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LONG-TERM SYNAPTIC CHANGES INDUCED BY INTRACELLULAR
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Abstract—Minimal excitatory postsynaptic potentials were evoked in CA3 pyramidal neurons by activation of the mossy fibres in
hippocampal slices from seven- to 16-day-old rats. Conditioning intracellular depolarizing pulses were delivered as 50- or 100-Hz
bursts. A statistically significant depression and potentiation was induced in four and five of 13 cases, respectively. The initial state
of the synapses influenced the effect: the amplitude changes correlated with the pretetanic paired-pulse facilitation ratio. Afferent
(mossy fibre) tetanization produced a significant depression in four of six inputs, and no significant changes in two inputs. Quantal
content decreased or increased following induction of the depression or potentiation, respectively, whereas no significant changes
in quantal size were observed. Compatible with presynaptic maintenance mechanisms of both depression and potentiation, changes
in the mean quantal content were associated with modifications in the paired-pulse facilitation ratios, coefficient of variation of
response amplitudes and number of response failures. Cases were encountered when apparently “presynaptically silent” synapses
were converted into functional synapses during potentiation or when effective synapses became “presynaptically silent” when
depression was induced, suggesting respective changes in the probability of transmitter release.

It is concluded that, in juvenile rats, it is possible to induce lasting potentiation at the mossy fibre—CA3 synapses by purely
postsynaptic stimulation, while afferent tetanization is accompanied by long-lasting depression. The data support the existence not
only of a presynaptically induced, but also a postsynaptically induced form of long-term potentiation in the mossy fibore—CA3
synapse. Despite a postsynaptic induction mechanism, maintenance of both potentiation and depression is likely to occur pre-
synaptically.© 1999 IBRO. Published by Elsevier Science Ltd.

Key words long-term depression, long-term potentiation, postnatal development, excitatory postsynaptic potentials, quantal analysis,
paired-pulse facilitation.

Two experimental models are widely used to study memory used approaches based on quantal an&Resmsl on presynap-
mechanisms in the mammalian brain: long-term potentiation tic paired-pulse facilitation (PPF) changé$®>6Part of this
(LTP) and long-term depression (LTBY:%® However, the  work has been published in abstract fotm.

mechanisms of the latter are not well characterized. It has

recently been found! that, before the second postnatal

week, a novelN-methylp-aspartate (NMDA)-independent EXPERIMENTAL PROCEDURES

form of LTD can be induced at mossy fibre—CA3 synapses preparation and recordings

by a short (1s), high-frequency (100 Hz) afferent tetanus Hippocampal slices were prepared from seven- to 16-day-old Wistar

(AT). POSts,ynapt'C induction meCh,amsmS have been rats (University of Trieste, Italy) previously anaesthetized with intra-
suggested, since the LTD could not be induced when neuronsperitoneal injection of urethane (2 g/kg). Transverse slices (500—
were voltage clamped during the tetanus or when intracellular 600um thick) were cut with a vibroslicer and maintained at room
Ca2* was chelated! temperature (22—-2€) in oxygenated artificial cerebrospinal fluid

: ; ; (ACSF) containing (in mM): NaCl 130, KCI 3.5, CaCR, MgCl,

The first a}lm Of.the pre.sent work was to further Venfy 1.3, NaBPQ, 1.25, NaHCQ 26, glucose 11i-glutamine 2, saturated
whether the induction of this form of LTD was postsynaptic. ith 959 0/5% CO,. After incubation in ACSF for at least 1 h, one
To this end, we used intracellular tetanus (IT), which is individual slice was transferred to a submerged recording chamber
known to induce robust long-lasting modifications in other s?pgrfullseq g?ntin;(()gscly ag 32-°83with _oxXgei)nated Al\c’l:SI?1 at ahrat_e
synapsedl335556.6062This conditioning paradigm has the OF s mumin~= a-3-(£-Larboxy-piperazin-2-yl)-propyl-..-phosphonic
aﬁvaﬁta e of excluding the ossibil%t pof te?an s-induced 2¢d (20uM) and picrotoxin (5quM) were added to the ACSF to

g, eXclu g p oility u u block NMDA and GABA, receptors, respectively, and tetrodotoxin
changes in excitability of presynaptic fibféand/or in poly- (2—10 nM) was added to diminish polysynaptic activation and prevent
synaptic pathway4: The second aim was to clarify the main- interictal discharges. Minimal excitatory postsynaptic potentials
tenance mechanisms of this type of LTD. To this end, we have (EPSPs) with occasional failures (Fig. 1B, C) were recorded in the

whole-cell configuration (current-clamp mode) following low-
frequency (1/15 s) testing stimulation. The recording pipette contained
§To whom correspondence should be addressed. (in mM): potassium gluconate 135, KCI 5, Mg@&, K,ATP 2, HEPES
Abbreviations ACSF, artificial cerebrospinal fluid; AT, afferent tetanus; 10, and was corrected to 290 mOsm with sucrose. The pH was adjusted

EPSP, excitatory postsynaptic potential; EPSP1 and EPSP2, EPSPgo0 7.3 with KOH. After response stabilization and 25—-30 min baseline

evoked by the first and second paired pulses, respectively; HEPES, testing, IT was delivered. IT consisted of 10—-30 trains of 100-200

