
resistance. Maximal electrical stimulation parameters were I25 mA, I .O
msec pulse duration, and 30 Hz, resulting in a current density of 4.95
mA/m:n’ ar:d requiring 30-40 V. WAL 2014 (Ensinger et al., 1993) was
obtained from Boehringer Ingelheim; other reagents were obtained from
Sigma.
Preparution of protein extructs. Analyses of specific tissue proteins
were performed on aliquots of protein extracts obtained from homogenized slices. These were removed from the chambers, chilled, pelleted,
and proteins were extracted in 500 p,I lysis buffer (0.1 M Tris pH 6.8,
15% glycerol, 5 mM EDTA, 2% SDS, 2% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, IO kg/ml aprotinin, I kg/ml TLCK, I kg/ml
leupeptin, and 0. I pglml pepstatin) and sonicated. Aliquots were frozen
and stored at -70°C until being subject to Western blot analyses, Slices
assayed for tissue LDH activity were homogenized in I ml of chilled
Krebs-Ringer buffer and sonicated. Several aliquots were rapidly frozen
and stored at -70°C.
Purijication of secreted proteins from superfusntes. After a 50-75
min equilibration period, superfusates were collected on ice and phenylmethylsulfonyl fluoride (PMSE 250 pM) was added from a 100 mM
isopropanol stock. Superfusate media were centrifuged for 30 min at
10,000 X g at +4”C to remove debris. Supernatants were subjected to
ultrafiltration against water at f4”C by using cellulose dialysis tubing
with a molecular mass cut-off of I2 to I4 kDa and by applying a
negative pressure of 320 tom A concentrated protein solution of 4 ml
was frozen, dried by vacuum centrifugation, and reconstituted in gel
loading buffer (125 mM Tris pH 6.8, 4% SDS, 20% glycerol, 5% mercaptoethanol, 0.3% bromophenol blue). Alternatively, chilled superfusates were centrifuged and blotted directly onto polyvinyldifluoride
membranes (Immobilon, Waters) by vacuum filtration in the absence of
PMSE To solubilize immobilized proteins, the filters were incubated at
+5O”C for 20 min in 70% isopropanol and 2% triflouroacetic acid in a
shaking water bath, dried by vacuum centrifugation, and reconstituted

