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INTRACELLULAR tetanization, the activation of a post-
synaptic cell without concomitant presynaptic stimula-
tion, was applied to layer II/III pyramidal cells in slices
of rat visual cortex. In standard extracellular medium,
intracellular tetanization led to LTP (21 of 43 inputs) or
LTD (14 of 43 inputs), the direction of the amplitude
change depending on initial paired-pulse facilitation
(PPF) ratio: inputs with high initial PPF ratio were
usually potentiated, and inputs with initially low PPF
were most often depressed or did not change. When
applied during blockade of NMDA receptors (50ìM
APV), intracellular tetanization failed to induce LTD,
but was still capable of inducing LTP (14 of 26 inputs).
Although LTP could occur in inputs with both, low
and high initial PPF ratio, the correlation between the
amplitude change and initial PPF ratio remained:
potentiation was stronger in inputs with initially higher
PPF. These data suggest that intracellular tetanization
activated simultaneously NMDA receptor-dependent
LTD mechanisms and NMDA receptor-independent
LTP mechanisms, the ®nal change of synaptic gain
depending on their balance. NeuroReport 10:3869±3874
# 1999 Lippincott Williams & Wilkins.
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Introduction

Long-term potentiation (LTP) and long-term de-
pression (LTD) of synaptic transmission in the
hippocampus and neocortex can be induced with a
number of different induction protocols. It had been
demonstrated recently that even purely postsynaptic
challenges which do not include presynaptic stimu-
lation, for example depolarizing pulses applied to a
postsynaptic cell [1±3] or photolysis of pre-loaded
Ca2� cages inside a cell [4] are able of induction of
both LTP and LTD. These potentiation and depres-
sion expressed mutual interaction with synaptic
changes induced with conventional protocols, sug-
gesting involvement of at least some common me-
chanisms [1,4,5]. Several forms of long-term
plasticity induced by afferent tetanization depend on
activation of NMDA receptors [6,7]. In this study
we examined whether induction of LTP and LTD
by intracellular tetanization is affected by NMDA
receptor blockade.

Materials and Methods

Slices (350 ìm) of the visual cortex of 4- to 6-week-
old rats were prepared by conventional methods [8]
and investigated under submerged conditions at

308C. Perfusion medium contained (in mM) 125
NaCl, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 25
NaHCO3, 1.5 MgCl2 and 25 D-glucose bubbled
with 95% O2 and 5% CO2. Intracellular recordings
were obtained with glass microelectrodes (70±
100 MÙ) ®lled with 2.5 M potassium acetate, in
some experiments with addition of biocytin (1%,
Sigma). Electrical stimuli (1±20 ìA, 40±100 ìs) were
applied as paired pulses at an interval of 50 ms
through bipolar tungsten electrodes positioned later-
ally (layers I±II) and below (layer IV) the recording
site. Stimulation intensity was set just above thresh-
old for the elicitation of an EPSP to minimize the
number of activated presynaptic ®bres and was kept
constant throughout the experiment. In the ®rst
series of experiments after a control testing period
of 20±40 min, intracellular tetanization was applied
without presynaptic stimulation. Tetani consisted of
three trains (1/min) of 10 bursts (1/s) of 20 depolar-
izing pulses (0.5±1.8 nA, 10 ms, 50 Hz). Current was
adjusted so that the ®rst 2±5 pulses in a burst
evoked spikes. A typical response of a cortical cell
to one burst of intracellular pulses is illustrated in
Fig. 1. In the second series of experiments the same
procedure was applied under conditions of NMDA
receptors blockade with 50 ìM D-APV (Tocris
Cookson Ltd).
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After ampli®cation (Axoclamp 2A) the data were
fed into computer (PC-486; Digidata-1200; PClamp
software, Axon instruments). The EPSP amplitudes
were measured as a difference between the mem-
brane potential within two 1±3 ms windows, one
positioned immediately before the EPSP, and the
other one over the last third of the initial slope of
averaged response, or covering the peak. Only cells
without signi®cant drift of EPSP amplitude during
the control period (15±30 min before the tetaniza-
tion) and with stable membrane potential more
negative than ÿ70 mV were subject to analysis.
Paired-pulse facilitation was calculated as the ratio
between the mean amplitude of responses evoked by
the second and the ®rst stimulus in paired-pulse
paradigm. Amplitude changes were assessed from
responses to the ®rst stimulus in a pair. For correla-
tion analysis peak post-tetanic changes, measured
over a 5±10 min period when amplitude changes
were maximal, starting 10±50 min post-tetanus, were
used [9]. The t-test and Mann±Whitney test were
used to evaluate the signi®cance of differences. We
accepted differences as signi®cant at p , 0.05, unless
otherwise speci®ed.