N-2-hydroxyethylpiperaziné¥-2-ethanesulphonic acid; ICD, intra-  depolarizing pulses, each of 5 or 10 ms duration, at a frequency of 50

cellular depression; ICP, intracellular potentiation; IT, intracellular or 100 Hz, repeated at 1- or 10-s intervals. The current (typically

tetanus; LTD, long-term depression; LTP, long-term potentiation; between 0.4 and 1.1 nA) was suprathreshold for spike initiation, but

NMDA, N-methyl-p-aspartate; PPF, paired-pulse facilitation. not every pulse induced a spike during the high-frequency conditioning
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Fig. 1. Minimal EPSPs evoked by mossy fibre stimulation and their changes following IT. (A) Electrode arrangement to stimulate mossy fibres (MF) and to

record from CA3 neurons. (B) Superimposed single EPSPs with failures (arrow). (C) The average responses and average failures (arrow). The dashed lin

show a window used for amplitude evaluations. (D—F, G—I) Data from experiments with depression and potentiation, respectively, induced YDl Gingl

graphs) and mean (E, H, graphs) amplitudes of the first (EPSP1) and second (EPSP2) responses in the paired-pulse paradigm are plotted as dpts and sque

respectively. Fifteen consecutive individual responses (D) and average responses (E) are given above the graphs. The batsS:¢pMsént 1) Input
resistances measured in the same experiments.

train. AT consisted of a 1-s train of 100-Hz stimuli repeated three times in Fig. 2C). The algorithm based on the component analysis selected
at 10-s intervals. Amplitude modifications were calculated by compar- two different waveforms in three of 11 neurons recorded before and
ing the mean r{=40-100) EPSP amplitudes before and after condi- after tetanus (either IT or AT, or both). The latency differences

tioning IT or AT. between the two components (C1 and C2 in Fig. 2D) strongly suggest
that they belong to different inpufsAltogether, we analysed 14
Response measurements EPSPs or inputs. Similar to the previous findiighe effects of IT

) and AT were not cell but input specific. Therefore, our data refer to
For precise EPSP measurements, we used an approach based ofinputs” rather than “cells”.

principal component analysf recently described in detail by Astre-

lin et al* The scores of the first principal component were determined
from a window covering the initial slope and the EPSP peak (Fig. 1C,
dashed lines). This integral covariance measure was strongly corre-
lated with peak amplitudes, but gives a better signal-to-noise ratio, To determine the number of failurebly), the latter were selected
which is especially important for quantal analysis (Fig. 4). The covar- visually (Fig. 1B, arrow); their repeated averaging tested the absence
iance amplitudes are termed “amplitudes” for simplicity, but note that of non-failures (Fig. 1C). To determine the mean quantal contant (
they are given in conventional units (component scores) in Figs 1-4. we used a variant of the “unconstrained” noise deconvolution techni-
Respective waveforms are given in Figs 1-3, with calibrations in mV. que? The algorithm searched for discrete distributions (bars) with
The noise was measured for a window of the same duration, but beforecoordinatesy; (distance from 0) an®; (heights). The weighted mean
stimulus artefact. Principal component analysis was also used to sepaiinterval between the bars was used to define quantal/si2e;Pi/2,;P;

rate inputs with different latencies, as described in detail elsewhere. and m=E/v; 0.15s was taken as the intrinsic quantal variarice.
Briefly, we collected responses corresponding to positive values of Because stimuli had to be applied at a low rate (0.07 Hz) to avoid
one component and approximately zero values of another component.amplitude depressiom was typically small (11%2, meantS.E.M.,

For example, to identify the first component (C1 in Fig. 2C), we n=54 distributions). To increas@, according to Kullmann and
selected responses corresponding to the 10 largest scores of the firsNicoll, we sometimes combined measurements from both responses
component (dots in the right dashed box in Fig. 2C having the largest in the paired-pulse paradigm (Fig. 4A—C). Computer simulafions
x-values) and about ©2S, (noise standard deviation) scores of the show that small samples can give reliable estimates provided
second componeny{values). To obtain the second component (C2 in $,>2.5, whereS, is the noise standard deviation. The me#$, for

Fig. 2C), we selected trials with about zerwalues (left dashed box 54 distributions used for our analysis was 3@.1.

Failure and quantal analyses
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Fig. 2. Component analysis reveals two response components with a selective potentiation of only one component. (A, B) Examples of responses. (C—E)

Graphs to plot the scores of the first and second components obtained on the basis of principal componerif asalgsisiibed elsewhetgefore (C) and

after (D) ICP and for the background noise (E). Dots and open squares in the graphs correspond to EPSP1 and EPSP2, respectively. The narrow plot in C

(compare with the noise plot in E) suggests only infrequent occurrences of component 2, which never appeared in pure form in EPSP1, as C2 shifws. To ident

the response components C2 and C1, we selected responses corresponding to the dots within the dashed rectangles, as described in the Experiment:

Procedures. Before tetanus (C), only response failures (dots in the left dashed tmanglecorresponded to pure C2 waveforms (C2 in C), but after IT

(C2in D) large responses appearee-@). The plot became broader, indicating a larger contribution of the second component. EPSP1 containing the first

component with large amplitudes was equally present before and after IT (right dashed boxes in C and D, respectively). Note the latency diffeearCa bet

and C2 (4.1 and 5.8 ms, respectively). (F, G) Changes in the mean scores of the first (F) and second (G) components after IT (arrows). See Fig. 1 for other
explanations.