in gel loading buffer. Both concentration protocols yielded comparable
results.
Western blatting. Reconstituted superfusate proteins were boiled for
3 min, and amounts equivalent to 600 pg total slice protein were subjected to electrophoresis on continuous 12% SDS-polyacrylamide mini
gels, electroblotted onto polyvinyldifluoride
membranes. Remaining
binding sites were blocked with 1% nonfat dry milk (Carnation). and
probed with primary antibodies. We used the monoclonal antibody
22Cl I (Weidermann et al., 1989). the nolvclonal antiserum anti-C8
(Selkoe et al., 1988) the polyclonal antiserum RI736 (Podlisny et al.,
1991). or the monoclonal antibody anti-N-CAM (Sigma). The secondary horseradish peroxidase-linked antibodies (Amersham) were visualized by enhanced chemiluminescence (Amersham) using Kodak x-ray
films. Linearity of the immunoreaction was assured by serial dilution
curves and by preflashing the films prior to exposure to the chemiluminescent products. Immunoreactive bands were compared by densitometry with a laser scanner (Pharmacia LKB UltroScan XL) set at 40
pm vertical interval size and 2.4 mm horizontal slit width. Typically,
superfusion media obtained from slices from one animal were analyzed
in duplicate. Superfusion chambers were run in parallel for both control
and treatment conditions. Groups used for statistical comparisons were
always compared within the same Western blot. Results of duplicate
measurements were averaged, normalized to the control values, and
used as one individual data point for statistical analyses. Data were
compared statistically by analysis of variance and post hoc NewmanKeuls tests.
Neurotmnsmitter and luctute dehvdrogcwrsr (LDH) tr.v.vrrvs.
Acetylcholine in the superfusates was separated from other secreted cholinecontaining compounds by reverse-phase HPLC and exposed to a postcolumn reactor containing immobilized acetylcholinesterase and choline
oxidase (ESA). Oxidized products were detected electrochemically by
a platinum electrode (300 mV) (Coulochem II, ESA) and quantitated
by comparison to known amounts of freshly dissolved acetylcholine.
For the determination of secreted glutamate and aspartate, 0.9 ml of
superfusion media were concentrated by anion exchange chromatography (AG I-X8, formate form; BioRad), eluted with 0.3 N formic acid,
dried by vacuum centrifugation, and reconstituted in 90 IIIM NaHCO,,
pH 8.0. Reconstituted amino acids were derivatized with 9-fluorenylmethyl chloroformate (2 mM) in dried acetone, and separated by reverse-phase HPLC (Rainin, Microsorb C- 18). Derivatives were detected
by fluorometry and quantitated by comparison to standard concentration
analyzed in parallel. LDH activity in 0.5 ml superfusates and 2.0 ul of
tissue homogenate was assayed by using a commercially available assay
kit (Sigma No. 500).
PI turnover ussuy.s. Tissue slices were equilibrated in sunerfusion
chambers for 30 mm at +37”C; transferred tb glass tubes; and isotopically labeled with 5 uCi/ml ‘H-mvo-inositol (DuPont-NEN) using calcium-free Krebs-Ringer buffer in a Dubnoff metabolic shaker, maintained at +37”C for 30 min, and kept under a 95% oxygen and 5% CO:
atmosphere. Buffer containing labeled inositol was replaced with fresh
buffer after I5 min. Slices were washed three times in calcium-free
buffer and returned to the superfusion chambers. To block recycling of
radiolabeled inositol phosphate, lithium chloride (IO mM) was added to
the superfusion medium after 4 min. Simultaneously, the NaCl concentration was reduced to maintain a constant osmolarity of 300 mOs, as
verified osmometrically. After 8 min, slices were exposed to drugs and/
or electrical stimulation for 20 min. Slices were removed from the
chambers, homogenized in I ml of buffer (IO mM Hepes, pH 7.4) using
a glass-teflon homogenizer. The homogenizer was rinsed with I ml of
methanol, which then was added to the mixture. After removing an
aliquot for protein assay, 2 ml of chloroform were added to the mixture
to extract the lipid components. The upper and lower phases were separated after centrifuaation (I 500 X R, I5 min). and ‘H-inositol containing lipids in the organic phase weredetermined using scintillation spectrometry. The aqueous phase of the liuid extraction system was aoolied
to anion exchange chromatography column (AG I -X8, formate’form;
BioRad), and free inositol was removed bv rinsing with IO ml water.
Radioactive inositol phosphates were eluted-with a 5 ml I M ammonium
formate and 0.1 M formic acid, and quantified using liquid scintillation
spectrometry. Superfusion media obtained during incubation of the slices were analyzed in parallel for secreted APP‘

Results
APP secretion is enhunced by electrical depoktrizution
und
modulated by muscurinic receptors
Electrical field stimulation (30 Hz, 100 mA and pulse duration
of I msec) of rat brain slices significantly increased APP‘ release
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Figure
I. APP is secreted from slices of rat cortex, striatum, hippocampus, and cerebellum. Rat brain slices were equilibrated in superfusion
chambers for 50 mitt, and then stimulated (30 Hz at 1 msec pulse duration) for an additional 50 min. A, Superfusion media collected during this
interval were concentrated by ultrafiltration and analyzed by immunoblot. Secreted N-terminal APP derivatives were visualized after probing with
the 22C11 antibody. B, APP release from each region was quantified by densitometry and normalized to unstimulated controls. Data are means -C
SEM from 8 (HPC), 4 (CBL), 7 (CTX; STR) experiments. **p < 0.01 versus respective unstimulated control. HPC, hippocampus, CBL, cerebellum;
CrX, cortex; and STR, striatum.

