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SUMMARY

Postsynaptic neuronal dendrites undergo functional and
morphological changes in response to pathologically
excessive synaptic activation. Although rapid formation of
segmental focal swelling (varicosity) is the most prominent
hallmark in such excitotoxic injury, little is known about

the pathophysiological function of these structural

alterations. We used cultured rat hippocampal slices to
evaluate the relationship between the formation of
varicosities and subsequent neuronal death. Substantial
numbers of segmental dendritic varicosities were observed
all over the hippocampus within 5 minutes of exposure to
30 uM NMDA, although neuronal death was detected only
in the CAl region 24 hours after NMDA exposure.

conditions per se produced dendritic focal swelling. Also,
NMDA-induced varicosity formation was dependent on
extracellular Na* concentration. Thus, we believe that
varicosity formation is not causally related to neuronal
injury and that the two phenomena are separable
and involve distinct mechanisms. Interestingly, dendrite
swelling was accompanied by AMPA receptor
internalization and a rapid, long-lasting depression in
synaptic transmission. Moreover, low N& conditions or
treatment with ethacrynic acid or proteinase inhibitors,
which effectively prevent varicosity formation, aggravated
NMDA-induced excitotoxicity, and eliminated the regional
specificity of the toxicity. Therefore, the pathological

Sublethal NMDA concentrations (1-10 pM) induced
reversible focal swelling in all hippocampal subregions.
NMDA-induced neuronal death was prevented either by
NMDA receptor antagonists or by the use of C#H-free
medium, whereas varicosity formation was virtually
independent of C&* influx. Rather, the Ca*-free

changes in dendrite morphology and function may be
associated with an early, self-protective response against
excitotoxicity.
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INTRODUCTION encephalomyopathies (Shoubridge, 1998), Huntington’s
disease (Young, 1997) and motor neuron diseases (Jackson
Neuronal cell loss is a common symptom of numerougnd Bryan, 1998). Elucidating mechanisms underlying
neurological disorders including Alzheimer's disease excitotoxicity may therefore offer a therapeutic approach to
Parkinson’s disease, prion disease and Down’s syndronieeating these disorders.

(Coyle and Puttfarcken, 1993; Kakizuka, 1998; Nagy, 1999). The dendrite is a major site of excitatory synaptic input
Most attention has been focused on ‘excitotoxicity’ as @etween neurons in the central nervous system. Long-term
mechanism of neuronal death in acute and chronic neurologahanges in synaptic interaction are assumed to involve
diseases (Choi and Rothman, 1990; Shaw, 1993). Cerebuterations in dendrite morphology. Indeed, recent studies have
ischemia, head and spinal cord injury and prolonged seizureported structural changes associated with synaptic plasticity
activity are associated with the excessive release of glutamgfuchs and Muller, 1996; Maletic-Savatic et al., 1999). At the
into the extracellular space and subsequent neurotoxicisame time, under pathological conditions of excessive synaptic
(Bittigau and Ikonomidou, 1997). Accumulating evidence als@ctivation, the dendrite may be selectively vulnerable to
suggests that impairment of intracellular energy metabolismeuronal injury because the receptors for excitatory amino
increases neuronal vulnerability to glutamate, whichacids that mediate excitotoxicity are localized predominantly
can damage neurons even at physiologic concentrationis. the dendrite (Racca et al., 2000). Indeed, a number of
This type of excitotoxicity is likely to be involved in pathomorphological studies have correlated diverse forms of
chronic neurodegenerative diseases such as mitochondr@ndritic injury with pathological degeneration. A common
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feature of dendritic injury is the formation of focal or varicoseExcitotoxin exposure

swelling (varicosity) along the length of the dendritic arborNMDA, kainate, AMPA and veratridine were added to culture
(Ramon y Cajal, 1909; Olney, 1971; Ikonomidou et al., 1989)medium at 37°C for 10 minutes. Colchicine, latrunculin A,
This pattern of dendrite swelling has been observed inytochalasin D and nocodazole were added to culture medium for 12
experimental injury models both in vivo (Hori and Carpenterhours. In some experiments, cultures were transferred 16f@e,
1994; Matesic and Lin, 1994) and in vitro (Bindokas andggj\i?;g"sgmgr?m‘;“gr?;;'gfgy”:;”p‘f;‘*c?ngegglt"'g/'géV‘iﬁﬁolsure-
Miller, 1995; AI_-Noori and Swann, 2000). However, the' M_EDTA (Wako) and 25 mM glucose. ReducedNalution was
gglrl]télﬁtrergterﬁgﬁﬂsT;Sml;?:te(;Iﬁlg%é?eerrﬁﬁehgl%%geﬂttfg?snErelgv;lg’zpared by replacing NaCl in HBSS with 120 mM choline chloride

. . ako) and 25 mM glucose (Wako). Hyperosmotic medium was
about the relationship between these structural changes pared by supplementing HBSS with 200 mM sucrose (Wako). MK-

neuronal survival. 801, tetrodotoxin, HgG) amiloride, furosemide and ethacrynic acid
Using cultured mouse cortical neurons, Park et al. (Park fere applied 30 minutes prior to NMDA exposure. Protease inhibitor

al., 1996) indicated that NMDA receptor-dependent dendritienixture was applied 12 hours prior to NMDA exposure. Recovery

varicosity formation occurs even after brief sublethalexperiments were conducted in normal culture medium at 37°C for

excitotoxic exposure, and thereafter recuperates spontaneously.to 168 hours.