RESULTS on principal component analysi$.The algorithm selected
Eff £ Il o two different waveforms in three of 11 recorded neurons.
ects of intracellular tetanization Figure 2 illustrates responses from an experiment with 1T

Minimal EPSPs with occasional response failures (Fig. 1B, which induced only a small ICP. Figure 2C and D (graphs)
C) were evoked by paired stimulation of the mossy fibres (Fig. plot the component scores before and after IT, respectively.
1A) before and after IT (Fig. 1D, Control and PostIT). Response superpositions from different parts of the plots (see

As shown in the graphs of Fig. 1D and E, delivery of IT Experimental Procedures) represent two components with
induced a persistent reduction of EPSP amplitudes, termeddifferent latencies (C1 and C2 in Fig. 2D). Comparison of
“intracellular depression” (ICDY Unexpectedly, “intracellu- the superpositions (Fig. 2C, D) and the graphs which plotted
lar potentiation” (ICPJ® rather than ICD occurred in some the changes of the two component scores (Fig. 2F and G,
experiments (Fig. 1G, H). The amplitude modifications respectively) shows that the first component was not signifi-
persisted throughout the recording period (30—60 min post- cantly modified by IT. The amplitude of the longer-latency
tetanus) and did not correlate with the postnatal aged(02, second component was not significantly different from zero
P>0.95, n=12). The membrane input resistance did not before IT in response to the first pulse (Fig. 2G, dots), so that
change (Fig. 11) or increased after IT (Fig. 1F), without corre- an attempt to separate it in the pure form produced only fail-
lation with EPSP amplitude modifications<0.17,P>0.4, ures (Fig. 2C, waveforms C2). The second component
n=12). appeared only after IT (Fig. 2D, waveforms C2), when it

For a more precise study, we used a novel algorithased showed a slowly developing ICP also observed in one more
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Fig. 3. Depression of minimal EPSPs following AT of the mossy fibres in two experiments (A, B) with different effects of IT. Examples of superimpBsed EPS

(a) evoked by the first pulses in the paired-pulse paradigm (EPSP1), and plots of single (b) and mean (c) EPSP amplitudes before IT (1), aftertéf (2) and af

AT (3). Waveforms in ¢ show single and averaged EPSPs after full LTD development. Note a strong depression in both experiments, despite difafent effe

IT. The delayed depression could be so strong that EPSP1 disappeared almost completely (waveforms in c). Responses to the second pulse (&PSP2) appe:
occasionally due to PPF (“presynaptically silent” synapses).

case (see Fig. 3C, IT). Therefore, Fig. 2C and D illustrate occurrences of responses to the second pulse (Fig. 2Ac, Bc,

maodifications of virtually “silent” synapsée'$:2437.57.650cca-

sional occurrences of the large scores of this component, “presynaptically®:5:5758 rather

waveforms; Fig. 3Ab3, Bb3, squares) indicated that they were

than “postsynaptically”

especially in response to the second pulse before IT (Fig. silent132437

2A, squares), indicate that it was “presynaptically®.5":58
rather than “postsynaptically” sileft:?437

Altogether, in experiments with IT we analysed responses

Maintenance mechanisms of the post-tetanic modifications

from 13 inputs. A response depression after IT was observed To study the underlying maintenance mechanisms, a

in six of 13 inputs, being negligible (85—-97% relative to base-

line) in two inputs and statistically significant (39-68%,
P<0.05, t-test) in four inputs. IT induced EPSP amplitude

varianf of the deconvolution technigéewas applied, and
guantal sizes\, together with quantal contentsn), were
calculated (Fig. 4). EPSP amplitudes fluctudteéig. 1B),

increases (ICP) in seven of 13 inputs, five of which were so that the amplitude distributions were peaky (Fig. 4A). The

statistically significant R<<0.05). In one of these inputs,

deconvolution solution typically contained approximately

responses to the first pulse (EPSP1) significantly different equidistant components (Fig. 4A—C, bars), with their mean

from the baseline appeared only after IT (Fig. 2C, G); in

distances approximately the same before and after IT.

four other inputs, EPSP1 amplitude increased after IT (Fig. Accordingly, the weighted average distance between the
1H, Fig. 3Ac). The magnitude of the increase was 29-324% peaks (see Experimental Procedures), which was taken as

above the baseline.

Effects of afferent tetanization

an estimation of the quantal efficaoyifl Fig. 4A—-C, insets),
did not change significantly following IT, whereas the esti-
mated quantal contentmj decreased (Fig. 4Ab, Cc) or
increased (Fig. 4Bb, Cb) in parallel with EPSP amplitude

Afferent tetanus induced a strong (at least 68%) LTD in maodifications.

four of six inputs tested, irrespective of the IT effects (Fig. 3A,

B). A lasting potentiation was never observed. In two inputs,

Figure 5 summarizes the deconvolution analysis. Changes
in m without significant shifts inv (Fig. 5A—-C), and the

delayed LTD (Fig. 3Ab, Bb, dots) was so strong that the correlations between changes in and EPSP amplitudes

respective inputs could be considered as “siléa37.57.65

(Fig. 5D), are consistent with a presynaptic site of expression

However, similar to the above cases with IT, occasional of the EPSP amplitude modifications.
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Fig. 4. Quantal (noise deconvolution) analysis of the long-lasting potentiation and depression. Results of three experiments are shown. IICIP () and

were induced by postsynaptic depolarizing pulses (IT). In C, LTD (c) was induced by AT following a potentiation (b) induced by IT. Deconvolvedriempone

are shown by bars; experimental and predicted distributions are shown by dashed and continuous curves, respectively. The left (probajiidy) dedsite

right (probability,P;) ordinates refer to the curves and bars, respectively. The insets give the mean amp)itnidlERSP1, estimated quantal siz, (nean

guantal contentr()), noise standard deviatio&j and sample sizenf. Note the lack of significant changesinvith large decreases (Ab, Cc) or increases (Bb,
Cb) inm.

