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High-frequency stimulation-induced synaptic
potentiation in dorsal and ventral CAl hippocampal
synapses: the involvement of NMDA receptors,
mGIuR5, and (L-type) voltage-gated calcium channels

Costas Papatheodoropoulos and Stylianos Kouvaros
Laboratory of Physiology, Department of Medicine, University of Patras, 26504, Rion, Greece

The ability of the ventral hippocampus (VH) for long-lasting long-term potentiation (LTP) and the mechanisms underlying
its lower ability for short-lasting LTP compared with the dorsal hippocampus (DH) are unknown. Using recordings of field
excitatory postsynaptic potentials (EPSPs) from the CAl field of adult rat hippocampal slices, we found that 200-Hz stim-
ulation induced nondecremental LTP that was maintained for at least 7 h and was greater in the DH than in the VH. The
interaction of NMDA receptors with L-type voltage-dependent calcium channels appeared to be more effective in the DH
than in the VH. Furthermore, the LTP was significantly enhanced in the DH only, between 2 and 5 h post-tetanus.
Furthermore, the mGIuR5 contributed to the post-tetanic potentiation more in the VH than in the DH.

The hippocampus is a brain structure with paramount capacity for
phenomena of short-term and long-term synaptic plasticity (Bliss
et al. 2007). Remarkably, this ability is not uniformly distributed
along the long axis of the structure. Namely, the ability for long-
term potentiation (LTP) induced by high-frequency stimulation
(HEFS) is strikingly lower in the ventral hippocampus (VH) com-
pared with the dorsal hippocampus (DH) (Papatheodoropoulos
and Kostopoulos 2000; Maruki et al. 2001; Colgin et al. 2004;
Maggio and Segal 2009; Kenney and Manahan-Vaughan 2013;
Keralapurath et al. 2014). This is one of the most notable differ-
ences recently found in the intrinsic circuitry between the DH
and the VH. Long-term synaptic plasticity is thought to be a fun-
damental mechanism that supports learning and memory
(Matynia et al. 2002; Takeuchi et al. 2014). Thus, differences in
the ability for LTP induction might contribute to the well-known
functional segregation along the long (dorsoventral or septotem-
poral) axis of the hippocampus (Moser and Moser 1998; Fanselow
and Dong 2010; Bast 2011; Goosens 2011; Small et al. 2011;
Bannerman et al. 2014; Strange et al. 2014). Despite the estab-
lished difference in the magnitude of HFS-induced LTP between
the two hippocampus segments, the underlying mechanisms re-
main unknown. This is because, although HFS-induced LTP can
be blocked by antagonists of NMDARs (Park et al. 2014), HFS
might induce compound LTP in the CA1 field with the participa-
tion of L-type voltage-dependent calcium channels (L-VDCCs),
(Grover and Teyler 1990; Cavus and Teyler 1996, Morgan and
Teyler 2001; Bayazitov et al. 2007) and of metabotropic glutamate
receptor-S (mGluRS) (Jia et al. 1998). NMDAR-dependent and
L-VDCC-dependent LTP might have distinct implication in cer-
tain types of learning and memory (Morris et al. 1986; Tsien
et al. 1996; Borroni et al. 2000; Moosmang et al. 2005). In addi-
tion, NMDAR-LTP and L-VDCC-LTP might preferentially be in-
volved in retention of information over short and long periods
of time, respectively (Borroni et al. 2000).

A parameter of LTP particularly relevant for the implications
of LTP in the memory function is the persistence of potentiation
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(Martin et al. 2000; Lynch 2004). Nondecremental LTP lasting
for several weeks has been recorded in the DH of intact animal
(Staubli and Lynch 1987) and for several hours in slices prepared
from the DH (Alger and Teyler 1976; Reymann et al. 1985).
However, it is completely unknown whether VH, with its relative-
ly lower ability for LTP induction, can sustain long-lasting
LTP. In the present study, we examined the ability of the DH
and the VH to show persistent changes in synaptic transmission
following HFS and the contribution of NMDARs, L-VDCCs, and
mGluRS to LTP.