This varicosity formation was not attenuated in?Claee Assessment of cell death

. ; Py
solgtlon (Hasbani et ‘."ll" 1998)' al.thOUQh Cé generally Cell death was assessed by propidium iodide (PI) (Molecular Probes,
believed to be es§entlal for trlggerln_g neuronal death_ (Choéu ene, OR) fluorescence. Pl is a polar compound that only enters
1992). On the basis of these observations, we hypothesized thgfs with damaged membranes and becomes brightly fluorescent red
structural changes in dendrites under pathological conditiongiter binding to nucleic acids (Macklis and Madison, 1990). Pl was
are not causally associated with neuronal injury. Thus, we havgided to culture medium at a final concentration pg5nl and the
focused the present study on the relationship betweetultures were kept at 37°C for 24 hours. PI fluorescence images were
varicosity formation and subsequent neuronal death, whicbbtained with a BioRad MRC-1000 confocal imaging system (BioRad
have previously been considered inextricably linked. Here walicroscience Division, Cambridge, MA) equipped with an inverted

describe a new aspect of NMDA receptor-mediated focdpicroscope ECLIPSE TE300 (Nikon, Tokyo, Japan), an argon ion
swelling. laser and a host computer system. All imaging and processing

operations were performed with Laser Sharp Acquisition (Biorad) and
Laser Sharp Processing (Biorad), respectively. Pixel intensity of
fluorescence (8-bit intensity levels) was measured at three different
areas of the slice: the CA1l and CAS3 stratum pyramidale and the
) stratum granulosum of the dentate gyrus (DG). Average intengjty (F
Materials was estimated for each slice by acquiring intensity values in ten
NMDA, MK-801, kainate, veratridine, colchicine, amiloride, different areas (26400 um?) within each hippocampal subregion.
furosemide and ethacrynic acid were purchased from Sigma (St LouiSimultaneously, the background intensity)(as obtained outside
MO). AMPA was obtained from Research Biochemicals (Natick,the slices. At the end of each experiment, all cells were killed by 24
MA). Latrunculin A, cytochalasin D, tetrodotoxin, Hg@hd protease  hour incubation at a low temperature (4°C) and the final PI
inhibitor mixture were obtained from Wako Chemicals (Osakafluorescence () was measured. Pl uptake was determined by (F
Japan). Nocodazole was obtained from Calbiochem (La Jolla, CAJ)/(Ffin—Fg)x100.

Veratridine, amiloride, latrunculin A, cytochalasin D and nocodazole )

were dissolved in DMSO. Furosemide was dissolved in methanol. THassessment of dendrite morphology

remaining materials listed were dissolved in distilled water.Carbocyanine-type membrane tracers were used for labeling cells
Immediately before use, stock solutions were diluted with culturdHonig and Hume, 1989). A single crystal (~0.1 mm diameter)
medium so that the final concentration of DMSO or methanol was lessf the fluorescent carbocyanine dye 'dibctadecyl 3,3,3'-

than 0.1%. The presence of 0.1% DMSO or 0.1% methanol had rtetramethylindocarbocyanine perchlorate (Dil) (Molecular Probes) or

MATERIALS AND METHODS

apparent effect on varicosity formation (data not shown). 3,3-dipentyloxacarbocyanine iodide (DiO) (Molecular Probes) was
) ] ) inserted into the CA1 and CA3 stratum pyramidale and the stratum
Organotypic cultures of hippocampal slices granulosum under a stereomicroscope. Some experiments were

Hippocampal slice cultures were prepared from 8-9-day-olderminated by fixation with 0.1 M phosphate buffer containing 4%
Wistar/ST rats (SLC, Shizuoka, Japan), as previously describgoaraformaldehyde at 4°C for 2 hours, at which point Dil was placed
(Ikegaya, 1999). Animals were deeply anesthetized by hypothermidirectly onto the fixed cultures. After a 2 day incubation at room
and their brains were aseptically removed and cut into transversemperature, dendrite morphology was analyzed using a BioRad
slices (30Qum thick) in aerated, ice-cold Gey’s balanced salt solutionMRC-1000 confocal imaging system (BioRad) with & @bjective
supplemented with 25 mM glucose, using a vibratome (DTK-1500(Nikon, Tokyo, Japan) and a digital zoom factor of three. Because
Dosaka, Kyoto, Japan). The hippocampi were dissected out undearicosities had formed almost evenly along dendrites all over the
stereomicroscopic control. Then, selected slices were cultured usitgppocampus (data not shown), the formation of varicosities was
membrane interface techniques. Briefly, slices were placed on 30 mguantified along the secondary branch of the apical dendrite of CA1
sterile membranes (Millicell-CM, Millipore, Bedford, MA) and and CA3 pyramidal cells or along the primary basal dendrite of
transferred into six-well tissue culture trays. Cultures were fed with fientate granule cells.

ml of culture medium consisting of 50% minimal essential medium )

(Life Technologies, Grand Island, NY), 25% horse serum (CelElectron microscopy

Culture Lab, Cleveland, OH) and 25% Hanks’ balanced salt solutio@ulture slices were fixed with 2.5% glutaraldehyde at 37°C for 90
(HBSS) containing 25 mM glucose, 50 U/ml penicillin G and 100minutes and then fragments of the CA1 region were further fixed with
pg/ml streptomycin. The cultures were maintained in a humidified2% OsQ 37°C for 60 minutes. After embedding in Epon, semi-thin
incubator at 37°C in 5% COThe medium was changed every 3.5 sections (0.5um) were stained with toluidine blue for light
days. Experiments were performed after 12-13 days in vitro. microscopy and thin sections (70 nm) were stained with uranyl and
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lead for micrographs using a Jeol 1200EX electron microscopEPSP with an amplitude of about 50% of maximum. Test

(JEOL, Inc., Peabody, MA). stimulations were delivered every 30 seconds (0.033 Hz). NMDA
] solution (3uM) was prepared immediately before use and perfused
Immunocytochemistry for GluR1 into the recording chamber for 10 minutes.

Hippocampal slices were treated withuBl NMDA for 10 minutes, o )

then rapidly immersed in ice-cold 4% paraformaldehyde in phosphatétatistical analysis

buffered solution (PBS) adjusted to pH 7.4 and fixed for 30 minuteData are expressed as meansts.e.m. values. Tests of variance
The slices were then washed three times in PBS, permeabilized wittomogeneity, normality and distribution were performed to ensure
0.3% Triton X-100 in PBS for 60 minutes at room temperature anthat the assumptions required for standard parametric ANOVA were
then washed again three times in PBS. Some preparations did rsattisfied. Statistical analysis was performed by Studete® for two
receive treatment with Triton X-100 to assess GIuR1 on the celiroup comparisons of means and one-way or two-way repeated-
surface. Nonspecific antibody binding was blocked by incubation imeasures ANOVA and post hoc Tukey’s test for multiple pairwise
5% horse serum in PBS for 60 minutes at room temperature. The slicesmparisons.

were then incubated with the primary antibody, goat polyclonal anti-

GluR-1 (Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:100 in

10% goat serum in PBS overnight at 4°C. This antibody recognizesEsyLTS

the extracellular region of the AMPA receptor subunit GIUR1 (N-
terminal 19 amino acids). The slices were washed three times in P :
and incubated in anti-goat IgG-FITC (Sigma), diluted 1:30 at 4°C fo DA-.|nduced neuronal .death . .