The presynaptic involvement was further supported by applied its simplest variant. The respective strong correlation
three additional approaches (Fig. 5E—I). The failure rate (Fig. 5F) was also consistent with presynaptic mechanisms of
correlated with amplitude changes (Fig. 5E). Although the both potentiatiof® (but see Ref. 71) and depressitin.
variance methott*° is strongly affected by non-uniformity The presynaptic nature of ICP, ICD and LTD predicts
of v across release sites and by some other faétonge changes in presynaptic PPF. Accordingly, PPF tended to
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Fig. 5. Summary of the deconvolution analysis (A—D), and additional approaches based on the analyses of failures (E), variances (F) and PPFIthanges (G

(A—C) Averaged changes in the mean amplituflg uantal size\) and quantal contentr{). Cases with statistically significant ICD (A) and ICP (B) and all

trials of AT (C) are included, except one input with virtually complete LTD (Fig. 3Ac). All data are expressed as percentage of the post-tetaretatiakies

to the respective pretetanic controts$.E.M.). Data for EPSP1 and EPSP2 were either used separately (dots and squares in D—F) or pooled (two large filled

squares in D and F). Two cases with small numbers of response amplitadiésgbove the noise level were excluded. Significance lelf®( changes im

(A—C) and the amplitude (C) are givetitést for correlated samples). Changew iwere not statistically significanP¢0.1). (D—F) Relative mean EPSP

amplitudes plotted against (D), logarithm of the inverse failure rat&li{No; E) and inverse square of the coefficient of variation corrected for the background

noise variance (F). Mean post-tetanic EPSP amplitudes were divided by mean pretetanic amplitudes so thafl08ktesnd<<100% refer to potentiation

and depression, respectively. Dots and squares represent data for IT (EPSP1 and EPSP2, respectively). Filled and open triangles repre3gifiarifor A

and EPSP2, respectively). The sample sigevas smaller for the graph in E, because casesMjth4 were excluded. Linear regression lines are shown. (G,

H) Changes in the PPF ratios plotted against the changes in the EPSP amplitudes (G) and initial PPF ratios (H). The PPF change was expressed as the ratic

the post-tetanic PPF to the pretetanic one, so that 100% signifies no PPF changes. Dots and triangles represent data from experiments with IT and AT

respectively. Continuous regression lines correspond to all data; dashed lines correspond to cas&8@fhelative amplitude after IT. (1) Relative EPSP
amplitudes plotted against the initial PPF ratios.

PPF changes
(%)

PPF changes
(%)

4

Initial PPF ratio

decrease with LTP and to increase with LTD, so that the modifications in the synapse, where LTP has often been
summary plot (Fig. 5G) showed a moderate correlation. It considered to be of purely presynaptic origin (for reviews
was statistically significantr&—0.81,n=12, P<<0.01) for see Refs 43 and 74, but also see Ref. 28); (iii) the same post-
cases with IT (Fig. 5G, dots) and for the inputs which showed synaptic activation could induce either potentiation or depres-
amplitude increases after IT (Fig. 56+ —0.83). A further sion, and the direction of synaptic modifications tended to
analysis (Fig. 5H) revealed a correlation between the initial depend on the initial release probability; (iv) in spite of a
(pretetanic) PPF ratio and PPF change§:>but it was statis- postsynaptic site of induction, both ICP and ICD appear to
tically significant only for the inputs with amplitude increases be maintained by presynaptic mechanisms.
after tetanus (Fig. 5Hr=0.87, dashed line). Correlation
between the initial PPF and amplitude modificatitiié
appeared to be the highest (Fig. 5I). The respective coefficien
of correlation was statistically significant for all cases with IT LTP-like changes following intracellular tetanus in the
(r=0.62,n=12,P<0.05) and especially high for cases with absence of the presynaptic stimulation were first described
response potentiatiom=£0.93; Fig. 51, dots and dashed line). by Kuhnt2? with recordings of large EPSPs from CA1 pyra-
midal neurons. Subsequently, the effect of IT was reproduced
with recordings of minimal or large EPSPs by different groups
in different CNS structure’!!3254-56.6%t js worth noting that,
The present study clearly shows that, in hippocampal slices although the induction protocol varied between different
from juvenile animals, in the absence of synaptic stimulation, groups and preparations, it always consisted of multiple and
both LTP and LTD can be induced in CA3 neurons by an IT. relatively short (5—100 ms) depolarization pulses. The dura-
Several observations appear noteworthy: (i) during the first tion and the number of the pulses seem to be critical for LTP
two postnatal weeks, at the mossy fibore—CA3 synapse, wheninduction. Thus, a small number (10-30) of longer (0.5-3 s)
AT induces only LTD, mechanisms of LTP are already pulsescan produce LTP in CA1 pyramidal neurons only when
present; (ii) a postsynaptic activation can induce LTP-like paired with the afferent volle}?*°4" They were ineffective