Results

Intracellular recordings with sharp electrodes were
made from 39 layer II/III cells in slices of rat visual
cortex. During the course of that and related studies
about 30 cells were labelled with biocytin. All these
cells were identi®ed morphologically as pyramidal
cells, allowing us to conclude that under our record-
ing conditions pyramidal cells were selectively
sampled.

Synaptic responses were evoked in recorded cells
with two pairs of bipolar stimulating electrodes,
positioned below (layer IV) and aside (layer II/III)
of the recording electrode. Responses from both
stimulation sites were recorded in 30 cells and from
only one of the sites in the remaining nine neurones.

Intracellular tetanization, which consisted of three

trains of bursts of short depolarizing pulses, was
applied to the postsynaptic cell without concomitant
stimulation of the synaptic inputs and led to long-
lasting changes of synaptic transmission [2,8].

In the ®rst series of experiments the effect of
intracellular tetanization on synaptic transmission
was studied in a control medium. In an example
shown in Fig. 2A, the response amplitude increased
after the intracellular tetanization, on average to
155% of the pretetanic value. In the other example,
the response amplitude decreased moderately, but
clearly, after intracellular tetanization, on average to
79% (Fig. 2B). Altogether, long-term changes of
synaptic transmission were observed in 35 of 43
inputs studied in this series. Potentiation was ob-
served in 21 inputs, depression in 14 inputs, and the
response amplitude did not change signi®cantly in
the remaining eight inputs.

50 mV
50 ms

50 mV
10 ms

FIG. 1. Response of a cortical cell to one burst of depolarizing pulses
(1.1 nA, 10 ms, 50 Hz) Intracellular tetanization consisted of 3 trains (1/
min) of 10 (1/s) such bursts. Lower traces show parts of responses at
expanded time scale, as indicated.

FIG. 2. Changes of synaptic transmission induced by intracellular teta-
nization in control experiments. (A) LTP induced by IT in the input with
high initial PPF ratio (2.52). Averaged responses (n� 50) evoked by
paired stimulation before (a) and after (a� b; a� c) tetanization, as
indicated. Time course of the amplitude changes of averaged responses
(n� 5 for points; n� 10 for circles) evoked by the ®rst stimulus in a pair
before (a) and after (b, c) intracellular tetanization. The arrowhead
marked IT indicates the onset of the intracellular tetanization. In this and
the following ®gures response amplitudes were normalized to the control
(16±20 min before tetanization). (B) LTD induced by ICT in another input
with low initial PPF ratio (1.09). Conventions as in (A).
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Difference of the effects of intracellular tetaniza-
tion on synaptic transmission in the two examples in
Fig. 2 was correlated with the initial state of the
presynaptic release mechanisms, assessed with
paired-pulse stimulations [10]. Inputs with high ini-
tial PPF had a tendency to be potentiated (as in
Fig. 2A, initial PPF� 2.52), and inputs with initially
low PPF were most often depressed (as in Fig. 2B,
initial PPF� 1.09) or did not change. For the whole
sample, there was a highly signi®cant correlation
between initial PPF ratio on the one side and the
direction and magnitude of the amplitude changes
on the other (Fig. 3A, n� 43, p , 0.001). Separation
of a sample into two subgroups of a nearly equal
size reveals a marked difference of the intracellular
tetanization effects. The net effect of intracellular
tetanization on 22 inputs with PPF . 1.3 was poten-
tiation. During the period 15±45 min after intra-
cellular tetanization the averaged amplitudes of
these inputs were 136� 18% of the pretetanic con-

trol. Peak potentiation in these inputs was on
average 171� 20%. In the remaining 21 inputs,
which had initial PPF , 1.3, intracellular tetaniza-
tion produced an opposite net effect. These re-
sponses were depressed on average to 83� 8% of
the control amplitude. The difference between the
effect of intracellular tetanization on inputs with
initially high PPF and on the inputs with initially
low PPF was highly signi®cant ( p , 0.001). When
only those inputs which underwent potentiation
were considered, a signi®cant correlation was found
between initial PPF ratio and the magnitude of
potentiation (r� 0.54, p , 0.05, n� 21). Thus, the
direction of the amplitude changes induced by intra-
cellular tetanization depends on initial PPF, and
potentiation was stronger in inputs with higher
initial PPF.

