
restored in the retinotectal system (17) and 
in other regions of  the CNS (18) of ana- 
rniotes after injury. Synaptic interactions 
have also been shown in mammals between 
grafted fetal o r  neonatal neurons and nerve 
cells in various regions of the host CNS 
including the tectum (19) .  We have now 
shown that adult mammalian CNS neurons 
have the capability t o  form functioning syn- 
apses with neurons in distant CNS regions 
after regeneration of their cut axons. Wheth- 
er o r  not such synapses can be formed in 
su6cient density and with appropriate 
specificity to  subserve behavioral hnct ion 
can now be explored. 
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Protection of Dentate Hilar Cells from Prolonged 
Stimulation by Intracellular Calcium Chelation 

Prolonged afferent stimulation of the rat dentate gyms in vivo leads to degeneration 
only of those cells that lack immunoreactivity for the calcium binding proteins 
parvalbumin and calbindin. In order to test the hypothesis that calcium binding 
proteins protect against the effects of prolonged stimulation, intracellular recordings 
were made in hippocampal slices from cells that lack immunoreactivity for calcium 
binding proteins. Calcium binding protein-negative cells showed electrophysiological 
signs of deterioration during prolonged stimulation; cells containing calcium binding 
protein did not. When neurons without calcium binding proteins were impaled with 
microelectrodes containing the calcium chelator BAPTA, and BAPTA was allowed to 
diffise into the cells, these cells showed no deterioration. These results indicate that, in 
a complex tissue of the central nervous system, an activity-induced increase in 
intracellular calcium can trigger processes leading to cell deterioration, and that 
increasing the calcium binding capacity of a cell decreases its vulnerability to damage. 

CALCIUM-MEDIATED PROCESSES IN-

side neurons arc critical to a variety 
of cell functions ( 1 ) .  Intracellular 

free (:a2 ' is normally maintained at a low 
level, but the level may increase significantly 
by events that release intracellular stores of 
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~nipulscs in an axon could give rlsc to co~is~stc~i t  iTo wtiom correspondence should be addressed. 

bound Ca2+ or  that allow c a 2  ' flu across 
the membrane. Large increases of  intracellu- 
lar c a 2  ' are thought to occur during peri- 
ods of excessive ncuronal excitation and 
trigger processes that lead t o  cell death (2). 
Specific cell types appear t o  be especially 
vulnerable t o  damage under conditions that 
facilitate (:a2+ influx via voltage- o r  neuro- 
transmitter-gated channels. Intracellular 
Ca2+ binding proteins are important in rcg- 
ulating free c a 2 '  (3) ,and their capacity to 
buffer intracellular (:a2+ may be important 
in determining cell vulnerability under con- 
ditions associated with Ca2+ infl~uc. 
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111 in vivo experiments on  rat dentate 
gyrus, prc~lclonged sti~nulation of  the major 
atferent pathway t o  dentate granule cells 
(the perforant path) was shown to lead to 
the histological degeneration of specific cell 
populations in the adjacent hilar region, 
without damage t o  the granule cells (4). The 
hilar cells that degenerated were the large 
spiny cclls called mossy cclls and a subpop- 
ulation of  aspiny local circuit neurons (intcr- 
neurons) that are somatostatin immunoreac- 
tive (4, 5) .  The mechanisms underlying the 
selective vulnerability of the rnossy cells and 
the somatostatin-immunoreactive in te r~~eu-  
rons arc unknown. However, irnmunocyto- 
chemical studies have shown that the den- 
tate neurons that survive the period of stim- 
ulation (granule cclls and some interneu- 
rons) contain significant levels of  a Ca2'  
binding protein (CaB1')---either parvalbu- 
min or calbi~ldi~l (DZHK) (5). In contrast, the 
vlil~lcrable hilar cells-the rnossy cells and 
other inter~~curons+ontain neither CaBP 
(5) .  Does low Ca2+ binding capacity under- 
lie the vulnerability of these hilar cells, and 
can vulnerable neurons be rendered resistant 
by increasing their Ca2 ' binding capacity 
cxperin~c~~tally? These questions were exam- 
ined by means of  a model of stinlulation- 
i~lcluced cell clamage (4, 5) modified for the 
hippocampal slice preparation. We assessed 
the effects of  sti~nulatio~l on CaBP-negative 
hilar cells impaled with microelectrodes 