tSynaptic modifications induced by intracellular tetanization

DISCUSSION
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without pairings in thig& and other structure¥;?34573or induced by pairing the postsynaptic depolarization with a
they induced short-term (minutes or less) potentiation or weak presynaptic traiff. Recent data suggest the existence
depressiof?¢36467.5|CP or ICD, respectively, in our termi-  of two forms of LTP with either pre- or postsynaptic induc-
nology). Only few reports described a robust but decremental tion, depending on whether the induction protocol favours
(during 30—40 min) form of ICP® and non-decremental Cé&*" influx into the pre- or postsynaptic compartméhtn
LTD.® According to Kullmanret al.,3 a rise in intracellular keeping with these studies on adult neurdttbe present data
Ca" through the activation of voltage-gated Tahannels strongly support the existence of a form of LTP with post-
would be responsible for ICP. The observation that the decre- synaptic induction. The failure of purely postsynaptic induc-
mental ICP was NMDA independent makes unlikely the tion in previous publication$?’” can be accounted for by
possibility that this phenomenon arises from occasional pair- using a small number of long postsynaptic pulses which
ings of postsynaptic depolarization with spontaneous pre- could inactivate voltage-gated &achannels.
synaptic transmitter relea®é® (but see Refs 18 and 53).

Short intracellular pulses would facilitate €anflux even . S I
in the absence of presynaptic activation, because in thesesy_n_apt'c modifications depend on the initial release prob-
conditions inactivation of voltage-gated €a channels ability
would be minimized. In fact, intracellular depolarization is The present data show that either potentiation or depression
known to produce a rise in intracellular €aconcentration can be induced by IT, and that the direction of the synaptic
(e.g., Ref. 5) and this may be sufficient to induce long-term changes tended to depend on the initial state of the synapse.
changes in synaptic strength. The demonstration that LTP canHence, synapses with high initial PPF ratio and therefore low
be induced by light-evoked release of caged'Cand hence  release probabilitf tend to be depressed or resistant to modi-
by a purely postsynaptic manipulatiéfstrongly favours this fications. These data, as well as those obtained in the visual
hypothesis. Preliminary data show that, in neocortical cortex challenge the assumption that the direction of synap-
neurons, IT with short pulses does lead to substantidf Ca tic modifications is related exclusively to different levels of
comparable in magnitude to that occurring during plasticity- intracellular C&" concentratior?:>> Therefore, the disposition
inducing AT of synaptic connections to undergo potentiation or depression
depends on the initial release probability (also see Ref. 10). A
dependence of the direction of post-tetanic modifications on
whether the input had already been potentiated or not has also
been noted in the hippocamd&®and in other system&.In
the present study, the dependence of the ICP magnitude on the

Induction of LTP-like modifications at the mossy fibre— initial PPF ratio was especially strong and was similar to the
CAS3 synapse was unexpected in view of previous data show-analogous dependence revealed for LTP in the CA1 #r¥a.
ing that only LTD could be induced by AT in this pathway
during the first two postnatal weekur findings indicate
that the mechanisms for LTP induction are already present
during the second postnatal week, but AT is not adequate to  The correlation of the initial PPF ratios with the magnitude
activate them. This situation is similar to that observed in the and direction of synaptic modifications is compatible with the
visual cortex of mature rats (four to six weeks) under condi- assumption that maintenance mechanisms of both ICP and
tions of preserved GABA inhibition, where IT was able to  ICD are presynaptic in origin, made here on the basis of
induce ICP in inputs with a high PPF rafibwhereas AT several approaches, including inspection of post-tetanic
failed to produce LTP and at best induced LTD (Volgushev changes in the PPF ratio, failure analysis, variance analysis
and Voronin, unpublished observation). Other studies and quantal (noise deconvolution) analysis.
performed on the visual cortex of young rats demonstrated The expression of the AT-induced LTD during a critical
that LTP can be more reliably induced under conditions postnatal period is also consistent with presynaptic mechan-
presumably favourable for sufficiently stronganflux in isms/ Presynaptic mechanisms have been suggested for LTD
the postsynaptic neuron (see Ref. 2 for references and discusinduced by longer (minutes) low-frequency afferent stimula-
sion). Taken together, all the above considerations suggesttion in CA1'%679(but see Refs 44 and 49), in CX3and in
that bursts of short intracellular pulses, in juvenile CA3 the neocortex! In contrast, in the cerebellum, LTD is
neurons, are more effective in increasing intracellulaf’Ca  believed to depend on decreased receptor sensitivity to gluta-
concentration as compared to AT, and that is probably the mate?® In principle, an apparent diminution im could be
reason why, unlike AT, IT is able to induce LTP. accounted for by switching off receptors, rendering respective
sites “silent’**2437 However, we consider this explanation
unlikely for our case because: (i) the lack of changew in
requires selective all-or-none modifications at some release
sites without essential changes at other sites; (ii) the interac-
tion between PPF and depression (Fig. 5G-I) indicates

There is general agreement that, at the mossy fibore—CA3changes in presynaptic release probability; (iii) with almost
synapse, LTP is NMDA independefit?®’*However, there ~ complete depression (Fig. 3), infrequent large responses to the
was a lasting discussion whether or not mossy fibre LTP second pulse occurred.
requires postsynaptic depolarization associated with* Ca Similar to previous data obtained in experiments with
influx into postsynaptic neurorté*37*Previous attempts to  IT,33555662the present data provide further evidence for the
induce mossy fibre LTP by purely postsynaptic depolarization role of a retrograde messenger in use-dependent synaptic
have been unsuccessféf’ In contrast, LTP could be  moadifications. The induction protocol did not involve any

