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Elevation

SHAO-NIAN YANG, YUN-GUI TANG, AND ROBERT S. ZUCKER
Department of Molecular and Cell Biology, University of California, Berkeley, California 94720

Shao-Nian Yang, Yun-Gui Tang and Robert S. Zucker. Selective  sensitive CA" chelators to induce LTP or LTD were severe
Induction of LTP and LTD by Postsynaptic [€d; Elevation.J. constrained by the limitations of available chelators. Nit
Neurophysiol81: 781-787, 1999. Long-term potentiation (LTP) an‘éhanges its & affinity by only 30-fold so that [C&']; cannot

I_or_ng-terml depression ('f‘fTD)’ two pérzrlnihryent forms |°f synagz;icl p""l‘ﬁie elevated to a very high level. Even moderate increase
ticity at glutamatergic afferents to ippocampal pyramidal cellg~ 5+ : . -
are both triggered by the elevation of postsynaptic intracellular c E,a 1 require nearly complete photolysis of nitr-5 so th

cium concentration ([C&;). To understand how one signaling mol- : -
ecule can be responsible for triggering two opposing forms of synaplit [Ca"];. Photolysis of DM-nitrophen produces a larg

modulation, different postsynaptic [€4, elevation patterns were [C& ']; rise, and repeated partial photolysis can be used
generated by a new caged calcium compound nitrophenyl-ethylgw@long a small [C&"); rise, but interaction of this substand
glycol-bis(8-aminoethyl ether)-N,N,N’,N’-tetraacetic acid in CA1 pywith endogenous cytoplasmic magnesium leads to a risq
ramidal cells. We found that specific patterns of Cl elevation [CaZ*]i while filling the cell (the “loading transient”) (Nehe
selectively activate LTP or LTD. In particular, only LTP was trig-and Zucker 1993), which can itself induce either LTP or LT|

gi‘feﬂ by a b”ehf i“[ggf]se,‘)f [déé].i witr|1 re"?‘“"le'y, higlh ,magnit,Udﬁ: even before beginning the recording session or photolysing
which mimics the , rise during electrical stimulation typically : - -
used to induce LTP. In contrast, a prolonged modest rise of za compound. In this study, we exploit the properties of t

: . : 9 . e
reliably induced LTD. An important implication of the results is tha’_%(ﬁ-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGT
|

both the amplitude and the duration of an intracellular chemical si V . . .
P g lis-Davies and Kaplan 1994) to produce either a large risq

can carry significant biological information.

[C&a?"]; with repeated partial photolysis without binding ma
nesium ions and the complication of a loading transient. T,
Long-term potentiation (LTP) and depression (LTD) are twallows one to manipulate [€4]; levels in ways that were nof
forms of activity-dependent synaptic plasticity that are broadfyreviously possible.
assumed to be involved in learning and memory (Bliss andWe used selected patterns of photolysis of nitrophery
Collingridge 1993; Linden and Conner 1995). In LTP, brieEGTA to show that, when the amplitudes and durations
high-frequency afferent activity leads to a long-lasting increa§éa®"]; elevation are adjusted to resemble those occurr
in the strength of synaptic transmission, whereas prolongédring electrical stimulation used to induce LTP or LTD (Otal
low-frequency activity results in a persistent reduction in sy@nd Connor 1996; Petrozzino et al. 1995), LTP or LTD
aptic strength. Both processes are triggered by an increasesétectively and exclusively produced by such changes
the level of postsynaptic intracellular calcium concentratidi€a®*];.
([Ca™],). Proposals that LTD is induced simply by a lower
minimum [C& '], than LTP (the “differential threshold hypoth-
esis”) (see Artola and Singer 1993; Lisman 1989) are notE THOPS
supported by experiments showing that LTD and LTP haveTransverse hippocampal slices, 4pfn thick, were cut by vi-
similar probabilities of being activated by a brief rise irbratome from brains of 11- to 22-day-old Sprague-Dawley rats a
postsynaptic [C&'];, in the submicromolar range (Neveu andhalothane anesthesia and decapitation (Neveu and Zucker 19
Zucker 1996a). One possibility is that a rise in f(’;h enables Slices were maintaineg=1 h in recording medium containing (in
the induction of both LTD and LTP but that other procességM) 119 NaCl, 2.5 KCl, 2.5 CaG] 1.3 MgSQ, 1.0 NaHPOQ,, 26.2
activated by the different patterns of afferent stimulation af$@HCO;, and 1lp-glucose, saturated with 95%,3% CO;. They
responsible for determining the outcome, for example, activie'e then transferred to a submersion chamber and perfused cq
tion of muscarinic (Huerta and Lisman 1995), metabotrop ously at 2.5 ml/min at 22°C. Whole cell recording electrodes (4|