4 hours. They were then washed again three times in PBS. Images wErécessively released excitatory amino acids are well known to
obtained with a BioRad MRC-1000 confocal imaging systemultimately bring about neuronal death (Choi and Rothman,
(BioRad). Average fluorescence intensity was estimated by acquiring990). Thus, to clarify the relationship between dendritic focal
8-bit intensity values from 20 different regions (20-406°%) within  swelling and excitotoxic neuronal death, we first characterized

the CA1 stratum pyramidale and stratum radiatum. the excitotoxicity in organotypic cultures of hippocampal slices.
Extracellular recording
Cultures were transferred to a recording chamber mounted c A a control b NvDA

stereoscopic microscope and continuously superfused with war
(32°C) artificial cerebrospinal fluid consisting of 124 mM NaCl, :
mM NaHCG, 10 mM glucose, 5 mM KCI, 1.3 mM MgS01.24

mM KH2PQy and 2.4 mM CaC| adjusted to pH 7.4. To record fielc
excitatory postsynaptic potentials (fEPSP), a glass micropipette fi
with NaCl (1 M resistance) was placed in the stratum pyramidale
the CAl region and a bipolar tungsten stimulating electrode \
placed along the Schaffer collateral fibers in the CA1l strat
radiatum. The intensity of the stimulation was adjusted to prod

Propidium lodida

20 um

Fig. 1.NMDA induced neuronal cell death in a concentration-and B g Control b NMDA C NMDA+MKS801
time-dependent manner. (A) Confocal fluorescence micrographs show
hippocampal CA1 pyramidal cells double-labeled with DiO (green)
and PI (red) 24 hours after 10 minutes exposure to vehicle (a) or 30
UM NMDA (b). The plasma membrane was severely damaged in a
Pl-positive neuron and thereby the intracellular membrane
compartments were also stained with DiO, whereas only the plasma
membrane was labeled with DiO in a Pl-negative neuron. The faint
red signal in the background is derived from an autofluorescence of
the cytoplasm of pyramidal neurons. (B) Pl fluorescence was imaged
in the hippocampal slices 24 hours after 10 minutes exposure to D -
vehicle (a), 3uM NMDA (b), or a combination of 30M NMDA

and 10uM MK-801 (c). (C) Twenty four hours after treatment with ke "

NMDA at concentrations in the range of 1-30@ for 10 minutes, CA3 *

the fluorescence intensity of Pl was quantified in each hippocampal 5 ,,| " b4 "

subregion, i.e. the CAL region (circle), the CA3 region (triangle) and 3 % "
the DG (square). Massive neuronal death was observed mainly inthe | # 6 !_L\ WJ %
CAL region at 3uM NMDA but not evident in any subregions at Caril 3 50 Control 3 30 0 3 30
concentrations of less than M. (D) NMDA (3 or 30uM) was NMDA (M) NMDA
applied for 10 minutes in the absence or presence pRIBIK-801. )
MK-801 was added to culture medium 30 minutes before NMDA E

exposure. Twenty four hours after NMDA exposure, Pl fluorescence %0

was measured in the CA1 region. NMDA-induced neuronal death was
prevented by MK-801. (E) PI fluorescence intensities in the CA1
region (circle), the CA3 region (triangle) and the DG (square) were
measured 0, 24, 48, 72, 120 or 168 hours after 10 minutes exposur
30 uM NMDA. Cell death was detected only at 24 and 48 hours. 0
** P<0.01 versus Controf?P<0.01 versus 3QM NMDA. Data are 0 50 100 150
the meanszts.e.m. of eight to ten slices. Hours after NMDA exposure
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Cultures were exposed to M NMDA for 10 minutes, and length of the dendrites within 5 minutes of exposure. Following
then kept at 37°C for 24 hours. A damaged pyramidal cell isvashout of NMDA, the varicosity beading remained for at least
the CAl region was visualized by labeling with DIO and P1.60 minutes (Fig. 2A), which suggests that varicosity formation
Confocal microscopic studies demonstrated that DiO did nas a rapid, long-lasting change in dendritic structure.
stay confined to the surface membrane of the neuron butElectron microscopic analysis revealed ultrastructural
reached internal organelles, presumably the mitochondria, tladterations associated with the varicosity (Fig. 2B). Varicosities
endoplasmic reticulum, and the nuclear membrane (Fig. 1Abjyere typically 4-1Qum in length and 2-8&m in diameter, and
whereas only the plasma membrane was labeled in an intesgparated by narrow cytoplasmic segments 0.1phi3in
cell (Fig. 1Aa), suggesting that the plasma membrane watiameter and 1.5-dm in length. The cytoplasm of varicosities
severely degenerated in the dying neuron. Indeed, the nucleidontained clear vacuoles and many short fragments of
such neurons were always labeled with Pl, whereas livingytoskeletal elements. The region between varicosities
neurons had Pl-negative nuclei (Fig. 1A). Measurement ofontained few organelles. The microtubules within these
fluorescence intensity of Pl was therefore used in the followingegments were tightly packed, arranged longitudinally, and
experiments to analyze neuronal death quantitativelyappeared to be continuous.