At the mossy fibre—CAsynapse, long-term potentiation
mechanisms are already present during the second postnatal
week

Maintenance mechanisms of long-term synaptic modifications

Effects of intracellular potentiation confirm the existence of
two forms of long-term potentiation at the mossy fibre3CA
synapse
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direct activation of presynaptic axons, but induced modifica- post-tetanic modifications, so that the magnitude of LTP is
tions that are likely to be presynaptically located. strongly correlated with the initial (pretetanic) PPF ratio. In

spite of a postsynaptic induction, our results are compatible
CONCLUSIONS with presynaptic mechanisms underlying the maintenance of
both potentiation and depression induced by intracellular

Previous studies have shown that, at early developmentaliatianization.

stages, in the CA3 hippocampal region, only LTD is inducible

by afferent stimulation of the mossy fibres, whereas the same

high-frequency train induces LTP after the second postnatal

week. Here, we have demonstrated that, during development AcknowledgementsWe thank Dr A. Nistri for helpful comments and

not only LTD but also LTP can be induced at mossy fibre

. W. Anderson for providing the acquisition program. This work was
supported by grants from the Ministero dell'Universiéa Ricerca

synapses when high-frequency short intracellular pulses arescientifica to E.C., and also from the Russian Foundation for Basic
used rather than AT. We have shown that the initial state of Research, Volkswagen Foundation and INTAS to L.L.V.; N.B. was a
the synapses influences the direction and magnitude of therecipient of a fellowship from NOVARTIS Pharma.

11.

12.

13.

14.

16.

17.

18.
19.

20.

21.

22.

REFERENCES

Alonso A., de Curtis M. and Llinas R. (1990) Postsynaptic Hebbian and non-Hebbian long-term potentiation of synaptic efficacy in the entechinal cor
in slices and in the isolated adult guinea pig br&iroc. natn. Acad. Sci. U.S.87,9280-9284.

Artola A. and Singer W. (1993) Long-term depression of excitatory synaptic transmission and its relationship to long-term pot€rerad®heurosci.
16,480-487.

Astrelin A. V., Sokolov M. V., Behnisch T., Reymann K. G. and Voronin L. L. (1997) Noise deconvolution based on L1-metric and decomposition of
discrete distributions of postsynaptic responsefeurosci. Meth71, 17-27.

Astrelin A. V., Sokolov M. V., Behnisch T., Reymann K. G. and Voronin L. L. (1998) Principal component analysis of minimal excitatory postsynaptic
potentials.J. Neurosci. Meth79, 169-186.

Barry M. F., Vickery R. M., Bolsover S. R. and Bildman L. J. (1996) Intracellular studies of heterosynaptic long-term depression in CA1 of hgdpocamp
slices.Hippocampus, 3—-8.

Bashir Z. |. and Collingridge G. L. (1994) An investigation of depotentiation of long-term potentiation in the CA1 region of the hippo&xplfBizain
Res.100,437-443.

Battistin T. and Cherubini E. (1994) Developmental shift from long-term depression to long-term potentiation at the mossy fibre synapses in the rat
hippocampusEur. J. Neurosci6, 1750—1755.

Berretta N., Cherubini E., Rossokhin A. V. and Voronin L. L. (1997) Intracellular tetanization of CA3 neurones induces long-term potentR}ioh (LT
mossy fibre synapses in juvenile rat hippocampal slideBhysiol.504,P180—-P181.

Bliss T. V. P. and Collingridge G. L. (1993) A synaptic model for memory: long-term potentiation in the hippocasapue361,31-39.

Bolshakov V. Y. and Siegelbaum S. A. (1994) Postsynaptic induction and presynaptic expression of hippocampal long-term dépiersstd64,
1148-1152.

Bravarenko N. I., Gusev P., Balaban P. M. and Voronin L. L. (1995) Postsynaptic induction of long-term synaptic facilitation in snail ceores.neur
NeuroRepor6, 1182—-1186.

Domenici M. R., Berretta N. and Cherubini E. (1998) Two distinct forms of long-term depression coexist at the mossy fiber—CA3 synapse in the
hippocampus during developmeftoc. natn. Acad. Sci. U.S.A5, 8310-8315.

Durand G. M., Kovalchuk Y. and Konnerth A. (1996) Long-term potentiation and functional synapse induction in developing hippddaimmB381,

71-75.

Faber D. S. and Korn H. (1991) Application of the coefficient of variation methods for analyzing synaptic pleBimptyys. J60, 1288—1294.

Fujii S., Saito K., Miyakawa H., Ito K. and Kato H. (1991) Reversal of long-term potentiation (depotentiation) induced by tetanus stimutetiopuaf t

to CA1 neurons of guinea pig hippocampal sliddmin Res555,112-122.

Goda Y. and Stevens C. F. (1996) Long-term depression properties in a simple $ysteon16,103-111.

Griffith W. H. (1990) Voltage-clamp analysis of posttetanic potentiation of the mossy fiber to CA3 synapse in hippodariNeusophysiol 63,
491-501.

Grover L. M. and Teyler T. J. (1990) Two components of long-term potentiation induced by different patterns of afferent attatatieB847,477—-479.
Gustafsson B. and Wigstrom H. (1986) Hippocampal long-lasting potentiation produced by pairing single volleys and brief conditioningktetsini ev
separate afferentd. Neurosci6, 1575-1582.