filled with o r  without the Ca2+ chelator 
BAPTA 1 1,2 bis-(2-aminophenoxy)ethane- 
N,N,Nf,N'-tetraacetic acid] (6). BAPTA 
was chosen in preference t o  other chelators, 
such as EGTA, since BAPTA is faster acting, 
is highly specific for Ca2+ as opposed t o  
other cations, and has little nonspecific effect 
on cell function over the short periods of  
our expcrimcnts (7). 

Hippocampal slices were prepared and 
maintained as described (8) .  Either granule 
cells, interneurons, o r  mossy cells werc rc- 
corded intracellularly. Granule cells, inter- 
neurons, and mossy cells werc easily distin- 
guished on  the basis of their locations and 
ditferent physiological properties, properties 
that had been previously correlated with 
i~ltracellular staining t o  define cell morphol- 
ogy (9). In addition to  intracellular record- 
ing, an cxtracellular recording electrode was 
used to simultaneously monitor the granule 
cell population response to  stimulatio~l of 
the perforant path (10). The pattern of  
sustained perforant path stimulation was 
similar to  the "intermittent" pattern of  stim- 
ulation uscd in similar studies of cell death 
performed in vivo (4, 11). 

Simulta~lcous extracellular and intracellu- 
lar recordings from granule cclls demon- 
strated that, after 10 to  9 0  min of intcrmit- 
tent stimulation, there were no electrophysi- 
ological signs of deterioration in granule 
cells ( r z  ; 16; Table 1 ) .  Electrophysiological 

indications of deterioration werc defined as 
(I) ovcr a 20-mV depolar~zat~on fro111 pre- 
s t~mulat~on resting membrane potential 
(RMP) that pers~stcd after s t~mula t~on  
ceased (until the end of  the experiment, 
from 30 min to 2 hours aftcr stimulation 
stopped), (ii) a 50% or more loss of  input 
resistance (Ri,,) (12), and (iii) a 30-mV or  
more decrease In action potentla1 (Al') arn- 
plitudc. In contrast t o  granule cclls, mossy 
cells were extrcmelv sensitive to  s t imulat~o~l  
and had a much lower threshold for s t~mu-  
lus-evoked APs than granule cells. When 
tested w ~ t h  intermittent s t~mulat~on,  all 
rnossy cells depolarized dra~natically (up to 
60 mV) within seconds of the first 20-Hz 
stimulus train; in addition, AP amplitude 
decreased (Table 1) and Al' duration in- 
creased. O f  eight cells tested, only two cclls 
were able t o  repolarize and recover healthy 
AP amplitude after a brief period (less than 
5 min) of intermittent stimulation. These 
two rnossy cells were located extremely far 
(ovcr 1.5 mm) from the sti~nulating elec- 
trode relative t o  the other, more sensitive 
mossy cclls, and this proximity may have 
contributed to their lesser sensitivities. 
However, further intcrmitte~lt stimulation 
of these two ~nossy cells (13 and 1 9  min, 
respectively) led t o  their depolarizatio~l 
without subseque~lt recovery; Al' amplitude 
and cell R,,, decreased concomitantly. In 
these eight experiments, there was no 
change in the amplitude or  wavefor~n of the 
granule cell population spike at the time 
when rnossy cells showed electrophysiologi- 
cal deterioration. Thus, cells that had been 