; Q) were filled with (in mM) 117.5 Cs gluconate, 17.5 CsCl, 8 Nag
(Bortolotto et al. 1994; Cohen and Abraham 1996), Nor 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 0.2 EGT|

methylo-aspartate (NMDA) (Huang et al. 1992) receptorss Na,ATP, and 0.2 GTP, pH 7.2 adjusted with CSOH. Electrode t
Another possibility is that LTP and LTD are specifically actiwere filled with this solution containing 5—~8 mM nitrophenyl-EGT
vated by different patterns of [€&]; elevation. (Molecular Probes), 50% loaded with €a and neutralized with
Previous studies (Neveu and Zucker 1996a,b) with phote5-12 mM HCI. Excitatory postsynaptic potentials (EPSPs) w
recorded under current clamp, holding cells at a membrane pote

The costs of publication of this article were defrayed in part by the paymef —80 mV, after correction for a-6 mV junction potential, deter-
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repeated photolysis cannot be used to achieve a prolonged ri
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of page charges. The article must therefore be hereby magdtftisement” mined by measuring the potential difference between recording ne-

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ dium and pipette solution with 3 M KCI microelectrodes and a K
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agar bridge as ground lead. We continuously monitored pipette accESTA (Ellis-Davies et al. 1996), the binding of €ato native
and cell input resistances by recording responses to a square puldeufifers, assumed to be present at 1 mM concentration witp.NO-
hyperpolarizing current (usually 30 pA) and balancing the initis@ffinity and 20 mM- ms binding rate, and €4 extrusion by a first
access resistance with a bridge circuit. Access resistance rangeger pump, with pump rate (0.1 m¥ adjusted to remove €& with
between 20 and 80 M and varied<20% during experiments. Field a time constant of 1 s without additional exogenous buffer (Reg
recordings were made in the stratum radiatum with a glass microeléad Tank 1992). A commented program listing and program disk
trode (3—6 MQ) filled with 3 M NacCl. Schaffer collateral/commis-available from the authors on request.

sural afferents were stimulated in the same layer with bipolar stainlesgsiven the 20—30 min we allow for equilibration of intracellular ar}
steel electrodes by using 1QGs pulse of 0.5 to 5 V. Stimulus pipette solutions, nitrophenyl-EGTA concentration was assumed
electrodes were positioned to excite afferents probably enditg0 equal that of the patch pipette, for the following reasons. Filling of

um of the postsynaptically recorded cell body, as judged by the ragidma from 20- to 80-M pipettes should occur with a time constant

rise time of postsynaptic responses and from electrotonic calculati@fgrom 1.8 to 7.4 min for access resistances of 20—80 (#q. 18 in
(Tsai et al. 1994). Such proximal synapses are more likely to be fuBusch and Neher 1988); equilibration of the first third of %00-
equilibrated with the pipette solution when recordings are made gendrites (Tsai et al. 1994), where the EPSPs we measure are like
min after forming seals and breaking into cells. Large responsagse, should occur with a characteristic time-~af min (x/4D, x =
contaminated with active membrane responses were avoided. R€015 cmpP = 10~ ° cn¥/s) (from Gabso et al. 1997); and fura-2 ha
sponses were sampled at 10 kHz, and maximal rising slopes wegen shown to reach 90% equilibration in proximal dendrites
calculated on-line with the Neurophysiologia program (David Seligpyramidal cells within 10 min (Helmchen et al. 1996). Nitropheny
San Francisco) by using a least-squares regression to cubic spk&ETA purity was measured by Scatchard analysis>86%. This
curve fits. In field recordings, postsynaptic responses were distinformation was used to adjust €aloading of the chelator to leave
guished from electrical artifacts and presynaptic signals by observirggting [C&*]; undisturbed at 100 nM. Despite these precautio
the recruitment of a delayed negative potential after a graded artifaignificant uncertainties exist in the concentration, affinity, and kin
as stimulus intensity was increased. Because stimulation was ofsts of native buffer, concentration and Taloading of nitrophenyl-
mized for minimal excitation of proximal synapses in the recordddGTA, light intensity at cells recorded within a slice, and rate of Cal
cell and extracellular electrodes were not repositioned after establiggnoval by ion pumps. Therefore simulations of the effects of nit
ing whole cell recording, field potentials often had very small postsyphenyl-EGTA photolysis on [Cd]; remain only rough order-of-
aptic components. The maximum slope of the rising phase of thitagnitude estimates.

component after the artifact returned to baseline was measured. Re-

sponses were normalized to average values 5-10 min before light

exposure, and every other response is plotted to enhance clarityRIBSULTS

summary graphs, responses are aligned with respect to light exposures . . . .