Gustafsson B., Wigstrom H., Abraham W. and Huang Y. Y. (1987) Long-term potentiation in the hippocampus using depolarizing current pulses as the
conditioning stimulus to single volley synaptic potentialsNeurosci.7, 774—780.

Gyori J., Atzori M. and Cherubini E. (1996) Postsynaptic induction of mossy fibre long-term depression in developing rat hippdiumpRepor?,
1660-1664.

Harris E. W. and Cotman C. W. (1986) Long-term potentiation of guinea pig mossy fiber responses is not bldtkeeltbyl-n-aspartate antagonists.
Neurosci. Lett70, 132-137.

Hirata K., Sawada S. and Yamamoto C. (1991) Enhancement of transmitter release accompanying long-term potentiation in synapses between mos:
fibers and CA3 neurons in hippocampdeurosci. Lett123,73-76.

Isaac J. T. R., Nicoll R. A. and Malenka R. C. (1995) Evidence for silent synapses: implications for the expressionNgUrdR16, 427—-434.

Ito M. (1989) Long-term depressioA. Rev. Neuroscil2, 85-102.

Jackson J. E. (1998 User's Guide to Principal Componentiohn Wiley, New York.

Jaffe D. and Johnston D. (1990) Induction of long-term potentiation at hippocampal mossy-fiber synapses follows a Hehbileuutmhysiol64,
948-960.

Johnston D., Williams S., Jaffe D. and Gray R. (1992) NMDA receptor-independent long-term poterdiaiRav. Physiol54, 489-505.

Jonas P., Major G. and Sakmann B. (1993) Quantal components of unitary EPSPs at mossy fibre synapse on CA3 pyramidal cells of rat hippocampus.
Physiol., Lond472,615-663.

Kelso S. R., Ganong A. H. and Brown T. H. (1986) Hebbian synapses in hippocdPmpasnatn. Acad. Sci. U.S.83,5326-5330.

Kleschevnikov A. M., Sokolov M. V., Kuhnt U., Dawe G. S., Stephenson J. D. and Voronin L. L. (1997) Changes in paired-pulse facilitation correlated
with induction of long-term potentiation in area CA1 of rat hippocampal slidesiroscienceg 6, 829—-844.

Kuhnt U. (1984) Long-lasting changes of synaptic excitability induced by repetitive intracellular current injections in hippocampal Keurossi.

Lett., Suppl18, S27.

Kuhnt U., Kleschevnikov A. M. and Voronin L. L. (1994) Long-term enhancement of synaptic transmission in the hippocampus after tetanization of
single neurones by short intracellular current puldé&surosci. Res. Commuh4, 115-123.



34.

35.

36.

37.

45,

46.
47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

61.

62.

63.

64.

65.

66.

67.

69.

70.

71.

72.

73.

74.
75.

LTP induced by intracellular tetanization in CA3 477

Kuhnt U. and Voronin L. L. (1994) Interaction between paired-pulse facilitation and long-term potentiation in area CA1 of guinea pig hipgticasapal
application of quantal analysibleuroscienc&?2,391-397.

Kullmann D. M. and Nicoll R. A. (1992) Long-term potentiation is associated with increases in quantal content and quantal aMatitcel@857,
240-244.

Kullmann D. M., Perkel D. J., Manabe T. and Nicoll R. A. (1992§ Centry via postsynaptic voltage-sensitive?Cahannels can transiently potentiate
excitatory synaptic transmission in the hippocampNesuron9, 1175-1183.

Liao D., Hessler N. A. and Malinow R. (1995) Activation of postsynaptically silent synapses during pairing-induced LTP in CAL region of higlpocamp
slice. Nature375,400—-403.

Linden D. J. and Connor J. A. (1995) Long-term synaptic depresAidRev. Neuroscil8, 319—-357.

Marty A. and Llano I. (1995) Modulation of inhibitory synapses in the mammalian bEaim. Opin. Neurobiol 5, 335—-341.

McNaughton B. L., Shen J., Rao G., Foster T. C. and Barnes C. A. (1994) Persistent increase of hippocampal presynaptic axon excitabilityvafter repe
electrical stimulation: dependence on NMDA receptor activity, NO synthase, and tempelPatirenatn. Acad. Sci. U.S.A1,4830-4834.

Miles R. and Wong R. K. S. (1987) Latent synaptic pathways revealed after tetanic stimulation in the hippob&aypas29,724-726.

Neveu D. and Zucker R. (1996) Postsynaptic levels of {Faeeded to trigger LTD and LTMeuron16,619-629.

Nicoll R. A. and Malenka R. C. (1995) Contrasting properties of two forms of long-term potentiation in the hippockeipus377,115-118.

Oliet S. H., Malenka R. C. and Nicoll R. A. (1996) Bidirectional changes of homosynaptic long-term depression in area CA1 of the hippdeanopus.

9, 967-976.

Otsu Y., Kimura F. and Tsumoto T. (1995) Hebbian induction of LTP in visual cortex: perforated patch-clamp study in culturedheélgansphysiol.
74,2437-2444.

Redman S. (1990) Quantal analysis of synaptic potentials in neurons of the central nervousPygseh.Rev70, 122-165.

Sastry B. R., Goh J. W. and Auyeung A. (1986) Associative induction of posttetanic and long-term potentiation of rat hippd®eiempre232,
988-990.

Schulz P. E., Cook E. P. and Johnson D. (1994) Changes in paired-pulse facilitation suggest presynaptic involvement in long-term padtentiation.
Neurosci.14,5325-5337.