(Fig. IA). Consistent with previous studies, APP releasewas doubled in hippocampalslices(Nitsch et
al., 1993); however, release was also enhanced by electrical
stimulationin cortical, striatal and cerebellarslices(Fig. 1B). In
subsequentexperiments,cortical and/or hippocampalsliceswere
superfusedwith various pharmacologicagentsto assess
the roles
of muscarinicreceptorsin regulating brain APP release.Coadministration of gallamine (50 PM), a M2 antagonist, with carbachol (100 FM), a nonspecificmuscarinicagonist, significantly
increasedAPPs secretionfrom unstimulatedslices(162 t 25%
increaseover controls; p < 0.01) (Fig. 2A). Carbacholalonehad
no significant effect on APP secretion,and gallaminealone increasedbasalAPP releaseby 88 2 17% @ < 0.02). Exposing
Slices
t0 atr0pit-E
(1 FM),
a general UWSCarhiC
antagOniSt,
inhibited the APP releaseevoked by electrical stimulation by 78
? 5% (p < 0.01). The muscarinicagonistWAL 2014 increased
resting APP releaseby 100% @ < 0.05) at a concentration of
1 FM; however, higher doses(> 70 pM) lacked this effect (Fig.
2B). The biphasicnature of the WAL 2014 effect was predicted
from the fact that the drug acts with relative specificity on ml
and m3 receptor subtypesat low concentrations,but also stimulates m2 and m4 receptors at higher concentrations.Nonspecific activation of all muscarinicreceptorswith carbacholfailed
to enhanceAPP” releasefrom hippocampalslices, at any concentration tested(Fig. 2C).
in all regions examined

Electrical depolarization increasesneurotransmitter release
Samplesof superfusateswere analyzed for various neurotransmitters using HPLC. Increasedreleaseof acetylcholine and glutamate provided evidence that the electrical stimulation had effectively depolarized neuronswithin the slice. Consistentwith
our previous findings (Nitsch et al., 1993) electrical stimulation
increasedacetylcholine releaseto 531 t 114% of basal levels
by stimulation (p < 0.05), and this effect was inhibited by the
sodiumchannelantagonisttetrodotoxin (1 pM) (Fig. 3A). Elec-

trical stimulation also evoked glutamate releasefrom all brain
regions tested (Fig. 3B): glutamate releasewas approximately
2.0 nmol/mg/hr in all regions;this increasedto 15.9 -+-2.8 nmol/
mg/hr (p < O.Ol), 6.5 -C 0.9 nmol/mg/hr 07 < O.Ol), 9.7 + 1.9
nmol/mg/hr (p < O.Ol), and 32.3 t 2.9 nmol/mg/hr (p < 0.01)
in hippocampus,cortex, striatum, and cerebellum,respectively.
Aspartate releasewas increasedin media from hippocampabut
not cortical slices(p < 0.05) (Fig. 3C).
Electrical stimulation doesnot causenonspecificprotein
release
Stimulation had no effect on total protein release:typically 2550 pg was releasedper mg total protein during a 50 min collection period, whether or not stimulation was applied. Examination of individual proteins by coomassieblue staining, after
separationby SDS polyacrylamide gels, also revealed no obvious differences between secretedproteins recovered from stimulated and control slices (Fig. 4A). To addresspossibleeffects
of electrical field stimulation on other intrinsic membraneproteins besides APP, Western blots of secreted proteins were
probed with antibodies to N-CAM, a 120-220 kD neural cell
adhesionmoleculeexisting in various isoformsderived from alternative splicing of RNA. Both APP and N-CAM have large
extracellular N-terminal domainsthat include a heparin-binding
domain, a single membrane-spanningdomain, and a short cytoplasmicC-terminus(Jessell,1988). As expected, N-CAM was
abundantin protein extracts preparedfrom the slices:however,
it was undetectablein the concentratedsuperfusationmediaobtained after stimulation of slices from any of the brain regions
(Fig. 4B). This finding was verified by concentrating secreted
proteins by ultrafiltration through cellulose, and by slot blotting
followed by elution from PVDF membranes.
Releaseof the cytosolic enzyme LDH was also used as an
index of cell integrity and viability (Koh and Choi, 1987).LDH
activity was assayedin superfusion fluids from hippocampal
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Fi,yurr 2. Effects of muscarinic agents on stimulation-induced APP
secretion, Slices were equilibrated for 75 min. then exposed to drugs
for 20 min. Data represent the percentage increases in APP release,
compared with that from unstimulated control slices during a 20 min
period of drug exposure. A, Slices in parallel chambers were subjected
to electrical stimulation (30 Hz) as a positive control. The muscarinic
antagonist atropine (I FM) inhibited this increase but the nonspecific
agonist carbachol failed to mimic it unless presented with gallamine,
an M2 receptor antagonist. Data are means -f SEM from four to eight
experiments. B, A more selective Ml agonist (WAL 2014) enhanced
APP release from cortical slices at low concentrations. C, The nonspecific muscarinic agonist carbachol had no effect on APP release from
hippocampal slices. APP was collected over a 50 min interval after a
50 nun equilibration period. Data are means -+ SEM from three to six
experiments at each dose.

