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Different effects of 2 and 100 Hz tetanus on the expression of long-
lasting long-term potentiation in rat visual cortical slices
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Abstract:  Long-term potentiation (LTP) can be induced by various tetanic parameters in the mammalian visual cortex. However, little
researches have been done on the relationship between the expression of the long-lasting LTP (late phase LTP or L-LTP) lasting more than
3 h and the tetanic parameters. In the present study, the effects of 2 Hz and 100 Hz tetanic parameters on L-LTP of the field potentials
were recorded from the layer /  of the rat visual cortical slices in response to stimulation of the layer . As a result, tetanic parameters
that had more than 300 pulses reliably induced L-LTP in the postnatal day 15~21 rats. Obviously different L-LTP expressions were
induced by 2 Hz and 100 Hz tetani. There was no difference in L-LTP expression induced by the parameters with the same frequency and
different total pulses. These data suggest that L-LTPs induced by different frequency parameters may have different induction and
maintenance mechanisms; L-LTPs induced by the parameters with the same frequency may have the same mechanisms.
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Activity-dependent changes in synaptic strength such
as long-term potentiation (LTP) are believed to be critical
for information processing and for the refinement of neu-
ronal connections during development[1]. LTP consists of
early and late stages according to the maintenance mecha-
nisms : early phase LTP lasting less than 3 h and late phase
LTP (L-LTP) lasting longer than 3 h[2-4]. It has been sug-

gested that L-LTP is dependent on the transcription of
mRNA and the synthesis of proteins[4,5]. In the developing
visual cortex, LTP is analogous to the process of activity-
dependent refinement of synaptic formation[6]. Experimen-
tally , LTP in the visual cortex is often elicited by 2 and 100
Hz tetanus[7]. Interestingly, the 2 Hz tetanus that induces
LTP in the visual cortex actually induce long-term depres-



Acta Physiologica Sinica, August 25, 2004, 56 (4): 451-454452

sion (LTD) in the hippocampus[7-9], suggesting that differ-
ent brain areas may differ in their responses to stimulating
parameters.

Numerous studies support the idea that visual cortex
LTP underlies an experience-dependent modulation of vi-
sual functions such as the ocular dominance plasticity [6].
At the same time, it is suggested that patterned activity
plays key role in modulating synaptic competition and prun-
ing [10]. Patterns of visual activity are important for the de-
velopment of visual cortex. However, there is no report
regarding the relationship between tetanic parameters and
properties of L-LTP in the visual cortex, such as induction,
expression and maintenance. Here we used field potentials
recorded in the layer /  of visual cortical slices to
examine the effectiveness of 2 and 100 Hz tetanus on the
induction of L-LTP in the developing rat.

1  MATERIALS AND METHODS

1.1 Slice preparation.   Sixty-four visual cortical slices
were prepared from 64 male Sprague-Dawley rats at post-
natal day 15~21(P15~21). Rats were housed in a standard
environment on a 12:12-h light/dark cycle with lights on
07:00, and allowed access to water and food ad libitum.
Dissections were consistently performed between 9:00 and
11:00 am. Rats were initially anesthetized with ether and
then immersed in ice-cold water except for the nose for 3
min to reduce brain temperature. Immediately after
decapitation, the brain was removed in an ice-cold artifi-
cial cerebral spinal fluid (ACSF) bubbled with 95% O2 and
5% CO2. The ACSF contained (in mmol/L) NaCl 124, KCl
5, KH2PO4 1.25, MgSO4 2, CaCl2 2, NaHCO3 26, and glu-
cose 10 (pH 7.40). A block of tissue containing the visual
cortex was cut into 400 µm thick slices with a vibratome
(Campden Instruments, London, UK). The slices were
transferred to an interface type recording chamber main-
tained at 31ºC and incubated for at least 1.5 h prior to
electrophysiological recording. This study was carried out
in compliance with the Guide for the Care and Use of Labo-
ratory Animals at the Medical School of Xi’an Jiaotong
University. All procedures were conducted with the mini-
mum number of animals necessary for data collection and
with minimal stress or pain in the subjects.
1.2 Electrophysiology.  To record in the monocular (Oc1M)
and binocular (Oc1B) subfields of the rat primary visual
cortex, only slices matching sections pictured in Zilles were
used[11]. The extracellular field excitatory postsynaptic po-
tentials (fEPSPs) were recorded using micropipettes filled
with 2 mol/L NaCl solution with impedances of 1.0~2.0