Table 1.  Efects of stimulation on  the KMP, Ri,,, ancl Al' a ~ ~ ~ p l i t l ~ c l c  in neurons of the fascia dcntata 
impaled with or  without RAPTA in the rnicroelectrodes, before and 1 0  to  30  min after continuous 
intermittent (I  I) stimulation. For all measures with RAPTA-containing electrodes, stimulation was 
begun 2 0  to  30  min aftcr cell impalcmcnt. Granule cells and insensitive interneurons were stimulated 
until there was a permanent reduction in paired-pulse inhibition (up to  9 0  min). Mossy cclls and 
scnsiti\,c intcmcurons wcrc stimulated until there were electrophysiologicd signs of deterioration (up to  
10 min) if BAPTA-containing electrodes werc not uscd and for at least 1 0  min whcn UM'TA- 
containing electrodes were used. Values arc the means t SEM. 

shown, histologically, t o  degc~~eratc  aftcr 
sustained stimulation in in vivo experiments 
(that is, ~nossy cells) also showed clcctro- 
physiological signs of  deterioration after 
sustained stimulation in vitro. In contrast, 
cells that did not suffer histological damage 

(:el Before o r  Al' 
after RMP (nlV) R,, (Mfl )  amplitude 

type stimulation (mV) 
after sustained stimulation in vivo (that is, 
granule cclls) did not show electrophysio- 
logical signs of dctcrioration whcn recorded 
during sustained sti~nulatio~l in vitro. 

Granule cclls 
(no UAl'TA) 
(11 = 16) 

Inscnsitivc 
intcrncurons 
(no BAPTA) 
(11 = 10) 

Mossy cclls 
(no BAI'TA) 
( 1 1  = 8) 

Mossy cclls 
(UAl'TA) 
(I' = 5)  

Scnsit~vc 
int~rncurons 
(no UAl'TA) 
(I' = 4)  

Scnsitlvc 
intcrncurons 
(UAlTA) 
(11 - 2) 

Before 
After " 

When mossy cells were impaled with mi- 
croelectrodes co~l ta i~ l i~ lg  BAI'TA, they were Ucforc 

Aftcr 

as w h c ~ ~  impaled with c o ~ ~ t r o l  pipettes 
(11 = 5; Table 1 and Fig. 1 )  and werc also 
less se~~sitive t o  single stimuli (Fig. 1).  Dur- 
ing an initial 20  to  30 mi11 of cell impale- 
ment with BAl'TA-containing electrodes 

Before 
After 

Before 
Aftcr - 

(before illtermittent s t in~ula t io~~) ,  mossy cell 
Before 
After 

properties were mo~litored; there were IIO 

changes in RMP, Al' amplitude or  wave- 
form, o r  R,,. Recording with BAl'TA elec- 
trodes in g r a ~ ~ u l e  cells (11 - 3) and (:A3 
pyramidal cells ( r ~  = lo ) ,  however, showed 
that moccsscs known to involve i~ltracell~~lar 

Bcforc 
Aft cr 

(:a2+  creases (for exan~ple, spike freclue~lcy 
adaptation, o r  the akerhypcrpolarizatio~l af- "I1iffc1-cncc bctwccn bcfol-c and aftel- stimulation measul-cs statistically s~gn~ficant, I' <: 0 05, t test. 
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ter a burst of APs) dccreascd 2 0  t o  3 0  mi11 
aftcr impalement, suggcsting that 20  t o  30 
min wcrc sufficient to  allow for dif i~sion of 
KAI'TA into the impaled cell. Therchrc, 
mossy cells werc activatcd via intermittcnt 
pcrforant path stimulation 20  t o  30 min 
aftcr impalcmcnt. Thcsc mossy cells impalcd 
with BAPTA electrodes did not dcpolarizc 
(or dcpolarizcd only slightly) during the 
initial segmcnt of 20-Hz stimulus trains, and 
actually hyperpolarizcd during 2-Hz stimu- 
lus trains (Fig. 1K). Aftcr 1 0  mi11 of  inter- 
mittent stimulation, thcsc cclls showcd no 
dcterioration by elcctrophysiological crite-
ria. This response to  intermittent stirnula- 
tion of CaBP-negative cclls that wcrc im-
paled with KAPTA-containing electrodes 
was in contrast t o  thc rcsponse obtained 
from comparable cclls impalcd with micro- 
clcctrodes containing n o  c a 2  + chelator and 
was similar to  the response of CaBP-positivc 
cclls such as granule cells. 