Hippocampal slices from 41 Wistar male rats, 2-4 months
old, were used. All experimental treatment and procedures were
conducted in accordance with the European Communities
Council Directive Guidelines (86/609/EEC, JL 358, 1, December
12, 1987) for the care and use of laboratory animals, and they
have been approved by the Prefectural Animal Care and Use
Committee (No: EL 13BIO04). In addition, all efforts have been
made to minimize the number and the suffering of animals
used. Animals were decapitated after deep anesthesia with diethyl
ether. The brain was removed and placed in chilled (2°C-4°C)
standard artificial cerebrospinal fluid (ACSF) containing 124 mM
NaCl, 4 mM KCl, 2 mM MgSO4, 2 mM CaCl,, 1.25 mM
NaH,POy4, 26 mM NaHCO; and 10 mM glucose, equilibrated
with 95% O, and 5% CO, gas mixture at pH = 7.4. The hippo-
campi were excised free and 500 pm-thick transverse slices were
prepared from the regions extending >1 and <4 mm from the
DH and the VH using a Mcllwain tissue chopper. Slices were
immediately transferred and maintained to an interface type re-
cording chamber continuously perfused with ACSF at a rate of
0.8-1.0 mL/min and humidified with a mixed gas containing
95% O, and 5% CO, at a constant temperature of 31 £ 0.5°C.
Slices were left to equilibrate for at least 2 h before recordings
were started. It should be noted that a relatively long period of
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LTP in dorsal and ventral hippocampus

preincubation is thought as essential for a stable long-term record-
ing and the study of late-phase plasticity (Sajikumar et al. 2005).
Field potentials consisting of the presynaptic fiber volley (Fv)
and the excitatory postsynaptic potential (fEPSP) were recorded
from the stratum radiatum of the CA1 field using carbon fibers
(7 pm diameter). Test electrical pulses at the Schaffer collaterals
were delivered every 30 sec using a bipolar platinum—-iridium elec-
trode (25 pm wire diameter, with an interwire distance of 100 wm)
placed in stratum radiatum at a distance of ~350 wm from the re-
cording electrode toward the CA3. Signals were acquired, band-
pass filtered at 0.5 Hz-2 kHz, digitized at 10 kHz and off-line
analyzed. The maximum slope of fEPSP and the amplitude of Fv
were measured. LTP was induced by HFS consisting of 10 trains
of stimuli delivered at 5-sec intervals with each train composed
of 40 pulses at 200 Hz (Grover and Teyler 1990; Cavus and
Teyler 1996). The fEPSP/Fv ratio was used to quantify synaptic
effectiveness. The following drugs were used (purchased from
Tocris Cookson Ltd, UK): the antagonist of NMDAR 3-((R)-2-car-
boxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP, 10 pM); the
selective antagonist of mGIluRS 3-((2-methyl-1,3-thiazol-4-yl)-
ethynyl)pyridine hydrochloride (MTEP, 200 pM); and the blocker
of L-type voltage-dependent calcium channels nimodipine
(20 uM). Stock solutions of CPP and MTEP were prepared in dis-
tilled water, whereas stock solution of nimodipine was prepared
in dimethylsulfoxide (DMSO) at a concentration that when dilut-
ed for bath application the final volume of DMSO was lower than
0.05%. Nimodipine was applied for at least 45 min before the
delivery of HFS and for 5 min after HFS, while CPP and MTEP
were applied for 20 min before and 5 min after the delivery of
HES. The nonparametric Wilcoxon signed-rank test or the
Friedman two-way ANOVA and the Mann-Whitney U test were
used for comparisons between related and independent groups
of values, respectively. The values of LTP throughout the text rep-
resent the means £ S.E.M and “n” indicates the number of slices
and animals (slices/animals) used in the analysis. The detection
of statistically significant differences was made using the number
of slices.