Representative confocal Pl images at low magnification are Concentration-dependence of NMDA-induced varicosity
shown in Fig. 1B. formation was evaluated immediately after a 10 minute

NMDA-induced neuronal death was strictly concentrationapplication. Increasing concentrations of NMDA reduced the
dependent and regionally specific. NMDA at a concentrationlensity of spines along the length of the dendrites (Fig. 3Aa).
of 100 uM severely damaged CA1 and CA3 neurons but D@y contrast, the ratio of varicosity-bearing dendrites (Fig.
neurons were relatively resistant to the toxicity (Fig. 1C)3Ab), the density of varicosities along the length of dendrites
NMDA at 30 pM injured mainly the CA1 neurons (Fig. (Fig. 3Ac) and the average size of varicosities (Fig. 3Ad)
1Bb,C). Lower concentrations of NMDA (1-1fM) did not increased in a concentration-dependent manner. In contrast to
induce apparent cell death in any hippocampal
subregions (Fig. 1C). NMDA toxicity was effectiv
blocked by the noncompetitve NMDA receg A
antagonist MK-801 (Fig. 1Bc,D), and almost comple
disappeared when NMDA was applied in2Ghee
culture medium (data not shown).

NMDA-induced neuronal death also exhibi
temporal dependence. Following a 10 minute expc
to 30uM NMDA, an increase in Pl uptake occurred &
24 to 48 hours, whereas no significant Pl uptake
detected immediately after exposure. Thereafte
signals gradually decreased to baseline, which
represent a decrease in the number of neuronal cc
probably via phagocytosis by surrounding microg
cells. These data suggest that the NMDA tox
emerged in a delayed, relatively narrow time windo

30 M NMDA

20 -10' 0

Jﬂ!!ll!!li

B a Control

b 30 pM NMDA
NMDA-induced dendritic focal swelling ' ey ‘

NMDA receptors tend to be localized in postsyne
neuronal dendrites (Racca et al., 2000). The dend
therefore assumed to be particularly vulnerabl
NMDA injury and thus to convey the NMDA-induc
damage to the soma. To evaluate the early stac
NMDA toxicity, we examined the acute effects
NMDA on dendritic morphology in hippocampal sl
cultures.

Neuronal morphology was visualized using
florescent membrane tracer Dil. When cultures
exposed to 3uM NMDA for 10 minutes, there wi
widespread appearance of regions of altern

Fig. 2. Rapid formation of dendritic focal swelling in response to NMDA

dilatation and constriction along the length of
dendrites (Fig. 2A; Fig. 7Ab). Initially some, but not
dendritic spines underwent retraction and event
disappeared within 1-2 minutes of expos
Simultaneously, mild focal swellings (varicositi
appeared, but did not replace dendritic spines becau
varicosities occasionally bore a few spines on
surface. The varicosities gradually grew larger,
formed segmental focal swelling moniliformly along

exposure. (A) Time-lapse confocal images of an apical dendrite of Dil-
labeled CA1 pyramidal neuron following 10 minutes exposure {o\80

NMDA. Numbers above the images indicate time (minutes) after NMDA
treatment. NMDA induced a decrease in the number of spines and
subsequently produced focal swelling along the dendrites. (B) Electron
micrograph of varicosities in apical dendrites of Dil-labeled CA1 pyramidal
neurons in untreated (a) and NMDA-treated |80 10 minutes) (b) slices.

The varicosities, indicated by arrowheads, contained clear vacuoles (V) and
many short fragments of degenerated microtubules.
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NMDA-induced neuronal death, no regional difference wasubregions even at a low concentration ofu80 (Fig. 4A).
detected in the dendrite swelling, and varicosity formation waSimilarly, AMPA elicited neuronal death mainly in the CAl
observed in the CAl region, the CA3 region and the DGand CA3 regions at higher concentrations (100-8040),
Moreover, the concentration of NMDA required to producewhereas it yielded focal swellings throughout the hippocampus
apparent dendritic beadings was approximatejyw8 which  even at a low concentration of 3 (Fig. 4B). Varicosity
was ten times less than that required to evoke neuronal céfirmation was therefore induced by sublethal stimulation.
death. In addition, we found many other stimulants that produced
Time-course analysis confirmed that the varicosityneurite beading without inducing neuronal death. First, the
formation was initiated within minutes in response tpM  voltage-sensitive Nachannel activator veratridine effectively
NMDA, and reached maximal formation within 6 minutes ofevoked varicosity formation within 10 minutes, but did not
exposure (Fig. 3B). Even after removal of NMDA, theincrease Pl uptake (Fig. 4C). Interestingly, when hippocampal
varicosities remained for at least 24 hours, and then gradualfjices were incubated in €afree solution for 30 minutes
resolved spontaneously (Fig. 3B). This time-response curweithout exposure to any chemical stimulants, dendritic
was observed almost equally in the CAl region, the CA3%aricosities appeared spontaneously (Fig. 4C). Incubation in
region and the DG. Varicosity formation was completelyCe*-free solution per se did not elicit neuronal death.
blocked by MK-801 (Fig. 3C). Taken together, the data suggestcidentally, NMDA-induced varicosity formation was not
that NMDA receptor-mediated varicosity formation is rapid,inhibited in C&*-free medium (data not shown). It is therefore

widespread, long-lasting and reversible. likely that C&* is not required for varicosity formation, but
rather prevents the manifestation of focal swelling in dendrites.

Production of dendritic varicosity by nontoxic Following a 12 hour exposure to the microtubule-

stimulants depolymerizing agent colchicine, varicosities emerged

To further elucidate the relationship between neuronal deaspontaneously (Fig. 4Cb). The same treatment did not induce
and varicosity formation, we examined the effects of the nomeuronal death in the CA1 or CA3 region (Fig. 4Ca), although
NMDA receptor agonists kainate and AMPA.