CTX

J

Figure 3. Electrical stimulation enhances acetylcholine and glutamate
release from brain slices. Neurotransmitter release was assayed in aliquots of superfusion media by HPLC. A, Acetylcholine release was
enhanced fourfold from stimulated hippocampal slices and this increase
was blocked by tetrodotoxin (I )*M). Data are expressed as percents of
basal release and represent means 2 SEM of five experiments. *I> <
0.05. B, Glutamate release from all brain regions was increased threeto ninefold by stimulation. C, Aspartate release was increased only in
hippocampal slices. Data are means 5 SEM from 8 (HPC), 4 (CBL),
7 (CTX; STR) experiments. **I) < 0.01 versus respective unstimulated
control. HPC, hippocampus, CBL. cerebellum; CTX. cortex: and STH,
striatum.

slices collected for a 2 hr period beginning immediately following loading of the superfusion chamber. Considerable LDH activity was released immediately after slice preparation: however,
its activity in the medium decreased steadily during the equilibration interval, reaching a stable baseline after 50 to 60 min
(Fig. 4C), which was unaffected by electric field stimulation
(Fig. 40).
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Figure 4. Protein release from rat brain slices. A, The effect of stimulation on total protein release was assayed by Coomassie blue staining of
the SDS polyacrylamide gel after electrophoresis of total proteins recovered from the superfusion medium. Proteins loaded were normalized to total
slice protein per chamber. B, NCAM was detected at high levels in slices after the stimulation period but was undetectablein the superfusion media.
C, The release of LDH from hippocampal slices was assayed in aliquots of superfusion media collected in 12 min intervals beginning immediately
after slices were placed in the chambers. Data are from one typical experiment, and each point represents a 12 min collection interval. D, LDH
release assayed during the stimulation period (i.e., after 50 min of equilibration) was not affected by stimulation. The stimulation interval is indicated
by the dashed line. Data are from a typical experiment, and represent a 12 min collection period.

Secreted APP lacks an intact C-terminus
An antiserum directed against the C-terminus of APP (Fig. 5A)
reacted strongly with protein extracts from brain slices, demonstrating the presence of full length APP in these extracts (Fig.
5A, lane 10); however, it failed to react with APP” in the superfusion media (Fig. 5A, lanes 8 and 9). The APP derivative detected by an N-terminal antibody, 22C11, in superfusion fluids
was approximately 10 kD smaller in molecular mass than that
from homogenates of brain slices (Fig. 5A, lanes l-5 vs lanes 6
and 7), suggesting that the APP derivatives secreted from the
brain slices lacked the C-terminus of full length APE Importantly, samples collected during the initial 12 min of the equilibration period contained very large amounts of APP but no
detectable quantities of full-length APP (Fig. 6B).
We attempted to assay the release of AP from cortical slices
to assess whether enhanced APPs secretion could alter AP processing and release. AP was undetectable with the R1280 antibody against Western blots of reconstituted superfusate proteins
using 12% Tris-tricine gels (Schagger and von Jagow, 1987). To
determine whether this was due to our method of concentrating
the superfusate proteins, we used a number of different protocols
(i.e., organic extraction, salt precipitation, blotting, and elution
from PVDF membranes, and dialysis through low molecular
weight cut-off membranes). In no case could we detect a signal
in samples that were not spiked with exogenous A& These re-