(Fig. 2) or electrical stimulation (Fig. 3), averaged across experimentsAccording to the differential threshold hypothesis (Arto
in 40-s bins, and means plottedSE. Significance was evaluated withand Singer 1993; Lisman 1989), LTD has a low intrins
Student'st-test (two-tailed), comparing all points before photolysis t§Ca®*]; threshold and is selectively induced by a modest risg
all points afterward. [C&a®™];, similar to what occurs during induction of LTD by

Photolysis was accomplished with a standard 100-W Hg langw-frequency afferent stimulation. LTP is selectively induce

(Nikon) fitted with a Uniblitz (Vincent Associates) shutter and aimegy a greater rise in [Gd],, exceeding its higher intrinsid

directly at the slice, beginning &20 min after starting perfusion of [Ca2+]- threshold. as occu“rs during high-frequency affer
. . + B I 1

cells with photolabile C&' chelator from patch pipettes. In LTP- gy iiation The problem with this hypothesis is illustrated

inducing experiments, afil.5 75 mm focal length quartz lens was_. -
used to increase light intensity. The light intensities with and withotg9- - Whole cell recordings were made from a CA1 pyran

the lens (1.0 and 0.13 Widnrespectively) were measured with adal cell (Fig. 1top traces) simultaneously with field recording
radiometer (International Light Model 1L1700) by using a filteffom the stratum radiatunmfiddle tracey The recorded py-
(Schott glass UG-1) with a transmittance spectrum similar to thiamidal cell was perfused for 20 min with a partially calciun
excitation spectrum of nitrophenyl EGTA, after correcting for théoaded solution of the caged calcium compound nitropher
reduction in intensity caused by the UG-1. Infrared and far-ultraviol&@GTA (Ellis-Davis and Kaplan 1994). The slices were expos
radiation was minimized with a liquid filter (Lando and Zucker 198%0 two light flashes that partially photolyzed the nitropheny
to minimize cytotoxic and heating effects of light. Photolysis rate wgsGTA, calculated to elevate postsynaptic fChby ~800 nM

measured in microcuvettes (with DM-nitrophen as described ; ; .
Zucker 1994, and converting to nitrophenyl EGTA from the know Fig. 1, bottom traces). This treatment caused a long-last
relative quantum efficiencies and absorbances at 360 nm of the tw%p

photolabile chelators) at 87%/s with the lens and 11%/s without it'N9 nitrophenyl-EGTA in two slices (Fig. 16ft panels 30.0=

In calculations of postsynaptic [€4], the light intensity was 4-8% reduction in rising slope of EPSP, meargD), whereas

assumed to be reduced by a factor of 2 to account for absorbancdonother experiment a long-lasting potentiation was produ
light at a depth of 10@um in the slice, based on our measurements ¢fight panels, 41.6% increase in EPSP slope). Field potenti

light absorbance at 360 nm in cortical slices of varying thickness (36@minated by cells not filled with nitrophenyl-EGTA, arg

nm is the center of the ac'gion spectrum for photolyzing nitrophenylmaffected by light exposures. When only a single light exj
EGTA). Effects of photolysis on [C&]; were estimated from a model sure was used, elevating [€3; by only 130 nM, no effects on
of nitrophenyl-EGTA photolysis and binding kinetics in cells. Th%ynaptic transmission were observed.

model, written in BASIC programming language for Intel-based per- These results resemble more extensive results obtained

sonal computers, is similar to models that were previously describgd,. . e
in some detail (Lando and Zucker 1989; Zucker 1994). It is a singl fblfferenF Cagepi Ca'c.'“’.“ compound, _nltr > (N‘?Ve“ and Zuc
996a), in which similar short-lasting minimal thresho

compartment model, appropriate for uniform full-field illumination o . 2. -
a small cell where intracellular gradients in light intensity caused t[9az+]i elevations were found to be sufficient to induce LTP
self-absorption are minimal. The model includes the binding &f'Ca LTD. In that study it was also shown that photolytic inductig
to nitrophenyl-EGTA and its photoproduct and the effect of light o@f long-lasting depression occluded the induction of LTD
the respective levels of photolyzed and unphotolyzed nitrophenydw-frequency afferent stimulation, that photolytic induction