MΩ. A monopolar recording configuration was employed
with the slice pool grounded. Electrical stimulation was
administered via a 75 µm bipolar concentric stimulating
electrode. With the aid of a binocular microscope, the re-
cording electrode was placed in layer / . The stimu-
lating electrode was placed in layer . Data were col-
lected and analyzed using an A/D converter (Powerlab 200;
ADInstrument, Australia) and a personal computer. Once
the electrode was placed, a recording session began with a
determination of the threshold stimulation level which ob-
tained a 200 µV synaptic response[12]. Slices that exhibited
thresholds greater than 50 µA were considered ‘unhealthy’
and were not used for recording. The stimulus intensity
was set to evoke a response of ~50% of the maximum
amplitude. Test stimuli of 0.1-ms duration were deliv-
ered once per minute. The test stimulus was applied
throughout the experiments, except during the tetanus.
Baseline recordings were collected for at least 20 min
prior to experimental manipulations, to assure stability
of the responses[13]. After the stable baseline recording was
obtained, the tetanus protocol was applied at the test
intensity. 2 Hz and 100 Hz tetani were used. Details of
tetani were listed in Table 1. Slices in which post-tetanus
fEPSPs slope received and maintained at a level at least
20% higher than average fEPSPs slope in pre-tetanus
baseline recording for up to 3 h were demonstrated as
L-LTP. Those that decay to baseline in 3 h were said to
be LTP (<3 h).
1.3 Statistical evaluation.  The data are presented as
means±SEM. The incidences of L-LTP induced by two
tetanic parameters were compared by chi-square test. For
multiple comparisons, one-way analysis of variance was
used. Comparison between two experiment groups was
made by the unpaired Student's t test. P values <0.05 were
considered to have statistical significance.

2  RESULTS

A typical fEPSPs elicited in layer /  in response to
layer  stimulation consists of two major components: a
negative wave with peak latency at 3.5~4.0 ms and a sec-
ond negative component with peak latency at 5.5~7.5 ms
(Fig. 1A). Those components were thought to present syn-
aptic activity because they were eliminated by Ca2+ free
medium or by the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor antagonist 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX ,10 µmol/L)
(Fig.1A). The first negative component was considered to
be monosynaptic response because of its short latency[12].
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We used the first negative-going potential as index for as-
sessing synaptic modification induced by tetanus. The ex-
pression of LTP was described in Fig. 1B. After tetanus,
fEPSPs progressively increased until 60 min post-tetanus
when maximum potentiation was achieved and remained
without decrement throughout the observation period.

To evaluate the relationship between the expression of
LTP and tetanic parameters, various tetani were used. From
the results, we found that parameters with more than 300

pulses could steadily induce L-LTP (Table 1).  L-LTP in-
duced by 100 Hz tetanus had higher mean fEPSP slope
than that induced by 2 Hz tetanus (Table 1 and Fig. 1B). At
the same time, we compared the different effects of the
parameters with the same frequencies and different total
pulses. We found that 2 Hz tetanic parameters with 1 200
total pulses had higher incidence of L-LTP than 300 pulses
and there was no difference in the mean fEPSP slopes
between those two groups (Table 1 and Fig. 1B).

Table 1 L-LTP induced by various tetanic parameters at P15~21

Frequency Duration Trains Total number Total cases        Induction of L-LTP                        Induction of LTP
(Hz)  (s) of pulses (n) Incidence Mean slope (%) Incidence    Mean slope (%)

    2 600 1 1200 16 87.5% 144.83 ± 2.15% 0 –
    2 150 1   300 10 40% 146.09 ± 2.20% 0 –
    2   50 1   100 10 20%  142.25 ± 13.74% 30%   135 ± 2.1%
100     1  3*   300 16 81.25%  166.12 ± 3.34% 0 –
100     1 1   100 12 – – 60%     155 ± 3.54%

 *Three trains of 100 Hz delivered with 30-s train intervals. P<0.01 compared with 2 Hz groups. P<0.01 compared with 2 Hz-150 s
and -50 s groups.