Selig D. K., Hjelmstad G. O., Herron C., Nicoll R. A. and Malenka R. C. (1995) Independent mechanisms for long-term depression of AMPA and NMDA
responsedNeuronl5,417-426.

Sokolov M. V., Rossokhin A. V., Behnisch T., Reymann K. G. and Voronin L. L. (1998) Interaction between paired-pulse facilitation and long-term
potentiation of minimal EPSPs in rat hippocampal slices: a patch clamp $tiedyoscienc&5, 1-13.

Torii N., Tsumoto T., Uno L., Astrelin A. V. and Voronin L. L. (1997) Quantal analysis suggests presynaptic involvement in expression ofaieocortic
short- and long-term depressiddeuroscienc&9, 317-321.

Tsumoto T. (1992) Long-term potentiation and long-term depression in the neo&gxNeurobiol.39,209-228.

Urban N. N. and Barrionuevo G. (1996) Induction of Hebbian and non-Hebbian mossy fiber long-term potentiation by distinct patterns of igh-freque
stimulation.J. Neuroscil6, 4293—-4299.

Volgushev M., Voronin L. L., Chistiakova M., Hansel C. and Singer W. (1995) Long-term modifications of synaptic transmission in rat visual cortex
induced by intracellular tetanizatioBoc. Neurosci. Abst21,1742.

Volgushev M., Voronin L. L., Chistiakova M. and Singer W. (1994) Induction of LTP and LTD in visual cortex neurones by intracellular tetanization.
NeuroRepor6, 2069-2072.

Volgushev M., Voronin L., Chistiakova M. and Singer W. (1997) Relations between long-term synaptic modifications and paired-pulse intetiagtions

rat neocortexEur. J. Neurosci9, 1656—1665.

Voronin L. L. (1983) Long-term potentiation in the hippocampusurosciencé 0, 1051-1069.

Voronin L. L. (1993)Synaptic Modifications and Memory. An Electrophysiological Anal\&singer, Berlin.

Voronin L. L. (1993) On the quantal analysis of hippocampal long-term potentiation and related phenomena of synaptic plastioggiencé6,
275-304.

Voronin L., Byzov A., Kleschevnikov A., Kozhemyakin M., Kuhnt U. and Volgushev M. (1995) Neurophysiological analysis of long-term potentiation
mammalian brainBehav. Brain Res6, 45-52.

Voronin L. L. and Kuhnt U. (1990) Long-term potentiation affects facilitation ratio of EPSPs recorded from CA1 pyramidal cells in the guinea pig
hippocampal sliceNeurosci. Res. Commu6, 149-155.

Voronin L. L., Kuhnt U., Davletshin R. G. and Hess G. (1988) Ineffective synapsesitro hippocampal slices (in Russiar)okl. Biol. Nauk302,
746-749.

Voronin L. L. and SolIntseva E. I. (1969) Analyse intracellulaire des effets consecutifs a la micropolarisation des neurones €orti¢ebd Sanc.

Acad. Sci., Pari$268,1430-1433.

Voronin L. L., Solntseva E. I. and Ezrokhi V. L. (1968) Mechanisms of after-effects following polarization of single neurons [trandi&aobsti.

Transl (1968—19698, 871—-875].Biophysicsl3, 656—661.

Voronin L. L., Volgushev M., Chistiakova M., Kuhnt U. and Singer W. (1996) Involvement of silent synapses in the induction of long-term potentiati
and depression in hippocampal and neocortical neufdesroscienc&4, 323—-330.

Wagner J. J. and Alger B. E. (1995) GABAergic and developmental influences on homosynaptic LTD and depotentiation in rat hipgobsramsxi.
15,1577-1586.

Woody C. D. (1982Memory, Learning, and Higher Functio®pringer, Berlin.

Woody C. D., Schwartz D. E. and Gruen E. (1978) Effects of acetylcholine and cyclic GMP on input resistance of cortical neurons in &vake cat.
Res.158,373-395.

Xiang Z., Greenwood A. C., Kairiss E. W. and Brown T. H. (1994) Quantal mechanism of long-term potentiation in hippocampal mossy-fiberlsynapses.
Neurophysiol.71, 2552—2556.

Xiao M.-Y., Wigstrom H. and Gustafsson B. (1994) Long-term depression in the hippocampal CA1 region is associated with equal changes in AMPA and
NMDA receptor-mediated synaptic potentialur. J. Neurosci6, 1055-1057.

Yamamoto C., Sawada S. and Kamiya H. (1992) Enhancement of postsynaptic responsiveness during long-term potentiation of mossy fiber synapses in
guinea pig hippocampusleurosci. Lett138,111-114.

Yang X.-D. and Faber D. S. (1991) Initial synaptic efficacy influences induction and expression of long-term changes in trarRroissiatn. Acad.

Sci. U.S.A88,4299-4303.

Yoshimura Y. and Tsumoto T. (1994) Dependence of LTP induction on postsynaptic depolarization: a perforated patch-clamp study in visual cortica
slices of young rats]. Neurophysiol71, 1638—-1645.

Zalutsky R. A. and Nicoll R. A. (1990) Comparison of two forms of long-term potentiation in single hippocampal n&giense248,1619-1624.

Zucker R. S. (1989) Short-term synaptic plasticky Rev. Neuroscil2, 13—31.

(Acceptedl7 March 1999)