ression in afferent synaptic transmission to the cell contgin-
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POSTSYNAPTIC [C&']; ELEVATION PATTERNS IN LTP AND LTD 783
2
200 7 jzk\ a2z L 200 D . j1\\2 e Fic. 1. A modest [C&']; elevation can
150 1 [] 150 1 ’:,’.'ﬁ'-\'; -'.&:.'.::.I_:s“."-' " induce either long-term depression (LTD)
100 +5ad, 2 100 e T e or potentiation (LTP)Leftandright panels
MR R, 2 ‘\&w. ‘ﬁ, o M cs L ks are from 2 different slicesA andD: whole
50 50 cell recordings of excitatory postsynaptic
0 4 r r . r ) 0+ r . r . . potentials (EPSPs) to afferent stimuli re-
0 10 20 30 40 50 0 10 20 30 40 50 peated every 10 s; cells were filled with
g B £ E nitr:olphen%/l—e)thylene glycol-bigtamino- g
° 1,2 ethyl ether)-N,N,N’,N’-tetraacetic  aci
é‘ 200 1” ""\[\—-’-2' L _g' 200 |] =1 - (EGTA). BandE: simultaneous recordings
: 150 \. ce s oy . 2 1504 ! o 'i o olf field ?otennalrs]. In bc;tré'gestsl,aes, n?aﬁlrzum
7] PR "3"’&" e .‘.\ e R AR N, WA A ey slope of rising phase o is plotted vs.
g 100 PR :. r W ﬁ § L A SR O time. Insets show individual responses at
50 50 times marked by number# and D also
0 . . . o4 . ; . r . include resistance measurements as re-
zo 30 40 50 0 10 20 30 40 50 sponses to constant current pulsed( to
Time (min) Time (min) —30 pAin all figures). Calibration bars: 10
C F mV anq 50 ms (Aa_ndD, and in whole cell
on on recordings in all figures); 0.2 mV and 10
r‘ |_| off rl I_I g NS (BandE, and in field potential record-
0 1.0 © ings in all figures). Open vertical bars in-
g s dicate photolysis by 8- and 15-s light ex-
2 05 2 05 posures separated by 1 mi@ and F:
& ’ & - calculated (approximate) effects of the
o (3] photolysis on [C&*]; in recorded neurons
0 4 r . T ! o+ r . . . are shown below time course of light ex-
0 30 60 90 120 0 30 60 90 120 posures.
Time (sec) Time (sec)

long-lasting potentiation occluded the induction of LTP bwr synaptic transmission was persistently depressed, in fiv
high-frequency stimulation, and that photolytically inducedix slices. The average reduction in EPSP slope in these
LTD and LTP shared pharmacological sensitivities to phostices was 25.8 13.9% (measured as a difference in all poir]
phatase and calmodulin inhibitors with electrically inducebefore photolysis to all points afterwar®, < 0.02), as illus-
LTD and LTP respectively. Taken together, the results indicateated in Fig. Z. Averaged changes in field recordings fro
that LTD and LTP can both be induced by brief submicromolghese slices (Fig. 2D) show no change (reduction of .1
elevations in postsynaptic [€4];, even in the absence 0f10.1%,P > 0.05). Photolysis-induced LTD often developg
presynaptic activity (Neveu and Zucker 1996b). slowly, as reported for LTD induced by electrical stimulatig

To determine whether LTD and LTP can be selectivelfCummings et al. 1996). LTP was never activated by t
activated by different temporal patterns of postsynapti¢[Ga protocol. Control experiments show that repeated light ex
elevation, we used different patterns of light exposure to try sures of this intensity and with duratiossl5 s have no effect
mimic the changes in [G4]; that typically accompany induc- on EPSPs in cells not filled with a photolabile chelator (see F
tion of LTD and LTP by afferent stimulation (Otani andlD) (Neveu and Zucker 1996a).
Connor 1996; Petrozzino et al. 1995). The main results areln contrast, Fig. 2right panels, illustrate effects of single
shown in Fig. 2. In theleft panels, slices were exposed tdrighter exposures lasting 10 s that probably elevated [fza
repeated dim flashes of the same intensity as in Fig. 1, tof >10 uM (Fig. 2J) but only for a few seconds (calculate|
durations from 2.6 to 15 s, spaced over a 45-s interval, ahdlf-height width of [C&"], rise is 2.5 s). In 10 of 28 slices
designed to produce a rise in [€3, to ~750 nM and lasting LTP, or a persistent enhancement of synaptic transmission,
~1 min. The photolysis light pattern is shown in Fidge,2op. induced shortly after photolysis of nitrophenyl-EGTA in th
The calculated temporal profile of [€5]; elevation shown in cell where [C4"]; was elevated to higher levels by intens
Fig. 2E, bottom, is similar in magnitude to that occurringphotolysis (49.3t 12.4% increase in EPSP slopes, compari
during 1-Hz stimulation (Otani and Connor 1996; Petrozzino atl responses before and after photoly&isy< 0.001, Fig. 2H).
al. 1995), and Mulkey and Malenka (1992) showed that as littlég. 2F plots responses from a typical cell showing LTP, al
as 30-60 s of such stimulation can induce measurable LTEg. 2G presents simultaneous field recordings. There was
Effects of photolysis on EPSP rising slopes from a typicaignificant change (increase of 2£710.9%,P > 0.1) in slices
injected cell are shown in Fig A2 with field recordings in Fig. where EPSPs were potentiated in the recorded cell (F)g.
2B. All of the responses from 20 to 30 min after photolysi€ontrol experiments show that, when unfilled cells are expo
were depressed below all of the responses before photolytsighe bright illumination used to rapidly photolyze nitroph
(P < 0.0001 by Wald-Wolfowitz 2-sample runs test), and ayl-EGTA, there was no effect on EPSP amplitude (Fig).3