Application of kainate invoked neuronal de

selectively in the CA3 region at concentrati b

>
Y

%]

in the range of 100-30QuM, whereas | _ :%’) 100 1
produced varicosities in all hippocam L 8 é o oL 8

E 6001 A cA3 g
Fig. 3. Characterization of NMDA-induced %“ @ DG E=] 50 |
morphological changes in dendrites. (A) g 400 f,
Immediately after 10 minutes exposure to NMDA at g pe
concentrations in the range of 1-100, slices were £ 2001 B
fixed with 4% paraformaldehyde and the dendrites ~ © | 3 0| é
were labeled with Dil. The density of spines along T T T T X T T y T
the length of the dendrites (a), the percentage of Control 11 0 100 Control 10 100

NMDA (uM) NMDA (M)

dendrites bearing varicosities (b), the density of d
varicosities along the dendrites (c) and the average C

size of varicosities (d) were measured. NMDA g 200 _

treatment resulted in a reduction in the spine density g S gl

and simultaneously caused an increase in the numberz g2

and size of varicosities in a concentration-dependent 2 3P 6

manner. No regional difference in these S 100 %i’%

morphological changes was detected among the CA1 2 5} § 41

region (circle), the CA3 region (triangle) and the DG § 2 g %

(square). (B) Slice cultures were fixed after 4, 6 and 5 a 27

10 minutes of NMDA exposure, or at 6, 12, 24, 48, = L T T T T T :
96 and 144 hours after 10 minute exposure iV13 Control1 10 100 Controll 10 100
NMDA and the ratio of varicosity-bearing dendrites NMDA (uM) NMDA (M)

was measured. The dendritic varicosities appeared
within 4 minutes of exposure and were observed in
about 80% of dendrites by 6 minutes of exposure,

oy,

C

%] [%]
but gradually decreased until 144 hours after £ 100 o CAL £ 100
removal of NMDA. (C) NMDA (3 or 3uM) was § A CA3 g
applied for 10 minutes in the absence or presence of & o DG 5
10 M MK-801. Immediately, the cultures were z 2
fixed and the ratio of dendrites with varicosities was < so S 50
measured in the CA1 region. MK-801 was added to ¢ @
culture medium 30 minutes before NMDA exposure. _‘g g
NMDA-induced varicosity formation was almost S ] S
completely prevented by MK-801. P0.01 versus S o€ . — . : S 0!
Control, #P<0.01 versus slices treated with S o5 10 12 50 100 150 o  Cowos 30 03 30

corresponding doses of NMDA. Data are the NMDA exposure Recovery NMDA

meanszs.e.m. of 9-12 slices. (min) (hn) (uM)  MK801
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the DG neurons were severely damaged (dat
shown). Similar results were obtained for anc
microtubule-depolymerizing agent, nocoda:
(data not shown). Likewise, the act
depolymerizing agents cytochalasin D
latrunculin A induced dendritic beading but did
produce neuronal death (Fig. 4C). Taken toge
these results show that there is a large numk
nontoxic stimulants that can produce dend
varicosities, suggesting that the varico
formation per se does not contribute causall
neuronal injury.

Despite the established theory that2Cas
essential for triggering neuronal death (C
1992), varicosity formation was virtua
independent of G4. Rather, C#&'-free condition:
promoted dendrite swelling. In addition, NMD
induced varicosity formation was rapid ¢
reversible, and the time course of the swelling
its recovery corresponded to the time window
neuronal death. Furthermore, the concentratio
excitotoxin required to produce varicosity w
considerably lower than those required for neur
death. These observations prompted us to ex
the possibility that the formation of varicosit
is, rather, a self-protective response agi
excitotoxicity.

Pathophysiological consequences of
varicosity formation

A number of studies indicate that postische
blockade of the AMPA receptor is sufficient
mitigate neuronal damage in experimental ischt
models (Sheardown et al., 1990; Nellgard
Wieloch, 1992), suggesting that ische
excitotoxicity is attributable to ischemia-induc
changes in the control mechanisms of AM
receptor-coupled processes or to changes in A
receptor characteristics. Furthermore, re
studies on synaptic plasticity show that NM
receptor activity regulates the function and cell
distribution of AMPA receptors (Malenka a
Nicoll, 1999).

To determine whether exogenously app
NMDA affects the cellular localization of AMF
receptors in hippocampal slice cultures, sl
treated with 3uM NMDA for 10 minutes wer
immunostained with antibody against the m
subunit of AMPA receptor GluR1 (Fig. 5). Tl

A 2
a £ 100 b
8
40 S 80
g g
IS c 60
s E
= 20 » 40
Q
° = e CAl
N S 207 o A CA3
] [ )
ol 8 S 0 = pe
T T T T o\o T T T T
Control 0 100 300 Contro 0 100 300
Kainate (UM) Kainate (UM)
8
B a 2 100 b
[%2]
S g0
L 40 E
©
a < 60
=} §
o 20 8 40
< £ e CAlL
T 204 g A CA3
8 @ ° o DG
0 S o
T T T T O\ T T T T
Control 0 100 300 Contro 0 100 300
AMPA (uM) AMPA (uM)
C a 100 b

40 80
60

20 40

% Pl uptake

|

20

% dendrites with varicosities

©
5
c
s}
O

Control
Veratridine
Ca?* Free
Colchicine
Cytochalasin D
Latrunculin A
Veratridine
Ca** Free
Colchicine
Cytochalasin D
Latrunculin A

Fig. 4. Discrepancies between neuronal death and dendritic varicosity formation.
Slices were treated with kainate (A), AMPA (B) or other drugs (C). Kainate,
AMPA and veratridine (1M) were applied for 10 minutes. Eafree buffer

was applied for 30 minutes. Colchicine (404), cytochalasin D (uM) and
latrunculin A (1uM) were applied for 12 hours. The cultures were divided into
two groups: one group was cultivated at 37°C for 24 hours and PI uptake was
measured (a), and the other group was immediately fixed with 4%
paraformaldehyde and the ratio of dendrites bearing varicosities was measured
(b). Panel C shows values in the CA1 region. Varicosity formation was induced
by various stimulants, even at low concentrations that did not give rise to cell
death. *<0.01 versus Control. Data represent the meansts.e.m. of 9-13 slices.

antibody recognizes the extracellular domain of GluR1. W&IuR1 in the stratum pyramidale was almost unaffected by
were thus able to distinguish between receptors expressed HIVIDA exposure, which suggests that AMPA receptor
the cell surface and intracellular receptors under nonpermeainternalization is a dendrite-specific event.