Two mossy cells that were recorded with 
BAPTA-containing elcctrodcs were stimu-
latcd intermittently soon after impalcmcnt 
(at 1 0  min, bcforc substantial BAl'TA difil-
sion occurred) and 30 mi11 aficr impalement 
(Fig. 1).  Thcir responses t o  the first period 
of intermittent stimulation were similar t o  
the responses of  mossy cells impaled with- 
out BAPTA-containing rnicroelectrodes 
(Fig. 1A). Howevcr, whcn the samc stimuli 
wcrc dclivercd 30 min aftcr impalement, the 
same mossy cells were relatively resistant to  
stimulus-induccd dcpolarization, dccrcascs 
in AP amplitudc, broadening of Al's, and 
loss of K i n  (Fig. 1K). 

Othcr ncurons of thc dcntatc hilus that 
were sensitive to  sustained interrnittcnt 
stimulation had clectrophysiologic charac- 
teristics of interneurons. They wcrc infrc-
qucntly cncountcrcd and difficult to  hold in 
stable penetrations. Like thc mossy cclls, 
thcsc scnsitivc intcrncurons dcpolarized, 
lost K i n ,  and deteriorated during sustained 
interrnittcnt stimulation ( n = 4; Table 1) .  
Some interncurons in the hilus responded to 
interrnittcnt stimulation like thc granule 
cclls; thcsc inscnsitivc intcrneurons did not 
ciccpolarize, losc Ri,, ,  or  dctcrioratc during 
stimulation (11 = 10; Table 1). N o  inimuno- 
cytochcmistry was performed in thcse ex-
periments, so it was not possible t o  dctcr- 
minc whcthcr thc scnsitivc interncurons 
lackcd c a 2 +  binding proteins, o r  whether 
thcy contained somatostatin, as cxpcriments 
performed in vivo would suggest (4, .5). 
Howcvcr, it was possible to  differcntiate thc 
two populations of intcrncurons in anothcr 
way. The interneurons that wcrc scnsitivc t o  
sustained intermittent stimulation had a 
very low threshold for AP gcncration 
evoked by pcrforant path stimulation, 
whereas the insensitive intcrneurons had a 
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Fig. 1. Effects of intermit- Start End Start End 
tent stimuldtion on mossy 2-Hz 2-Hz 20-Hz 20-Hz 

train 1
cells itnp~lcd with intr~ccllu- 	 train 1 tram I 

stimulation (1 1) 10 mi11 af- 
ter impalement. During the ~ 1 0mV 

10 ms 

during control stimulation 
(compare Al ~ n dA?). 1)ur- 
i ~ i g  the 20-Hz period (A3 
through &,), the cell depo- 
lari~xddramatically a i d  APs 

sponse to stimulation was 
only a small dcpol~rization (Ah). After the 20-Hz stimulus train stimulation was stopped, the cell 
c ~ c ~ i t ~ ~ ~ l l yrecovered its tnetnbr~ne potential, Al' amplitude and waveform, and response to stimulation 
[see trace 1 in (B)]. The KM1' before stimulation is indicated by the dotted line. Stimulus artif~cts arc 
marked by the closed circles; some Al's are truncated by digitiiiation. (B) Thirty tni~iutes aftcr 
impalcmcnt, the sane mossy cell shown in (A) was stimulated with the same stimulus p~radigrn. 1)uring 
the 2-Hz train, thcrc was very little incre~se in the number of Al's per stimulus and the cell 
hyperpolari~xd (cotnp~re RMP ~t start of traces B, and B?). 1)uring the 20-Hi train there was a small 
initial d c p o l ~ r i ~ ~ t i o ~ i  (B3); the cell rcpol~rized quickly and remained at prcstimulatio~i KMP for the 
remainder of the 5-s period (Bq ~ n d  B,). When the 2-Hz stimulation w ~ s  continued (K6), the ccll 
hyperpolarized. Alternate 2 - H i  ~ n d20-Hi  stimulus trains were continued for 15 min, with the same 
rcsponscsto 2-Hz and 20-Hz stimulation as shown. A verp small incre~se in stitnulus intensity required 
to r c ~ h  threshold for Al' generation [evident on comparison of the response to the first stimulus in (A) 
~ n d(R)] w ~ s  obsc~vcd in four of five cclls. 