similar comparison in the field recordings shows little change In the remaining 18 slices, photolysis induced no significant

(P> 0.4). The EPSP reduction was accompanied by no chardenge in the recorded EPSP slope (7.28.6% increase? >
in either pipette access or cell input resistance. Sample 805) or the field EPSP slope (0:8 10.8% increaseP >
sponses to current injection are shown in Fig. 2 0.15). Figure 3B andC, shows the results from a typical ce

In repetitions of this experiment, in which [€q, was and the averaged responses of the 18 nonresponding
probably elevated te-750 nM for~1 min, LTD was induced, These records also demonstrate the stability of our respo

t.ﬂstoiﬁ*ﬁ'@v&o umy p

Was

elld.
nse




784
A 1
200 - LS e L
150 4
100 i, SV o 2
50 - N R A
o L} T T L] L)
0 10 20 30 40 50
200 - U (O
150 1 ,
| YL N e
100 .‘,s‘\;.‘,.:s. ﬁ“.v\'\‘.v: "‘:"‘_‘, s,
50 - . o e
g\i 0 T T T T 1
2 0 10 20 30 40 50
[*]
W C
& 200 -
& 150 - |]
100 4= %
S e i i e e
50 - :
0 L] L] L} L] 1
0 10 20 30 40 50
D
200 -
150 4 |]
100 1Mo i,
50 - ’
0 1 L} L] L} 1
0 10 20 30 40 50
Time (min)
E
0 111
9 =
Z 6-
%
(&)
3
0 T 1 ]
0 30 60 90
Time (sec)

for prolonged recording periods and the absence of deleteriamlianges in field potential responses, in fewer than one-half
effects of photolysis photoproducts, confirming that the LTBlices. This is not because the cells are incapable of exhibi
generated by a more modest but prolonged?[iaelevation LTP. In seven of eight slices in which the LTP-inducing ligit
(Fig. 2, A andC) is due neither to drift in baseline responsexposure protocol failed to induce LTP (3:68.3% decrease,
amplitude nor to photoproduct toxicity. A clear instance dP > 0.05), a subsequent afferent tetanus (3 1-s trains, 100
LTD was never activated by this intense light protocol. Apwith 1-s pauses) still generated LTP in the recorded d
parently, LTD and LTP are selectively and exclusively act(65.6 = 21.6%,P < 0.001) as well as in the rest of the slice &s
vated by the two patterns of [€4], elevation, LTD by a indicated by the field recordings (Fig. &ft panel3. In con-

prolonged low increase in [€4]; and LTP by a brief larger trast, in six slices in which nitrophenyl-EGTA photolysis di
induce LTP (65.9+ 23.6% increasen = 6, P < 0.01),

increase in [C&'],.