On the base of input-output curves, the baseline stimulation
that was comparable between the DH and the VH (101 £ 7 nA vs
89+ 35 pA, Mann-Whitney U test, P> 0.05) was set at the
strength that produced an fEPSP equal to 20% of the maximum re-
sponse and was similar between the DH (1.63 + 0.84 mV /msec,
n=51/41)and VH (1.83 £ 0.1 mV/msec, n=>52/41). The baseline
fEPSP used to study the effects of HFS corresponded to half-
maximum fEPSP/Fv (2.04 £ 0.16 and 2.57 = 0.4 in DH and VH, re-
spectively, Mann—-Whitney U test, P > 0.05). During HFS the cur-
rent intensity (176 £10 pA and 158 £9 pA in DH and VH,
respectively, Mann-Whitney U test, P > 0.05) was increased to
evoke an fEPSP equal to 85.2 £2.5% of the maximum values
and corresponded to 3.0 + 0.13 mV/msec in the DH and 3.2
0.17 mV/msec in the VH. We first examined the ability of the
two hippocampal segments to sustain long-lasting LTP by moni-
toring the synaptic effectiveness for 7 h post-HFS. HES was applied
to 12 DH slices obtained from 12 rats and from nine VH slices ob-
tained from nine rats. The immediate effects of HFS were different
between the DH and the VH. In particular, the DH showed a grad-
ual increase in fEPSP/Fv that culminated during the first 8-10 min
after the delivery of HFS, while the VH displayed an immediate
onset post-tetanic potentiation (PTP), which decayed gradually
over time to reach a steady-state potentiation level at 40-50
min after HFS (Fig. 1). Accordingly, the potentiation during the
first 3 min post-tetanus was significantly higher in the VH than
in the DH (comparison at each individual time point, Mann-
Whitney U test, P < 0.05). HFS produced a significant short-term
depression in Fv that lasted for 35 min in both hippocampal poles
(Wilcoxon test at each time point, P < 0.05, inset in Fig. 1),
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Figure 1. VH compared with DH displays lower LTP amplitude but
similar ability to sustain nondecremental LTP. In the main diagram the
fEPSP/Fv ratio is plotted as a function of time, one point per 30 sec
(S.E.M. are shown in one every five points, for clarity). DH and VH data
were collected from 12 and nine animals, respectively. Each animal con-
tributed with a single slice. The magnitude of LTP of fEPSP/Fv was signifi-
cantly higher in the DH than that in the VH at every hour post-tetanus
(Mann-Whitney U test at each hour, P < 0.05). In addition, the LTP
was enhanced in the DH but not in the VH during the recording period.
The asterisk indicates the beginning of significant LTP enhancement in
the DH; the potentiation reached a plateau at the 5 h (for statistics, see
main text). Representative recordings before (thin line traces) and 7 h
(thick line traces) after the delivery of HFS are shown at the top right of
the plot. Note that the immediate post-tetanic potentiation (i.e., during
the first minutes after the delivery of HFS) was higher in the VH than
that in the DH. The time courses of the HFS-induced changes in the
fiber volley (Fv) during the 60 min post-tetanus are shown in the inset.
Fv was transiently depressed in both hippocampal poles similarly.

suggesting that HFS produced a transient depression in the pre-
synaptic excitability. As shown in the main graph of Figure 1,
HES induced robust nondecremental LTP in the synaptic effective-
ness in both the DH and the VH that was evident at 60 min and
persisted for at least 7 h post-tetanus. In particular, the increase
of fEPSP/Fv measured at each of the seven consecutive hours after
HFS was 85.2+10.4%, 93.4+9.9%, 107.6 +13.8%, 120.3 *
17.2%, 127.5 £ 24.7%, 126.4 £ 27.9% and 123.8 £ 27.2% in DH
(n=12/12) and 55.6 £2.4%, 53.2£2.7%, 52.3 £3.8%, 51.9 £
4.0%, 56.3 £2.7%, 52.5 £2.3%, and 61.7 +4.8% in VH (n=9/
9), respectively (Wilcoxon test for each hippocampal pole and at
each hour, P < 0.05). Furthermore, the amplitude of LTP was sig-
nificantly higher in the DH than in the VH at all times from the
40th minute to the end of monitoring (Mann-Whitney U test
performed at each of the 7 h after HFS, P < 0.05). Interestingly,
in the majority of DH slices (10 of 12 slices) but in no VH
slices we observed that the potentiation was gradually and signifi-
cantly increased during the post-induction period of recording
(Friedman two-way ANOVA, P < 0.05). Specifically, the poten-
tiation in DH significantly increased from the 2 h post-HES
and reached a plateau at the 5 h (Wilcoxon signed-rank test be-
tween the time points of 2 or 3 h and the consequent time points,
P < 0.05). These results indicate that the mechanisms underlying
the persistence of LTP for several hours might differ between the
DH and the VH.