3  DISCUSSION

In the vast researches on LTP, numerous tetanic pa-
rameters were used. They had different frequencies, in-
tensities and stimulating patterns. In the hippocampus, high
frequency stimulations such as 100 and 200 Hz stimulat-
ing parameters were frequently used to elicit LTP. Another
tetanus such as theta burst stimulation (TBS) was thought
to be particularly important in the hippocampus because it
is a more modest stimulus parameter and a synchronized
firing pattern at similar frequencies occur in the hippoc-
ampus during learning[14].

As a cellular model for activity-dependent synaptic
plasticity, synaptic modification and refinement of cellular
connection, LTP in visual cortex represents some develop-

ing processes of neuron[15]. Impulse activity is important
for the topographic refinement of synaptic connections
within the developing visual system, and the spontane-
ous impulse activity has been shown to be important in
the formation of ocular dominance columns in visual
cortex[16,17]. It is also suggested that patterned activity
plays key role in modulating synaptic competition and
pruning[10]. Most of the tetanic parameters used to induce
LTP in visual cortex were those used in hippocampus. TBS
is also used and is thought to be an effective stimulation
protocol for neocortical potentiation[18,19]. However, no
matter in the hippocampus or in the visual cortex, it is not
clear whether patterns of activity that induce LTP and LTD
occur during learning or mimic in vivo neuronal activity.
There are supports for the view that low frequency stimu-

Fig. 1. Expression of LTP in visual cortex. A: Evoked potentials in normal, Ca2+-free, and CNQX-containing ACSF. Initial downward deflection
is stimulation artifact. B: Time course of long-lasting LTP induced by various tetani.
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lation may mimic physiological activity during development,
and thus a protocol of low frequency stimulation may con-
tribute to the structural refinement of cortical circuit[16,20].
From this point, 2 Hz tetanus is more significant than 100
Hz tetanus. From our results, 100 Hz tetanus induced a
significantly larger L-LTP in the mean slope of the fEPSPs
(% of baseline) than 2 Hz tetanus did. Recent studies have
indicated that the intracellular postsynaptic Ca2+ rise and
the subsequent synaptic plasticity are influenced by the
different frequency tetani[21,22], which lead to activation of
different calcium channels[23,24]. Stimulations with differ-
ent frequencies can induce different expressions of mRNA
and different transmitter release[23,25]. Taken together, these
data suggest that there are different induction and mainte-
nance mechanisms in the L-LTP induced by different fre-
quency parameters.

Our results also show that there is no difference be-
tween 2 Hz tetanus groups with different pulses in the
expression of L-LTP and that tetanus with more pulses has
higher priority in inducing L-LTP. This suggests that there
are same induction and maintenance mechanisms underly-
ing the L-LTP induced by 2 Hz tetanus, no matter how
many the total pulses are.

From the results, we can conclude that the frequency
of tetanus plays a key role in the induction of L-LTP in rat
primary visual cortex. L-LTP induced by different fre-
quency parameters maybe share different induction and
maintenance mechanisms; when induced by the same
frequency, they may be the same.

REFERENCES
1 Liao D, Zhang X, O’Brien R, Ehlar MD, Huganir RL. Regulation

of morphological postsynaptic silent synapses in developing
hippocampal neurons. Nature Neurosci 1999;2:37-43.

2 Frey U, Huang YY, Kandel ER. Effects of cAMP simulate a late
stage of LTP in hippocampal CA1 neurons. Science 1993;260:
1661-1664.

3 Frey U, Krug M, Reymann KG, Matthies H. Anisomycin, an
inhibitor of protein synthesis, blocks late phase of LTP phe-
nomena in the hippocampal CA1 region in vitro. Brain Res 1988;
452:57-65.