Although a prolonged modest rise in [€3; almost always subsequent tetanic afferent stimulation was without furtier
induced LTD, a brief intense rise in [E4, produced what effect (2.0+ 15.1% further increasé® > 0.05), except for a
clearly appeared to resemble LTP, defined as a significant arahsient increase reflecting posttetanic potentiation (Fig
persistent increase in EPSP in the absence of significamtdidle panels Moreover, like electrically induced LTH
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FIG. 2. Selective induction of LTD and
LTP by specific patterns of [Gd]; eleva-
tion. Left andright panelsare from 2 differ-
ent slicesA andF: whole cell recordings of
EPSPs from neurons filled with nitrophenyl
EGTA. B and G: field potential recordings.
Insets and calibration bars as in Fig.(,.D,
H, andl: summary graphs of averaged intra
cellular EPSPs (@ndH) and field potential
recordings (Dandl) from 5 (C andD) and 10
(H andl) slices in which long-lasting synap-
tic plasticity was induced. Vertical bars mar}
photolysis times.E and J: calculated (ap-
proximate) effects of photolysis on [EH]
by using different light exposure protocols t
induce LTD and LTP. The pattern of light
exposures is shown above the fCh traces.
The light intensity inF—J was 8 times that
used inA-E and in Fig. 1.
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A DISCUSSION
300 [l When the results of Figs. 1 and 2 are considered together,
200 - they demonstrate that neither a difference in the amplitudg of
[Ca? "], elevation nor a difference in duration is sufficient Qy
100 Jmmmemt e i Sl it Sl itself to determine the response of synapses to this chenfica
0 signal. A modest brief [C&]; elevation induces LTP or LTD
' ’ ' ' ' with equal probability (Neveu and Zucker 1996a). Substan-
0 10 20 30 40 50 tially increasing the amplitude of the [€4; trigger selectively
. activates LTP, whereas substantially increasing the duratiop of
B . 1,2 this signal selectively activates LTD. Thus both amplitude gnd
T 300 {\ — duration of the [C&"], signal are important in determining the
° ” neuron’s response. Furthermore, the results show that Ipoth
2 200 1 e g 20 forms of synaptic plasticity can be reliably and selectivgly
o A (P ’ L Cerpr el induced by different patterns of [€4]; elevation, without the
o 100 1207 Dpin o s e 0 need to invoke any other €&independent signaling or trig
4 0 " ™ . gering process. This is reminiscent of the differential activation
w ) ’ ' ) ) ! of transcription factors by specific patterns of f{Ch elevation
0 10 20 30 40 50 (Dolmetsch et al. 1997).
It might be thought that the variable responses to a biief
C modest [C&"]; elevation are due to a spatial nonuniformity in
300 [Ca?*]; in response to modest photolysis. We do not deny that
200 [l the elevation in [C&"]; is likely to be higher in more superfi:
cial dendrites than in deeper processes. Nevertheless,| the
100 v.w,mi.ﬁm@ﬁmﬁﬁg s'graightforward differential minim.allthreshold h_ypothesis pre-§
dicts that, as the level of photolysis is gradually increased, L[
04 . . ' r | induction will always be observed first. This is the result w&
0 10 20 30 40 50 originally expected, and it is in particular exactly what we d <§
not observe (Neveu and Zucker 1996a). @
Time (min) Likewise, global spatial [C&]; nonuniformity across the| =
entire dendritic tree is likely to be present during the inter]sg
Fic. 3.  Control experiments for effects of intense light and baseline drifphoto|ysis that elicits only LTP and to prolonged weak phioe
A:lack of effect of a bright light exposure (vertical bar) on EPSPs in arecordﬁg'ysis that induces only LTD. However, within the restricte é
cell perfused with a solution containing no nitrophenyl-EGBANdC: whole . . ’ . . .
cell recordings from a single celBj and summary results from 18 sliceS)( reglons Qf a cell actl\(ated bY o.ne Qr a few ﬂEIgthl’ll’lg inpyt&,
in which the bright light stimulus failed to influence EPSP amplitude. Insethiere is likely to be little variation in local light intensity angi™
and calibration bars as in Fig. 1. the degree of photolysis and hence little variation in the risq ig
o Ca’™],. If such variation were a prominent feature of tHe2
(Mulkey and Malenka 1992), photolysis-induced LTP (52.6 [Ca?*]; rises in our experiments, we would not expect our ty&'

12.6% increasen = 6, P < 0.001) could be reversed (to withinstimulus paradigms to selectively activate opposite respon

—3.1 + 9.8% of initial levels,P > 0.05) by subsequent |t might be argued further, however, that a local spatjal