Then, we examined the contribution of NMDARs, L-VDCCs,
and mGluRS in the induction of LTP in DH and VH. The effects of
HFS delivered under blockade of NMDARs, L-VDCCs, or mGluRS
are shown in Figure 2. In the DH, immediately after the applica-
tion of HFS in the presence of 10 uM CPP, we observed a transient
depression in the synaptic effectiveness that lasted for 2—-3 min.
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NMDARs was similar to that observed
under blockade of L-VDCCs, in both
the DH and VH. Then, we examined the
possible involvement of mGluRS, by ap-
plying HFS in the presence of 200 pM
MTEP. As shown in Figure 2C,D, the po-
tentiation induced under MTEP and
measured at 60 min post-induction in
DH (59.5£6.7%, n=5/3) and VH
(33.7£7.0%, n=5/3) was similar to
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tions. Therefore, the difference in the
magnitude of LTP remained significantly
different between the DH and the VH
(Mann-Whitney U test, P < 0.05). How-
ever, the PTP induced under MTEP and
measured at 10, 20, and 30 min was sig-
nificantly smaller compared with ACSF
in both DH and VH (Mann-Whitney U
test for each group and time point, P <

0.05). These experiments demonstrated
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Figure 2.

This post-tetanic depression was followed by a gradual recovery of
the response over the next 2—3 min that was replaced by potenti-
ation at 5 min post-tetanus. A steady-state level of potentiation
wasreached at ~15 min post-tetanus. On the contrary, the VH dis-
played an immediate PTP that lasted only 1-2 min, while after-
ward the response reached a stable potentiation level. Thus,
under blockade of NMDARSs, the ventral synapses displayed short
but evident PTP while the dorsal ones showed post-tetanic depres-
sion instead of potentiation. Interestingly, the Fv was transiently
depressed after HFS in both hippocampal poles, and the time
course of this depression was similar to that observed in ACSF.
Sixty minutes after HFS the fEPSP/Fv showed significant potenti-
ation of similar amplitude in DH (22.1 +3.9%, n=20/10,
Wilcoxon test, P<0.001) and VH (15.2+2.3%, n=19/10,
Wilcoxon test, P < 0.001), (Mann-Whitney U test between DH
and VH, P > 0.05), (Fig. 2A,B). However, the magnitude of this
NMDAR-independent LTP was strongly reduced compared with
that observed in ACSF (72.7 +6.7% in DH, n=16/12 and
42.7£4.1% in VH, n=16/11; Mann-Whitney U test between
standard ACSF and CPP in either pole, P < 0.001), demonstrating
that NMDARs significantly contributed to induction of LTP in
both hippocampal poles. We observed similar results also under
blockade of L-VDCCs. Specifically, HFS applied to slices bathed
with 20 uM nimodipine effectively induced LTP in both DH
(28.0£7.4%, n=6/3, Wilcoxon test, P<0.005), and VH
(14.2 £5.5%, n=6/3, Wilcoxon test, P <0.005) (Fig. 2A,B).
Furthermore, the magnitude of LTP was similar between the DH
and the VH but significantly smaller compared with that of LTP
induced in ACSF (Mann-Whitney U test between standard
ACSF and nimodipine, P < 0.05 in DH and P < 0.05 in VH), dem-
onstrating that L-VDCCs significantly contributed to LTP in both
poles. Interestingly, the magnitude of LTP under blockade of
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Effects of blockade of NMDARs, L-VDCCs, and mGIluR5 on LTP in DH and VH. Time course
of HFS-induced changes in fEPSP /Fv observed under standard conditions and in the presence of antag-
onists of NMDARs CPP (10 pM), L-VDCCs nimodipine (Nimo, 20 wM), and mGIuR5 MTEP (200 nM) in
DH (A,C) and VH (B,D). Representative examples of responses before and 60 min after HFS (thin and
thick line traces, respectively) are shown on the top of each graph. Calibration bars: 0.5 mV and 2
msec. The numbers of slices/animals used in each condition were as follows: DH, 16/13 (ASCF),
20/10 (CPP), 6/3 (Nimo) and 5/3 (MTEP); VH, 16/11 (ACSF), 19/10 (CPP), 6/3 (Nimo), and
5/3 (MTEP). Note that the independent contribution of NMDARs and L-VDCCs was similar in the