In the second series of experiments the same
postsynaptic challenge, intracellular tetanization,
was applied under conditions of NMDA receptor

FIG. 3. Dependence of post-tetanic changes induced by intracellular tetanization on initial PPF ratio in control experiments. (A) Correlation between
post-tetanic response amplitude changes (ordinate) and initial PPF ratios (abscissa) for 43 inputs. Thin vertical line (PPF� 1.3) divides a sample in two
parts of nearly equal size (n� 21 and n� 22). Interrupted line shows a linear regression. ��� p , 0.001. (B) Time course of the amplitude changes after
intracellular tetanization for inputs with low (, 1.3, left) and with high (. 1.3, right) initial PPF ratios.
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blockade (50 ìM APV in medium throughout the
experiments). In a case shown in Fig. 4A intracellu-
lar tetanization led to signi®cant and long-lasting
potentiation of EPSP amplitude to 136% in the
input with initially high PPF (1.46). In another
input, with a low PPF ratio (1.13), intracellular
tetanization also led to a signi®cant ( p , 0.01) in-
crease of the response amplitude, albeit weak (to
116% of the control). Under NMDA receptor
blockade, intracellular tetanization induced potentia-
tion in 14 of 26 inputs, but never led to signi®cant
depression of synaptic transmission. This can be
clearly seen in Fig. 5A, where points are located
above, but not signi®cantly below the zero ordinate
(compare with Fig. 3A). Despite this absence of
depression, a signi®cant correlation between the
amplitude change and the initial PPF ratio remained:

inputs with higher initial PPF showed greater in-
crease of the response amplitude after intracellular
tetanization.

Segregation of the data in two groups using the
same criterion as in the ®rst series of experiments
(initial PPF , 1.3 or . 1.3) further illustrated the
relation between initial PPF and the magnitude of
potentiation. In 12 inputs with initial PPF . 1.3,
potentiation was stronger than in the remaining 14
inputs with initial PPF , 1.3 (129� 13% vs 117�
6%). Further, this segregation revealed a marked
difference between the two groups in respect to an
impact of NMDA receptor blockade on synaptic
changes induced by intracellular tetanization
(Fig. 5B). Inputs with initially high PPF were
potentiated by intracellular tetanization, both in the
control medium and under the blockade of NMDA
receptors. In contrast, effect of intracellular tetaniza-
tion on the inputs with initially low PPF was
essentially reversed by NMDA receptor blockade.
When applied in control conditions intracellular
tetanization led to a decrease of response amplitude
in these inputs to 83� 8% of the pretetanic value.
Under the blockade of NMDA receptors intracellu-
lar tetanization induced an increase of response
amplitude to 117� 6%. The difference between
these two effects was signi®cant ( p , 0.01).

Thus, when the NMDA receptors are blocked
intracellular tetanization is not capable of inducing
depression of synaptic transmission but is still cap-
able of inducing potentiation. Both with and with-
out NMDA receptor blockade, the magnitude of
potentiation depended on the initial PPF, being
higher in inputs with high PPF.

Discussion

Our data demonstrate that induction of LTD by
intracellular tetanization depends on activation of
NMDA receptors and is abolished by their block-
ade. In contrast, induction of LTP by the same
protocol was not eliminated by blockade of NMDA
receptors, therefore the mechanisms which led to
LTP in our experimental situation, were NMDA
receptor independent.

These ®ndings are unexpected since our induction
protocol, intracellular tetanization, was applied
without presynaptic stimulation and thus could not
lead to synaptic activation of NMDA receptors. The
observed NMDA receptor dependence of LTD
induction could be accounted for by the following
considerations. If to presume that some minor
amount of background glutamate is present in a
slice, then, it could be bound to some of the NMDA
receptors due to their extremely high af®nity [11].
These receptors, despite being occupied by the