low-frequency stimulation (1 Hz for 10 min; Fig. 4ight gradient in endogenous €4 buffering exists. For example
panels). Thus the long-lasting potentiation of synaptic traniiere might be more buffering in dendritic shafts than spin
mission evoked by a brief strong [€5; elevation in 36% of resulting in a larger [C&']; elevation in spines than shafts, an
our experiments appears to be genuine LTP. We are unablesteh local [CA']; gradients might be essential for the reliab
elevate [C&"]; to high levels for more than-2 s before induction of LTP or LTD. However, any such differences
exhaustion of nitrophenyl-EGTA, and it was previously founduffering would be present in all our experiments and wol
that [C&*]; must remain elevated for2 s to reliably induce always lead to the same gradient in fCh, for example,
LTP (Malenka et al. 1992). Even a 1-s tetanus at 100 Hz orthetween spines and shafts. Despite such postulated gradi
evokes LTP if [C&"]; is permitted to remain elevated forwe find that a prolonged modest photolyzing light reliab
~2-3 s. Therefore our LTP inducing protocol would be exnduces LTD, while a more intense brief photolysis only i
pected to induce LTP only some of the time, just as waduces LTP. Thus the possible existence of such gradie
observed. The important result is that it never induced LTIBannot explain the differential responses we find to our t
whereas a prolonged small [€3; increase almost always did.stimulus paradigms.

The striking differences in effectiveness of the protocols It is surprising that a brief modest rise in [€3, can elicit
illustrated in Fig. 2)eft andright panels, in selectively induc- either LTD or LTP, whereas a larger but still brief rise i
ing LTD and LTP are revealed by analysis of the results in tf€a®*]; triggers LTP 36% of the time, but never LTD. Th
form of a two-way classification table. The LTD-inducindarger [C&']; increase appears to actively suppress LTD
protocol reduced transmission in five cells and had no effectdiuction. Similarly, prolonging a modest rise in [£3 appears
one. The LTP-inducing protocol increased transmission in 1@ selectively inhibit LTP induction. We explored only a sma

cells and had no clear persistent effect in 18. These pattesubset of the two-dimensional space of magnitude and duraftion

differ at theP << 0.0001 level of significancexé = 27.5).  of [C&"], elevation. It would be interesting to map out th
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FIG. 4. Properties of slices exposed to LTP-inducing protoceft panelsare from a slice in which photolysis (vertical bar)
failed to induce LTP. This was followed by tetanic afferent stimulation (3 100-Hz trains for 1 s with 1 s pauses, at time marked
by vertical arrow), which induced LTRMiddle panelsare from a slice in which photolysis (vertical bars) induced LTP, which
occluded induction of LTP to subsequent tetanus (vertical arrdight panelsare from a slice in which photolysis-induced LTP
(vertical bars) was followed by low-frequency afferent stimulation (1 Hz for 10 min, beginning at vertical arrow), which
depotentiated the responsds.E, andl: whole cell EPSP recordings from neurons filled with nitrophenyl-EGBAF, and J:
summary graphs of averaged EPSPs fronBY ¢r 6 (F andJ) slices. Horizontal bar if8 and D shows range of times when
photolysis occurred in different experimen®s.G, andK: field potential recording®, H, andL: summary graphs of averaged field
potential recordings from 7)) or 6 (H andL) slices. Insets and calibration bars as in Fig. 1.

space more extensively. What are the boundaries delimiti(2p.8%) when [C&'], was elevated for-1 min. LTP is elicited
LTP and LTD induction? What effect would a prolongedy tetanic stimulation raising [G4]; to significantly higher levels
intense rise in [C&"];, have? Limitations of the current meth-(Otani and Connor 1996; Petrozzino et al. 1995), but thé [Ga
odology prevent addressing the latter question. must remain elevated for a few seconds (Malenka et al. 19

Although we often observe LTP or LTD in response to ®ur LTP-inducing protocol probably elevates fC§ to sufficient
postsynaptic [C&'];, elevation, we never induced the mordevels but for just barely long enough to induce LTP. There seg
transient short-term potentiation (STP) sometimes observedarbe a minimum rise in [Gd]; that is essential for inducing LTH
response to briefer or less intense tetanic stimulation or rigiably, without inducing LTD. For example, pairing low-fre
repeated postsynaptic depolarization (Colino et al. 199Quency afferent stimulation with postsynaptic depolarization
Huang et al. 1992; Kullmann et al. 1992; Malenka 199%Xultsin LTP rather than LTD (Gustafsson et al. 1987), presumg
Malenka et al. 1992). Equally surprising is that in none of theecause of the greater elevation infChresulting from unblock-

studies on STD was LTD ever induced. This apparent discrapg NMDA receptors by depolarization. Repetitive afferent stiin-