two hippocampal poles. However, the interaction between the two mechanisms (which occurred
under standard conditions) produced LTP of greater magnitude in DH than in VH.
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that 200 Hz HFS, in either hippocampal
pole, induced a compound LTP with ro-
bust NMDAR- and L-VDCC-dependent
components. Hence, the LTP observed
under CPP and nimodipine can be attrib-
uted to L-VDCCs and NMDARs, respec-
tively. Then, the similar magnitudes of
L-VDCC- and NMDAR-dependent LTP
implied that both mechanisms, when
activated independently of each other,
have similar contribution to LTP be-
tween the DH and the VH. Notably,
however, the magnitude of compound
LTP was larger than the algebraic sum of NMDAR- and
L-VDCC-dependent LTP (~50% and ~30% in DH and VH, respec-
tively), suggesting that NMDARs and L-VDCCs interact be-
tween each other to facilitate LTP in both hippocampal poles.
Importantly, this facilitation was considerably more effective in
the DH than in the VH, although the LTP that was induced by
each of the two mechanisms independently was similar between
the DH and the VH. To illustrate the contribution of each of the
two mechanisms to the compound LTP induced under ACSF, we
subtracted the magnitude of potentiation induced under block-
ade of NMDARs or L-VDCCs from the magnitude of compound
LTP. As shown in Figure 3, NMDARs and L-VDCCs similarly
contributed to LTP in DH and VH, yet the contribution of
NMDARs to the short-term potentiation was higher in the DH
than that in the VH. In addition, the contribution of mGIluRS5 to
short-term potentiation was larger in the VH than that in the
DH (Mann-Whitney U test, P < 0.05) (Fig. 3). It is known that in-
teraction between NMDARs and L-VDCCs during HFS can pro-
duce compound LTP which has higher magnitude compared
with LTP induced by activation of only NMDARs or L-VDCCs
(Cavus and Teyler 1996; Bayazitov et al. 2007). Hence, the higher
magnitude of HFS-induced compound LTP in the DH compared
with the VH suggests that the interaction between NMDARs and
L-VDCCs is more effective in the dorsal than in the ventral seg-
ment of the hippocampus. Results from previous studies have
shown that NMDARs differ between the two hippocampal poles
regarding their subunit composition and the functionality under
conditions of endogenous or exogenous activation. Specifically,
the different subunit composition of NMDARs between the DH
and the VH (Pandis et al. 2006) suggested that NMDARSs permit
larger currents in VH than that in DH. Furthermore, strong pre-
synaptic activity (Papatheodoropoulos 2015b) or exogenous
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Figure 3. Contribution of NMDARs, L-VDCCs, and mGIuR5 to synaptic plasticity in DH and VH. The
graphs show the percentage of the three mechanisms contribution to compound synaptic potentiation,
comparatively between the DH and the VH. (A,B). In each diagram are shown the compound (total)
changes in fEPSP/Fv observed under standard conditions (presented in Fig. 2) and the changes that re-
sulted after subtracting the percentage values obtained under blockade of NMDARs, L-VDCCs, or
mGluR5 from the total ones, for DH (A) and VH (B). To facilitate comparisons between the DH and
the VH, the contribution of each of the three mechanisms to synaptic plasticity in the two hippocampal
poles are shown in separate plots (C-E). The contribution of each mechanism to compound LTP is ex-
pressed as the proportion of reduction of LTP in the presence of the corresponding blocker (i.e., CPP,
nimodipine, and MTEP for NMDARs, L-VDCCs, and mGIuR5, respectively). Note that the proportional
contribution of NMDARs and L-VDCCs to the LTP was rather comparable between the DH and the VH;
however, the contribution of NMDARs to the potentiation during the first 8 min post-tetanus was
higher in the DH than in VH (Mann-Whitney U test, P < 0.05). In addition, the contribution of
mGIuR5 to the synaptic potentiation during the first 30 min post-tetanus was larger in the VH than
in DH (Mann—Whitney U test between DH and VH at 10, 20, and 30 min, P < 0.05).