suits suggest that AP secretion was extremely low and below
the detection limit of our assay system. To test this hypothesis,
slices from an entire rat cortex were placed in a single chamber
and superfused. The medium from the equilibration period was
collected because it contains the highest amounts of protein
(cells injured from the slice procedure die and release their cytoplasmic contents during this period). In this case, a very faint
A@ signal was observed on Western blots of reconstituted superfusate proteins.
To determine whether derivatives of the APP-like protein
(APLP) family also were secreted from braiin slices into the
superfusion media, Western blots were probed with D2-I, a polyclonal antiserum that specifically detects APLP-2 (Thinakaran
and Sisodia, 1994). D2-I detected significant amounts of immunoreactive material in the expected molecular mass range that
was doubled by electrical stimulation (115 2 35% of basal levels, p < 0.05) (Fig. 5B, lane 5). The selective Ml agonist WAL
2014 also increased the immunoreactivity detected with this antibody (Fig. 5B, lanes 1-4). The antibodies Alz 90 (Weidermann
et al., 1989) and R1736 directed against the human forms of
APP did not immunoreact with proteins in either brain slices or
superfusion media. The antiserum R1736 has a very low affinity
for rat brain APP, probably because the region of human APP
to which it was raised differs by three amino acids from the
corresponding region of rat APl? Alz 90 also failed to detect
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proteins in superfusionmedia, possibly becauseit generatesa
weaker signal (approximately l/6) than 22C11 and higher nonspecific background.Despite several modificationsto our membrane blocking protocols, we were unable to reduce this background.
Like LDH, considerableAPP was releasedduring the initial
period following slice preparation, but this release decreased
rapidly to low baselinelevels (Fig. 6A,C). The stimulation-induced increasein APP secretionwas maintainedover a 38 min
period and then decreasedduring the last 12 min of the stimulation interval (Fig. 60). In light of these observations,we reduced the stimulation period of subsequentexperiments to 20
min and lengthenedthe equilibration period to 75 min. The longer equilibration period resulted in lower basal levels of APP

in the superfusionmedia, presumablyby more effectively removing the APP releasedduring the tissue preparation. This
change in experimental design also significantly lowered the
variance between parallel superfusionchambers.
APP’ release and overall

slice PI turnover

are dissociated

To determinewhether depolarization-dependentAPP releaseis
paralleledby increasesin PI breakdown, we measuredPI turnover in control and stimulated cortical slices. Slices were isotopically labeledfor 30 min with 3H-myo-inositolin the absence
of calcium, washed,incubatedin a nonradioactive medium,and
exposedto lithium (10 mu) and carbachol(5 mM) or to electrical
stimulation. As before, APP releasewas enhancedby electrical
depolarization but not by carbachol (Fig. 7A). In contrast, PI
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Figure 6. APP secretion from hippocampal slices is high in the initial equilibration period and stabilizes after 1 hr. A, Western blot of secreted
N-terminal APP derivatives (22Cll) collected over 12 min intervals from superfusion media. The first time point at 12 min was overexposed (due
to high APP levels) and not shown. B, Western blot of secreted proteins probed with an antiserum against the APP C-terminus (a-C8) failed to
detect full-length APP in superfusion media at any time interval, including the first I2 min, suggesting that the N-terminal APP derivatives shown
in A are, in fact, APP. C, Quantitation of APP secretion over the entire experimental period, without electrical stimulation. Each point represents
collection periods of 12 min, and a mean of three to five experiments k SEM if larger than symbol. D, Time course of APP‘ secretion from basal
(open circks) and stimulated (jifilled circles) hippocampal slices over the entire 50 min stimulation period. Data were collected over I2 min intervals
and were normalized to basal release after a 50 min equilibration period. Data shown are from one typical experiment.