ancy may be due to the ages of rats used. The STD studies wéa¢ion can elicit LTP or LTD, depending on the phase relatic
all done on slices from 2- to 8-wk-old rats, whereas owhip between the stimulation afieburst oscillations (Huerta and
experiments were done on slices from 11- to 22-day-old ratgsman 1995); at least part of this phase dependency is relate
LTD is much more readily observed in the younger animajsostsynaptic {;otential changes that can sensitize or suppres
(Dudek and Bear 1993), where it may replace STD as thieation of C&* influx through NMDA receptors. Moreover,
primary response to a modest rise in fCh. short postsynaptic depolarization alone can induce LTD (Cu
In some ways these results might have been anticipated framngs et al. 1996); presumably this treatment does not ele
previous findings. For example, electrical induction of LTD opostsynaptic [C&']; sufficiently to reliably induce LTP. Brief
~13% results from low-frequency afferent stimulation lasting faafferent tetanic stimulation that normally induces LTP can
30 s (Mulkey and Malenka 1992), and 1 min of stimulatiomade to induce LTD when postsynaptic depolarization is p
produces depression 0f25%, similar to what we producedvented, presumably because of reduction i ‘Caflux (Cum-
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mings et al. 1996). Thus itis clear that a brief rise in postsynapfigpex, S. M. ano Bear, M. F. Bidirectional long-term modification of
[Ca2+]i can induce either LTP or LTD and that Iarger rises are synaptic effectiveness in the adult and immature hippocandiéeurosci.

; ; 13: 2910-2918, 1993.
more likely to induce LTP. In contrast, a prolonged mOdeEELIS-DAVIES, G.C.R.AND KaPLAN, J. H. Nitrophenyl-EGTA, a photolabile

T : . .

[Ca2 ]i ele'vatlon_selectlvely '”,duces only LTD. chelator that selectively binds €awith high affinity and releases it rapidly
How m'Q_ht dlerrent amp“tUde and temppffﬂ patterns of ypon photolysis. Proc. Natl. Acad. Sci. USA: 187-191, 1994

postsynaptic [C&']; elevation selectively activate LTD andEtLis-Davies, G.C.R., KapLAN, J. H.,AND BARsoTTi, R. J. Laser photolysis of

LTP? At least two classes of mechanism come to mind. Oneaged calcium: rates of calcium release by nitrophenyl-EGTA and DM-

possibility is that the target molecules sensingqQaand _ nitrophen.Biophys. J.70: 10061016, 1996. ) _
responsible for inducing LTD and LTP thought to be CaC_BABso, M., NEHER, E., AND SPIRA, M. E. Low mobility of the C&™ buffers in

. ' . . xpns of cultured Aplysia neuronsleuron18: 473-481, 1997.
dependent phosphatases and kinases, respectively (Bliss &iqZFSSON B.., WissTRaw, H., ABRAHAM, W. C.. AND HUANG, Y.-Y. Long-
Qolllngrl_dge 1993; _Lmden and Conner 1995), are preferen-ierm potentiation in the hippocampus using depolarizing current pulse
tially activated by dlffe_r_em patterns of [éél. e|_evat|0n_- Such  the conditioning stimulus to single volley synaptic potentidlyeurosciz:
a [C& ], pattern sensitivity was reported in biochemical stud- 774-780, 1987.
ies of calcium- and calmodulin-dependent kinase type Il (DtemeHen, F., IM0T0,+K_., AND SAKMANN, B. C&" buffering and action
Koninck and Schulman 1998). Another possibility is that the potential-evoked Ca signaling in dendrites of pyramidal neuroBsophys.

phosphatase and kinase cascades that underlie LTD and LJ&JGO:\}?\?Q_C?ﬁé 1/396éeue D. K. AND MALENKA. R. C. The influence

respectively, may not only operate linearly tc_’ ultimately phos- of prior synaptic activity on the induction of long-term potentiatiSeience
phorylate or dephosphorylate one or more final targets; rathesss: 730733, 1992.

the two cascades may interact and inhibit each other at oneHogrra, P. T.anp Lisman, J. E. Bidirectional synaptic plasticity induced b,
more intermediate stages. Such a scheme of enzyme interag-single burst during cholinergic theta oscillation in CA1 in vitheuron
tions resembles the multilayered and mutually inhibitory neural1>: 1053-1063, 1995.

. . . . e . + i
circuits involved in pattern recognition (Bishop 1995). Th&U-MAN, D. M., Perke, D. J., Manage, T., ANp NicoLL, R. A. C& " entry via
postsynaptic voltage-sensitive Tachannels can transiently potentiate excit

mecha_msms of pattern reCOQr_"tlo_n In “enzyme circuits maytory synaptic transmission in the hippocampNeuron9: 1175-1183, 1992.
be similar to those of neural circuits. LANDO, L. AND ZUCKER, R. S. “Caged calcium” in Aplysia pacemaker neuron|

Characterization of calcium-activated potassium and nonspecific cation
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