potentiation such as protein synthesis
(Stanton and Sarvey 1984; Frey et al.
1988; Lee et al. 1992; Scharf et al. 2002)
or the persistent activity of protein ki-
nase Mzeta (Sacktor 2008) are required
for both LTP maintenance and long-term
memory. In the hippocampus, the dura-
tion of synaptic potentiation has been
correlated with the occurrence of hippo-
campus-dependent learning and memo-
ry (Doyere and Laroche 1992). Thus, the
finding of equal ability of DH and VH
to sustain synaptic potentiation for
several hours may be relevant for the par-
ticipation of DH and VH to at least short-
term memory.

PTP is a form of short-lasting synap-
tic plasticity (Zucker and Regehr 2002)
that might have significant implications
in the memory process, especially in
forms of short-lasting memory (Roberto
et al. 2002; Kusakari et al. 2015). Then,
it could be reasonable to hypothesize
that the more prominent 200 Hz-in-
duced immediate PTP in the VH com-
pared with the DH is suggestive of the
higher ability of the VH to temporarily
handle high-frequency incoming infor-
mation compared with the DH.

This study shows for the first time
that the VH can sustain robust, particu-
larly long-lasting nondecremental LTP
of synaptic effectiveness, as has been
shown for the DH. Furthermore, the
present results suggest that a more effec-
tive interaction between NMDARs and
L-VDCCs can explain the higher magni-
tude of LTP in the DH compared with
the VH.

activation of NMDARs (Kouvaros and Papatheodoropoulos 2016)
produces greater NMDAR-dependent responses in the VH than
that in the DH. In addition, under conditions of induced popula-
tion discharges, the synaptic contribution of NMDARs is higher in
the VH than that in the DH (Papatheodoropoulos et al. 2005;
Papatheodoropoulos 2015a). These observations indicate that a
higher activation readiness of NMDARs could permit a higher
entry of calcium ions and greater magnitude of LTP in the VH
compared with that in the DH. However, we observed that the
compound LTP was larger in the DH pointing to the likely case
of more effective recruitment of L-VDCCs following NMDAR-
mediated depolarization in the DH than that in the VH.
However, there is no comparative data concerning the status of
L-VDCCs between the DH and the VH. In addition, other types
of VDCCs (Sabatini and Svoboda 2000; Yasuda et al. 2003;
Cavazzini et al. 2005) and/or calcium release from internal stores
following neuromodulatory transmission (McKay et al. 2007;
Raymond 2007) could also participate to enhance HFS-induced
synaptic potentiation and thus contribute to the difference in
LTP between the DH and the VH. Finally, the LTP-enhancing cal-
cium permeable AMPA (Jia et al. 1996; Plant et al. 2006) could also
contribute to the observed differences.

The persistence of synaptic plasticity is one of its funda-
mental properties that might support the information storage re-
quired in long-term memory (Martin et al. 2000; Lynch 2004).
Accordingly, cellular processes that support long-lasting synaptic
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