threshold that was similar to  granule cclls. 
Two scnsitivc intcrncurons with low thrcsh- 
olds wcrc impaled with microelectrodes 
containing KAPTA, and intermittent stimu- 
lation was dclivcrcd 3 0  min afier impale- 
mcnt. Intermittent stimulation led to  tran- 
sient, minimal dcpolarizations (up t o  4 mV) 
and cells completely rcpolariicd after intcr- 
nitt tent stimulation; there were n o  signifi- 
cant changcs in K i , ,  (Table 1). 

The mechanism of  the protective cffcct of  
BAPTA is most likcly thc chelation of  intra- 
cellular free c a 2 + ,  which would limit thc rise 
in Ca2 ' during stimulation. Calcium lcvcls 
may rise during stimulation bccause of  the 
rclease of free c a 2  ' from intracellular storcs. 
or as a rcsult of Ca2 ' influx through voltagc- 
ciccpendent or receptor-linkcd c a 2 ' channcls. 
TG tcst whethcr ihc dctcnoration was me-
diatcd by N-methyl-u-aspartatc (NMDA) 
channcls, as suggcstcd by othcr studies (4, 
we carricd out  two man~uulations. In ten 
cxperirnents, cxtracellular ~g~ ' concentra-
tion was raised t o  2 mA4, a levcl morc 

cxcitatory input produccd by perforant path 
stimulation (1.5). 

In summary, we have used thc c a 2 ~ '  che-
lator BAPTA to reducc thc damaging cffccts 
of sustained stimulation on cells found in 
thc hilus of thc fascia dcntata that appcar to  
lack ca2' binding protcins. Since wc have 
no way of assessing long-tcrm survival of  
ncurons studied in our in vitro experiments, 
it is not possiblc to  state unccluivocally that 
clcctrophysiological deterioration is equiva- 
lent t o  ccll dcath. Howcvcr, thc markcd and 
long-lasting electsophysiological changes we 
cncountcred havc long been associated with 
dying ncurons and corrclatc wcll with mor- 
phological studies that show dcath of thc 
sarnc neuron populations (4, 5) . Thus, we 
intcrpret our rcsults t o  suggest that ctfcctive 
buKcring of intracellular frce Ca2+ during 
pcriods of neuronal excitation is crucial t o  
cell sun~ival. Our data indicatc that in com- 
plex organized central ncnrous system tissue, 
high levcls of activation of  normal synaptic 
connections can ]cad t o  a risc in Can that 

effective in bloclung NM1)A-gated chat~ncls causcs irreversible dcgcncrativc changes in 
than our bascline level of 1m M  (13). I11 two neuronal physiology. Supplementing thc 
othcr cxpcrimcnts, thc spccific NMDA rc- c a 2 ' binding capacity of vulnerable cells can 
ccptor antagonist DL-amino-phospho~~o\~al-prevent ccll damagc. 
erate (APV) (100 y M )  (14) was addcd to 
our standard mcdiurn. Both manipulations 
blockcd thc damaging cfccts of  intcrmittcnt 
stimulation on  elcctrophysiologically char-
acterizcd mossy cells, demonstrating that thc 
c a 2  -induced cell deterioration was due to 
i n f l ~ ~ xvia NM1)A-gated channels, which 
wcre likely opened by the high level of 
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