FIG. 4. Changes of synaptic transmission induced by intracellular teta-
nization during NMDA receptor blockade with 50 ìm D-APV. (A) Strong
LTP induced by IT in the input with high initial PPF ratio (1.46). Averaged
responses (n� 50) evoked by paired stimulation before (a) and after
(a� b; a� c) tetanization, as indicated. Time course of the amplitude
changes of averaged responses (n� 5 for points; n� 10 for circles)
evoked by the ®rst stimulus in a pair before (a) and after (b, c) intracellu-
lar tetanization. The arrowhead marked IT indicates the onset of the
intracellular tetanization. (B) Weak LTP induced by intracellular tetaniza-
tion in the input with low initial PPF ratio (1.13) under NMDA receptor
blockade. Conventions as an (A).
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agonist, do not affect properties of a cell membrane
at rest, since the channels are blocked by magnesium
[12]. During intracellular tetanization, the magne-
sium block is removed, and calcium can enter the
cell through these NMDA receptor gated channels
(probably only a small part of the total number).
This local Ca2� in¯ux through the NMDA channels,
in combination with [Ca2�] raise caused by other
mechanisms, could be just enough to reach the
threshold of activation for mechanisms which are
responsible for NMDA dependent LTD induced by
afferent tetanization. A small number of the NMDA
receptors which can be occupied by the low level of
background glutamate might be not suf®cient to let
in enough calcium for reaching the threshold of
NMDA dependent LTP, since that threshold might
be higher [13]. The fact that predominantly inputs
with low initial PPF ratio are depressed is consistent
with this scheme. Lower initial PPF ratio is indica-
tive of higher release probability at these synapses

[10]. Higher release probability, in turn, increases
the possibility of spontaneous release, and therefore
of the presence of glutamate at these synapses.

Our results provide further support for the con-
jecture that mechanisms of both potentiation and
depression are activated by the same challenge, and
that the ®nal result depends on their balance
[8,14,15]. In the group of inputs with low initial
PPF, intracellular tetanization led to depression
under control conditions. If only the mechanisms
responsible for depression were activated at these
synapses, the inputs should have remained un-
changed when intracellular tetanization was applied
during NMDA receptor blockade. However, under
blockade of NMDA receptors the intracellular teta-
nization led to potentiation, indicating that potentia-
tion mechanisms were activated at these same
synapses by that same challenge. These data are, in a
sense, complementary to the recent ®nding that
when the mechanisms responsible for potentiation

FIG. 5. Dependence of post-tetanic changes of synaptic transmission induced by intracellular tetanization during blockade of NMDA receptors with
50 ìm D-APV. (A) Correlation between post-tetanic amplitude changes of EPSP1 (ordinate) and initial PPF ratios (abscissa) for 26 inputs studied under
50 ìm D-APV. � p , 0.05. (B) Time course of the amplitude changes after intracellular tetanization for inputs with low (, 1.3, left) and with high (. 1.3,
right) initial PPF ratios, studied under 50 ìm D-APV. Data obtained in control solution are shown for comparison (unconnected symbols without error
bars).
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are blocked, a pairing protocol leads to a depression
rather than to a potentiation of synaptic transmis-
sion in the dentate gyrus [15]. They are also
compatible with results obtained in different brain
structures, showing that a balance between potentia-
tion and depression, and thus the ®nal effect of a
particular plasticity inducing protocol, can be altered
by pharmacological means or by recently induced
synaptic changes [4,5,15±18].

The blockade of mechanisms responsible for de-
pression has isolated the effect of potentiation
mechanisms. This allowed to reveal a gradual nature
of both predispositions for potentiation and of
activation of mechanisms of potentiation. Potentia-
tion occurred more often, and was of a higher
magnitude, in the inputs with a high initial PPF.

Conclusion

The results of the present study demonstrate that
induction of LTD by a purely postsynaptic chal-
lenge, in the form of intracellular tetanization, is
abolished by NMDA receptor blockade. Under
control conditions inputs with a low initial PPF
ratio were susceptible for LTD. Since lower PPF is
indicative of higher release probability, spontaneous
release of glutamate should be higher at these
synapses. This amount of background glutamate
might support enough Ca2� surge through NMDA

receptors during intracellular tetanization, to acti-
vate NMDA dependent mechanisms of LTD.

In contrast, NMDA receptor blockade did not
prevent induction of LTP by intracellular tetaniza-
tion. This data suggest that mechanisms of both
potentiation and depression can be activated simul-
taneously by the same procedure, and the ®nal
change of synaptic gain depends on their balance.
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