was increased by carbachol (from 2600 -+ 180 to 4040
t 210 DPM/mg, p < O.Ol), but not by electrical stimulation
(Fig. 7B). Glutamate releasewas increasedby electrical depolarization (from 1.02 2 0.27 to 10.75 2 3.14 nmol/mg/hr, p <
0.05) but not by carbachol (Fig. 7C).

turnover

Discussion
Proteolytic processingof APP in mammalianbrain includesregulated cleavage and secretion of large N-terminal derivatives.
The resultsof this study show that secretory processingof APP
in brain slicescan be affected by neuronaldepolarizationas well
as by pharmacologicalstimulation of certain neurotransmitter
receptors. Specifically, stimulation of the ml/m3 subgroup of
muscarinic acetylcholine receptors acceleratedthe secretionof
C-terminally truncated, N-terminal derivatives of APl? Similar
secretedpolypeptides are also present in human cerebrospinal
fluid (Nitsch et al., 1995) and in cell culture supernatants(Weidemannet al., 1989; Slunt et al., 1994). Brain APLP2 probably

shareswith APP the ability to have its processingaffected by
electrical stimulation and muscarinicactivation, sinceboth treatments also increasedthe amountsof a 110 kDa secretedform
of APLP2 detected by the APLP2-specific antiserumD2-I (Fig.
SB). Similar secretedproductswere observedin conditionedmedia obtainedfrom a N,A neuroblastomaline (Slunt et al., 1994).
The absenceof glycosaminoglycan-modifiedAPLP2 with higher
molecular masses(Thinkakaran and Sisodia, 1994) suggeststhat
APLP2 secretedfrom brain slicesis not modified by the addition
of chondroitin sulfate proteoglycan chains, or, alternatively, that
the modified form was lost during our concentration protocol.
We have previously shownthat electrical depolarizationof rat
hippocampal slices increasesAPP’ release,and that this effect
is blocked by tetrodotoxin (Nitsch et al., 1993). We now show
that this increaseis partially mediatedby muscarinicneurotransmission,since atropine (1 pM) a nonspecificmuscarinicantagonist, reduced it by approximately 75% (Fig. 2A). Electrical depolarization concurrently enhancedthe releaseof both acetyl-
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Fi~~rrr 7. Comparison of APP secretion to PI turnover and glutamate
release. Cortical slices were preincubated for 30 min, pulse labeled with
5 pKi ‘H-myo-inositol for 30 min at low extracellular calcium, washed
for IS min, and chased for 20 min in the presence of lithium (IO mM)
and the absence of inositol. Secreted APP and glutamate were measured
in the superfusion media. Labeled inositol phosphates were measured
in aqueous extracts of brain slices. A, Electrical stimulation but not
carbachol (5 mM) increased APP‘ release. Bars represent means ? SEM
of four experiments. **p < 0.01 versus unstimulated control. B, Carbachol, but not electrical stimulation increased PI turnover cortical slices. Bars represent means t SEM of four experiments. **p < 0.05. C,
Glutamate release was increased by electrical stimulation but not by
carbachol. Means t SEM of four experiments. *p < 0.05.