4 Nguyen PV, Abel T, Kandel ER. Requirement of a critical period
of transcription for induction of a late phase of LTP. Science
1994;265:1104-1107.

5 Nguyen PV. Protein synthesis during LTP: linking synaptic ac-
tivity to translation. Trends Neurosci 2002;25:180.

6 Kirkwood A, Lee HK, Bear MF. Co-regulation of long-term
potentiation and experience-dependent synaptic plasticity in
visual cortex by age and experience. Nature 1995;375:328-331.

7 Berry RL, Teyler TJ, Han TZ. Induction of LTP in rat primary

visual cortex: tetanus parameters. Brain Res 1989;481:221-227.
8 Bear MF. A synaptic basis for memory storage in the cerebral

cortex. Proc Natl Acad Sci USA 1996;93:13453-13459.
9 Xiao MY, Niu YP, Dozmorov M, Wigstrom H. Comparing fluctua-

tions of synaptic responses mediated via AMPA and NMDA
receptor channels-implications for synaptic plasticity.
Biosystems 2001;62:45-56.

10 Cohen-Cory S. The developing synapses: construction and modula-
tion of synaptic structures and circuits. Science 2002;298:770-776.

11 Zilles K. The cortex of the rat: a stereotaxic atlas. Berlin
Heidelberg: Springer-Verlag 1985;101.

12 Aroniadou VA, Teyler TJ. The role of NMDA receptors in long-
term potentiation (LTP) and depression (LTD) in rat visual cortex.
Brain Res 1991;562:136-143.

13 Norris CM, Halpain S, Foster TC. Reversal of age-related alter-
ations in synaptic plasticity by blockade of L-type Ca2+ channels.
J Neurosci 1998;18:3171-3179.

14 Bliss TV, Collingridge GL. A synaptic model of memory: long-
term potentiation in the hippocampus. Nature 1993;361:31-39.

15 Constantine-Paton M, Cline HT. LTP and activity-dependent
synaptogenesis: the more alike they are, the more different they
become. Curr Opin Neurobiol 1998;8:139-148.

16 Katz LC, Shatz CJ. Synaptic activity and the construction of
cortical circuits. Science 1996;274:1133-1138.

17 Mize RR, Lo FS. Nitric oxide, impulse activity, and neurotrophins
in visual system development. Brain Res 2000; 886:15-23.

18 Kirkwood A, Bear MF. Hebbian synapses in visual cortex. Neu-
roscience 1994;14:1634-1645.

19 Salami M, Fathollahi Y, Motamedi F. Primed-burst stimulation
in adult rat visual cortex in vitro. Dev Brain Res 1999; 118:93-98.

20 Perrett SP, Dudek SM, Eagleman D, Montague PR, Friedlander
MJ. LTD induction in adult visual cortex: role of stimulus timing
and inhibition. J Neurosci 2001;21:2308-2319.

21 Jager T, Reymann KG, Behnisch T. Analysis of the tetanic and
post-tetanic components of intradendritic Ca2+ signals in hippoc-
ampal CA1 neurons. Neuroscience 1998;86:423-429.

22 Regehr WG, Tank DW. Calcium concentration dynamics pro-
duced by synaptic activation of CA1 hippocampal pyramidal
cells. J Neurosci 1992;12:4202-4223.

23 Grover LM, Teyler TJ. Two components of long-term potentia-
tion induced by different patterns of afferent activation. Nature
1990;347:477-479.

24 Morgan SL, Teyler TJ. VDCCs and NMDARs underlie two
forms of LTP in CA1 hippocampus in vivo. J Neurophysiol
1999;82:736-740.

25 Waltereit R, Dammermann B, Wulff P, Scafidi J, Staubli U,
Kauselmann G, Bundman M, Kuhl D. Arg3.1/Arc mRNA in-
duction by Ca2+ and cAMP requires protein kinase A and
mitogen-activated protein kinase/extracellular regulated kinase
activation. J Neurosci 2001;21:5484-5493.