and permeant conditions. Although total GIuR1 On the basis of this observation, we conducted an
immunoreactivity was evident throughout the hippocampusglectrophysiological analysis to investigate whether synaptic
the cell-surface GIuR1 was distributed predominantly in theéransmission is affected by NMDA exposure. The stratum
stratum radiatum. Brief NMDA exposure resulted in aradiatum of the CAL region was stimulated, and the fEPSP was
reduction in cell-surface GIuR1 in the stratum radiatunrecorded from the CALl stratum pyramidale. This synaptic
without affecting the total number of GIuR1 (Fig. 5). Thisresponse reflects mainly AMPA-mediated neurotransmission,
result indicates that NMDA receptor activation decreased being completely blocked by 10uM 6-cyano-7-
proportion of the surface GIuR1, probably via promotingnitroquinoxaline-2,3-dione, a nhon-NMDA receptor antagonist
AMPA receptor internalization. By contrast, the distribution of(data not shown). The fEPSP was markedly reduced
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Fig. 5.NMDA-induced depletion of cell-surfac A a Control b NMDA B 300] @ SP

AMPA receptors. Slices were treated withX
| [ Control
2001 g NMDA
100 1
0

NMDA for 10 minutes and immediately fixed

with 4% paraformaldehyde and then the

immunohistochemical localization of the Gluk

subunit was analyzed with a confocal

microscope. (A) Representative confocal sect

through the CA1 stratum pyramidale (SP) anc

the stratum radiatum (SR) show the cellular

distribution of GIuR1. AMPA receptors

containing GIuR1 on the cell surface were ]

labeled with antibody under nonpermeant 300 b SR
conditions (Surface GluR1) and the total GIuF

population was probed under permeant 200

conditions (Total GluR1). (B) NMDA-induced

reduction of cell-surface GIuR1 was assessec 100 |

the CA1 stratum pyramidale (a) and the CA1 SR ’_T_‘ *
stratum radiatum (b) by using quantitative i -
colorimetric assay. NMDA induced a decreast 50 pm 0

cell-surface GIuR1 subunits (Surface) without - e Surface Total
affecting the total number of GIuR1 (Total),

resulting in a lower proportion of surface AMPA receptors. The GluR1 internalization was predominantly observed in theidersdete
(SR), as compared with the soma-rich zone (S®J0*05 versus Control. Data represent the meansts.e.m. of eight slices.

Surface GluR1

Immunofluorescence Intensity
(arbitrary units)

Total GluR1

immediately after bath application of 3M NMDA, and  dendritic varicosity formation may represent an early defensive
stabilized at a level of about 30% of control values within 2-Fesponse against excitotoxicity.
minutes (Fig. 6A). Even 24 hours after removal of NMDA,
fEPSP amplitudes remained depressed, but had recoveredBcitotoxicity aggravation due to inhibition of
near pretreatment levels by 48 hours (Fig. 6B). Interestinglyaricosity formation
this time course corresponds with the recovery time observethe final set of experiments aimed to determine whether or not
for varicosities. inhibition of varicosity formation affects neuronal death. If
Taken together, NMDA induced a rapid, long-lastingvaricosity formation serves as a defensive response against
depression of AMPA-mediated synaptic function. Consideringgxcitotoxicity, neurons will be severely damaged if they cannot
that excessive AMPA receptor activation after ischemic injurydo this efficiently. Thus, we searched for strategies to prevent
may cause neurotoxicity (Sheardown et al., 1990; Nellgard andhricosity formation. (Fig. 7).
Wieloch, 1992), these results support our hypothesis that In cultured cortical neurons, Hasbani et al. (Hasbani et al.,
1998) have already shown that varicosity formation in response
to NMDA is substantially attenuated in reduced* Naffer.
Therefore, we first examined whether low *Neonditions
inhibit varicosity formation in organotypic cultures of
1 hippocampal slices. Naconcentration was reduced from 150
100 A m .......................................................... mM to 30 mM by iso-osmotic substitution of Naith choline.
We confirmed that NMDA did not induce varicosity formation
in low Na" solution, and that exposure to lowNauffer alone
did not affect dendrite morphology (Fig. 7Ac,B). These results
suggest that Naentry is required for varicosity formation.
Therefore, we next investigated the effect of the voltage-
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>
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2mv

50 |

% fEPSP amplitude

-20 0 20 40 60 Fig. 6. Rapid, long-lasting depression of synaptic transmission
following NMDA exposure. (A) Time course of changes in fEPSP
amplitude following a 10 minute bath application il NMDA.
B fEPSP evoked by stimulation of the Schaffer collaterals was recorded
4 - extracellularly from the CA1 stratum pyramidale of cultured
hippocampal slices. Representative fEPSP recordings at-titBes
(1) and 58 (2) are shown in the inset. Arrows indicate stimulation-
* elicited artifacts. Data are expressed as the percentage of
*k pretreatment fEPSP amplitude; meanszts.e.m. of four slices.
** (B) Reversible NMDA-induced suppression of synaptic transmission.
fEPSP was recorded immediately before (pre) or at 0, 1, 24 and 48
hours after 10 minutes exposure tp\ NMDA. Data are the
0 meanszs.e.m. of seven to eight different slic€s0t05, **P<0.01
Pre 0 1 2 4 48 versus Pre. NMDA induced a rapid, long-lasting decrease in synaptic
response, which almost completely recovered after NMDA washout.
Time after NMDA exposure (h) Recovery time was relatively slow, requiring 48 hours.

Time after NMDA exposure (min)

fEPSP amplitude (mV)
N
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We next investigated the effect of hyperosmotic conditions
on NMDA-induced varicosity formation. Hypertonic solution
was prepared by supplementation with 200 mM sucrose.
However, the high osmotic conditions did not affect the focal
swelling (Fig. 7B). Furthermore, the effects of the broad
inhibitor of water channel aquaporins (except AQP4) HgCl
the N&/H* exchanger inhibitor amiloride, and thei\&",2CI-
cotransporter inhibitor furosemide were examined, but none of
them blocked varicosity formation (Fig. 7B). Rather, all three
inhibitors produced severe dendritic varicosity beading.
However, the HC@/CI~ exchanger inhibitor ethacrynic acid
significantly prevented NMDA-induced varicosity formation
B (Fig. 7B).