choline and glutamate (Fig. 3), another neurotransmitter
capable
of receptor-mediated
enhancement of APP‘ secretion (Lee and
Wurtman, 1995).
Activation of ml/m3 muscarinic receptors with the predominately ml agonist WAL 2014 (Enzinger et al., 1993) caused a
dose-dependent
increase in basal APP‘ secretion from cortical
tissue slices (Fig. 2B). Its maximal effect was attained at I FM;
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larger doses produced progressively smaller effects, and at concentrations greater than 70 FM, the drug was ineffective. The
biphasic response to WAL 2014 may reflect unspecific stimulation by the drug of M2-receptors
at higher concentrations (Ensinger et al., 1993). In agreement with this interpretation,
inhibition of M2 receptors with gallamine increased APP‘ secretion
both under control conditions and, more so, when coadministered with the nonspecific muscarinic agonist carbachol (Fig.
2A). In the absence of the M2 receptor blocker, carbachol alone
failed to stimulate APP‘ release from hippocampal
or cortical
slices over a broad range of concentrations (Fig. 2C). suggesting
that M2 receptors supress the stimulation
by ml/m3 receptors
of APP secretion. Transfected cells coexpressing both ml and
m2 receptors might be useful for investigating this possibility.
The ability of gallamine to increase basal APP‘ release may be
mediated by blockade of inhibitory
M2 receptors, which are
activated by basal ACh release.
Electrical depolarization
of slices from all regions studied
(i.e., hippocampus,
cortex, striatum. and cerebellum)
increased
APP‘ release (Fig. I), suggesting that electrical depolarization
affects APP processing throughout the CNS. probably mediated
by many types of cell surface receptors.
Release of the cytoplasmic marker enzyme LDH was high
during the initial 30 min of the equilibration
period that followed
the slice preparation (Fig. 4C), probably reflecting its loss from
severed cells close to the slice surface (Misgeld and Froetscher,
1982). Therefore, an equilibration
period preceding experiments
was necessary to allow for the clearance of cellular debris. A
steady baseline in LDH levels was attained after 40-X) min of
superfusion under standard conditions (Fig. 4C); this remained
constant during the subsequent 100 min period when stimulation
experiments were performed. Electrical depolarization
did not
alter basal LDH release (Fig. 40), suggesting that the structural
integrity of brain cells was preserved during depolarization.
Likewise, total protein release was unaffected by electrical stimulation, as indicated by unchanged amounts of superfusate proteins on Coomassie-stained
SDS polyacrylamide
gels (Fig. 4A).
Thus, it appears that only certain proteins, like APP and APLP2
(Fig. S), are affected by neuronal depolarization.
Another related
brain polypeptide, N-CAM, was present in brain protein extracts
but undetectable in superfusion media from either unstimulated
control or stimulated slices (Fig. 4B). To exclude the possibility
that N-CAM was lost during the ultrafiltration
protocol (i.e., by
binding to the dialysis tubing), we concentrated N-CAM by dotblotting on PVDF (Immobilon-P,
Waters) and subsequent elution. This protocol also generated undetectable levels of N-CAM
in superfusion media.
Samples concentrated from media collected during the first I2
min of the incubation period contained extremely high levels of
APP‘, as revealed by 22C I I immunoreactivity
on Western blots,
yet no signal was detected using the a-C8 antibody raised
against the C-terminus (Fig. 5A and Fig. 6B). In contrast, this
antiserum was able to detect full-length APP in protein extracts
obtained from the same slices. This suggests that the APP‘ released during the initial equilibration
period was derived from
cleavage of APP holoprotein.
m I and m3 muscarinic receptors are expressed throughout the
cholinergic
target regions of both the hippocampus and the cerebral cortex (Bonner et al., 1987; Wall et al., 199la,b). These
receptors are members of a large family whose members are
coupled to phospholipase
activation and thereby to breakdown
of phospholipids
including PI (Peralta et al., 1988). Cell culture

7450 Farber et al. . Regulated APPS Secretion in Brain
studies have shown that APP‘ secretion is enhanced by treatments that increse PI turnover and thus activate protein kinases
(Buxbaum et al., 1990, 1992; Nitsch et al., 1992; Slack et al.,
1995) As expected, PI turnover was enhanced in slices exposed
to carbachol; however, it was not affected by electrical depolarization. These findings suggest that either stimulation
of PI
breakdown is not coupled to the regulation of APP secretion in
brain slices, or that most of the PI turnover induced by carbachol
occurs in cells that do not release APP. This apparent discrepancy could also reflect regulation of APP processing by a different second-messenger
pathway in viva. Slack et al. (1995)
has shown that tyrosine phosphorylation
can also mediate APP
processing in cultured cells, suggesting a potential alternative to
PI mediated signaling. Additionally,
it is also possible that electrical depolarization
causes a large increase in PI breakdown
products in a small population of neurons, which contribute relatively little to the total concentration
of inositol phosphates in
the slice preparation. Further experiments using preparations of
homogenous cell types are needed to explore these possibilities.
The coupling of APP processing and APP release to neuronal
activity suggests that treatments that modify brain neurotransmission to alter brain APP‘ secretion might also affect the rate
of amyloid formation.
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