Electron microscopic analysis revealed that varicosities

contained large numbers of cleavages of cytoskeletal elements,
*x suggesting that dendrite swelling is associated with
cytoskeletal protein degradation, conceivably via a proteolytic
process. We therefore evaluated the effect of protease
inhibitors. When NMDA was co-applied with a protease
inhibitor cocktail containing 100uM 4-(2-aminoethyl)-
benezensulfonyl fluoride, 80 nM aprotininu® bestatin, 1.5
UM E-64, 2 uM leupeptin and 1uM pepstatin, varicosity
formation was significantly attenuated (Fig. 7B).

On the basis of these observations, we were able to assess
the effect of low N& conditions and protease inhibitors, both
of which efficiently prevented NMDA-induced varicosity
formation, on NMDA-induced neuronal death. Either low" Na
conditions or pretreatment with protease inhibitors actually
exacerbated NMDA excitotoxicity (Fig. 8). Two observations
were of particular importance here. First, NMDA induced
Fig. 7.Low Na* buffer, ethacrynic acid and protease inhibitors neuronal death not only in the CA1 regions but also in the CA3
prevent NMDA-induced dendritic varicosity formation. region and the DG. Second, NMDA caused neuronal death
(A) Representative confocal images of dendrites of CA1 pyramidal even at concentrations too low to induce neuronal death under
cells in untreated slices (a) or @M NMDA-treated slices in normal normal conditions. Ethacrynic acid produced similar results;
(b) or low Né solution (c). Culture medium was changed to low Na when 3uM NMDA was applied in the presence of 40M
buffer 30 minutes before 10 minutes exposure to NMDA. No ethacrynic acid, massive cell death occurred all over the
varicosity was generated under lowNanditions. (B) Effects of hippocampus (data not shown).

various manipulations and drugs on NMDA-induced varicosity We determined whether NMDA treatment in reduced Na
formation. The culture medium was changed to loweredshiution solution elicits a long-lasting depression of synaptic

200 mM -containi h ti dium 30 minut . .
grefore WMSXgSSSSE?Q_ zzll'lgtl?ogdgtggier]r%]iﬂn)]OA(gCr};e(ll(l)ngpM) MINUEES {ransmission. When the bath solution was changed to Idw Na

amiloride (100uM), furosemide (LO@M) and ethacrynic acid (400 puffer, .fEPSF_> ampllyudes were transiently facilitated w|th|n Fhe
HM) were added 30 minutes before NMDA exposure. A mixture of first minute, immediately followed by a gradual decline, with
protease inhibitors (1:1000) was applied 12 hours prior to NMDA  the synaptic responses almost disappearing within 10 minutes
exposure. Slices received 10 minutes treatment wjithl Qopen (Fig. 9). However, synaptic response fully recovered within 30
columns) or 3uM NMDA (filled columns), immediately followed  minutes after replacement with normal*Nslution. When 3

by fixation with 4% paraformaldehyde. Low Nauffer, ethacrynic uM NMDA was applied for 10 minutes in low Naolution,

acid and protease inhibitors significantly blocked the varicosity fEPSP amplitudes were not depressed but rather slightly
formation, whereas tetrodotoxin, amiloride and furosemide induced hanced (Fig. 9). No statistically significant difference in

varicosity formation. Data are expressed as the meansts.e.m. of 9- . .
slices, #P<0.01 versus intact slices (None and Contf#<0.01 ngSP amplitudes at 90 minutes after washout was detected

versus NMDA alone (None and NMDA). between untreated and NMDA-treated slices.

A a control b NMDA C NMDA+Low Na*

*dk

k|

50+ #H

% dendrites with varicosities

None

Low Na*
Tetrodotoxin
Sucrose
HgClz
Amiloride
Furosemide

[ Control
Il NMDA

Ethacrynic acid
Protease inhibitors

DISCUSSION

sensitive Nachannel blocker tetrodotoxin on NMDA-induced

varicosity formation. We found tetrodotoxin to be virtually The dendrite serves as a pivotal input device of a neuron, which
ineffective against this form of dendrite swelling (Fig. 7B),depends on its specialized, unique geometry - an anatomical
although the same treatment attenuated veratridine-inducé@mework for spatiotemporal integration of signals from
varicosity formation (data not shown). Rather, tetrodotoxirhundreds or thousands of synapses arranged on its complex
alone slightly induced spontaneous dendritic focal swellingarbor (Midtgaard, 1994). For this reason, the dendrite may also
Nonetheless, these results indicate that dendrite swelling B a major input site of stressful disturbance under pathological
dependent on ionic flow. conditions, such as excessive excitatory signals, and thus has
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Fig. 8.Inhibition of varicosity formation aggravates A

NMDA-induced neuronal death. (A) Representative

confocal images of Pl fluorescence in hippocampal

slices 24 hours after 10 minutes exposure jitvi3 asumnvbA bs M NMDA € 30 uM NMDA d 30 pM NMDA
(a,b) or 30uM (c,d) NMDA in normal (a,c) or low in Low Na* in Low Na*
Na* conditions (b,d). Culture medium was changed Wi
to normal or low Nahbuffer 30 minutes prior to
NMDA treatment. (e) PI fluorescence intensity was
quantified in the CA1 region (solid columns), the
CAS region (hatched columns) and the DG (open
columns). Low N& conditions exacerbated NMDA
excitotoxicity; NMDA in low N& solution evoked

neuronal death all over the hippocampus. Note that w0l @ iy
treatment with NMDA even at a concentration of 3 — A
MM showed apparent neurotoxicity. (B) Slices were CA3 ¥
treated with a mixture of protease inhibitors % 601 DG #
(1:1000) for 12 hours and exposed to 3 ouBD s
NMDA. They were subsequently incubated in = 7
normal medium at 37°C for 24 hours and P uptake 5 e
was measured. Treatment with protease inhibitors 20 1 #
exacerbated NMDA-induced neuronal death. % %
** P<0.01 versus ControfP< 0.05,#P<0.01 versus 0 L o 7~ W7 w7 W .
corresponding concentrations of NMDA. Data are Control 3 30 0 3 30
the meansts.e.m. of 9-12 slices. NMDA (uM)
Low Na*
been considered to be highly vulnerable B
neuronal injury as compared with the axon
the soma. Indeed, diverse types of denc 01 o CAS
injury associated with excitotoxicity have Ic ° CA3
been illustrated (Ramén y Cajal, 1909; Ol 3 a0{ — oG
1971; Ikonomidou et al., 1989). The pres El
study also demonstrated several morpholos e *x
and physiological alterations in response o 201 i
NMDA receptor activation, including a loss
spines, dendritic focal swelling, cytoskele 0 —ﬂl' - W
degradation and a depression Control 3 30
neurotransmission. Indeed, it is possible fo NMDA (uM)
of these phenomena to contribute to a coll Protease inhibitors

of normal neuron function.

Our evaluation, however, of the relationship betweerl992), the dendrite swelling and AMPA receptor inactivation
dendritic injury and subsequent neuronal death revealed thatay represent an early, self-protective response against
the two phenomena are separable and involve distinéxcitotoxicity. This idea is further supported by the fact that
mechanisms. Importantly, the formation of varicosities wasreatments preventing the manifestation of focal swelling cause
rapid and reversible, and accompanied by AMPA receptoa significantly greater level of neuronal cell death in
internalization and a rapid, long-lasting depression in synaptiexcitotoxicity.
transmission. Considering that prolonged excessive AMPA Although neuronal death and varicosity formation were both
receptor activity following NMDA receptor activation is likely triggered by NMDA receptor activation, their ionic dependence
to be a causal factor in inducing delayed neuronal death iwas distinct, which suggests that they are mediated by
excitotoxicity (Sheardown et al., 1990; Nellgard and Wielochjndependent cellular mechanisms. The former was dependent

O Control

o 150

2
Fig. 9.Lack of effect of NMDA on synaptic transmissionin 2 4,
low Na" solution. When Naconcentration of the bath %
solution was reduced from 150 mM to 30 mM, fEPSP o
amplitudes dropped markedly within 10 minutes, but & 50
completely recovered within 30 minutes after application of LU
basal N& concentration (open circles). Bath application of
3 UM NMDA for 10 minutes did not cause depression of 0 . . .
fEPSPamplitudes in low N&asolution (closed circles). -60- 30 0 30 60 9

Data are expressed as a percentage of baseline fEPSP
amplitude (at time-40); meanszts.e.m. of four slices. Time after NMDA exposure (min)
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on C&*, and the latter required NaAlthough it is well known — mechanism for synaptic plasticity. If this is true, it is intriguing
that excitotoxin-induced neuronal death is initiated byto find that NMDA-induced synaptic depression was
excessive C& influx through NMDA receptor channels (Choi, completely abolished in reduced Nasolution. To our
1992), very little is known about the role of Nia dendrite  knowledge, there has not yet been an indication of & Na
swelling. Veratridine application alone caused segmentakquirement in the induction of hippocampal LTP or LTD,
neurite beading, and the veratridine-induced varicosityvhereas Nainflux through AMPA receptor channels is critical
formation was prevented by tetrodotoxin. Therefore, &dry  for the induction of LTD in cerebellar Purkinje neurons
is sufficient, and hence may be the primary event in this typé.inden et al., 1993). Very recently, Rose and Konnerth (Rose
of swelling. However, tetrodotoxin did not affect NMDA- and Konnerth, 2001) reported that LTP induction protocol
induced dendritic beading, which suggests that NMDAelicits an increase in intracellular Ndevels via NMDA
receptor-dependent swelling does not require” N#lux  receptor channels. Thus, clarifying a*Nactivated signaling
through tetrodotoxin-sensitive Nahannels. Several reports pathway may provide a new insight into long-lasing changes
show that cell volume is regulated by the*MtHt exchanger in synaptic efficacy in both physiological and pathological
and Nd,K*,2CI" cotransporter in various types of cells suchcases.
as red blood cells, ovary cells and CHO cells (Sarkadi et al., In conclusion, selective dendrite changes in shape and
1984; Parker, 1988; McCarty and O’Neil, 1992). Thesdunction are among the earliest signs of excitotoxic injury,
observations raise the possibility that such transporters aeexd observed in diverse neurological diseases and
candidates for a route of Naentry in NMDA-induced neurodegenerative disorders. For years, these pathologic
varicosity formation. However, both amiloride and furosemidechanges have been thought as a prelude to eventual cell death
were virtually ineffective in preventing dendrite swelling. (Olney, 1971). Indeed, as shown in the present study, they may
Therefore, we believe that it is the Naflux through the distort neuronal functions. However, these alterations are
NMDA receptor channel itself that mediates the dendrite focatansient and fully reversible. In long time scales, therefore,
swelling. In this context, NMDA receptor activation stimulatesthey are not causally associated with neuronal injury. Thus, we
two distinct signaling pathways in neurons:2Cactivates prefer the hypothesis that NMDA-induced paralysis of synaptic
various Cé&*-dependent enzymes, including kinases andunction and morphological changes in dendrites serve as a
proteases, and may cause eventual neuronal death, and Nafety device against excessive stimulation of glutamate
induces dendritic focal swellings. Although Yu and Salter (Yureceptors. Elucidating mechanisms that mediate the dendritic
and Salter, 1998) suggested that Mélux through the NMDA  alterations under pathological conditions may be of
receptor activates the protein kinase Src,*-Blgivated fundamental importance to understanding mechanisms of
signaling molecules that mediate varicosity formation or celheuronal injury.
swelling have not been identified. Therefore, it is interesting
that protease inhibitors diminished NMDA-induced varicosity This work was supported by Grants-in-aid for scientific research
formation. Nd-activated proteases may be involved infrom the_ M|n|stry_ of Educatl_on, _S_uence_and Cu_Iture of Japan. We
varicosity formation. thank Michael Critchley for his critical review of this manuscript, and
In the context of synaptic plasticity, it is also interesting thaf12ki Kobayashi-Yamada for her assistance with the manuscript
X . .~preparation.
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