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Distinct GABAergic modulation of timing-dependent
LTP in CA1 pyramidal neurons along the longitudinal
axis of the mouse hippocampus

Babak Khodaie,1,3 Elke Edelmann,1,2,3 and Volkmar Leßmann1,2,3,4,5,*
SUMMARY

Synaptic plasticity in the hippocampus underlies episodic memory formation, with dorsal hippocampus
being instrumental for spatial memory whereas ventral hippocampus is crucial for emotional learning.
Here, we studied how GABAergic inhibition regulates physiologically relevant low repeat spike timing-
dependent LTP (t-LTP) at Schaffer collateral-CA1 synapses along the dorsoventral hippocampal axis.
We used two t-LTP protocols relying on only 6 repeats of paired spike-firing in pre- and postsynaptic cells
within 10 s that differ in postsynaptic firing patterns. GABAA receptormechanisms played a greater role in
blocking 63 1:1 t-LTP that recruits single postsynaptic action potentials. 63 1:4 t-LTP that depends on
postsynaptic burst-firing unexpectedly required intact GABAB receptor signaling. The magnitude of
both t-LTP-forms decreased along the dorsoventral axis, despite increasing excitability and basal synaptic
strength in this direction. This suggests that GABAergic inhibition contributes to the distinct roles of dor-
sal and ventral hippocampus in memory formation.

INTRODUCTION

The hippocampus and its associated medial temporal lobe structures constitute a complex network of excitatory and inhibitory synapse mi-

crocircuits to process learning and memory formation. Early on, the hippocampus was divided into three distinguishable compartments,

including dorsal hippocampus (DH), intermediate hippocampus (IH), and ventral hippocampus (VH) parts along its longitudinal axis that

were correlated with the formation of different types of memories.1,2 More recent studies demonstrated a genetic, morphological, and func-

tional diversity of CA1 pyramidal cell (CA1 PC) circuits along the longitudinal axis of the hippocampus,3 where the DH has been associated

especially with spatial memory tasks,4 while the VH is more important for processing of emotional memories (see e.g., Meis et al.5). Studies

focusing on CA1 PC structural and functional properties confirmed the existence of distinguishable regions along the longitudinal axis of the

hippocampus based on differential gene expression, intrinsic physiological characteristics, and firing properties in the rat hippocampus.6 This

diversity of CA1 circuits along the longitudinal axis is most likely generated by distinct expression profiles of membrane receptors and ion

channels, as well as different glutamatergic and neuromodulatory inputs projecting from discernable cortical and subcortical regions to

DH, IH, and VH, respectively. These differences of CA1 circuits are paralleled by distinct efficacy for induction of long-term potentiation

(LTP) at Schaffer collateral-CA1 (SC-CA1) synapses, with higher LTP magnitudes in rat DH compared to VH.7,8 This structural, functional,

and gene expression disparity of CA1 PC circuits along the longitudinal axis of the hippocampus suggests that distinct molecular and cellular

mechanisms for induction and expression of LTP might contribute to the processing of information in DH, IH, and VH also in mice.

Previous studies have emphasized that inhibitory synaptic inputs play a substantial role in shaping synaptic plasticity and integration of

different synaptic inputs to CA1 PCs, explaining the importance of excitatory and inhibitory balance for information processing in synaptic

circuits.9,10 In this respect, Dubovyk & Manahan-Vaughan7 revealed non-uniform expression of GABAA and GABAB receptors along the lon-

gitudinal axis of the hippocampus in rats, showing a higher expression of GABAA receptors in DH compared to higher GABAB receptor

expression in VH. Such specificity in GABA receptor expression might account for region specific synaptic encoding mechanisms in DH vs.

VH CA1 circuits. Interestingly, it was shown previously in rat prefrontal cortex that GABAA andGABAB receptors differentially modulate dopa-

mine release.11 Given the important role dopamine plays in regulating synaptic plasticity in hippocampal circuits (reviewed, e.g., in Edelmann

and Lessmann12; Pawlak et al.13; Brzosko et al.14), different GABAergic mechanisms might exert regulation of LTP through modulating dopa-

mine release. In fact, both extracellular dopamine levels15 and expression of dopamine receptor subtypes show gradual changes along the

longitudinal axis of the rat hippocampus.7,16 Putting all these pieces of information together, the distinct interaction of inhibitory GABAergic
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Figure 1. Basal electrical and synaptic properties of CA1 pyramidal neurons along the longitudinal axis of the hippocampus

(A) Schematic graph illustrates different hippocampal poles along longitudinal axis in rodents.

(B) Resting membrane potential of pyramidal cells (PCs) in DH (n = 19/N = 10), IH (n = 21/N = 11) and VH (n = 21/N = 10), is more depolarized in IH and VH

compared to DH.

(C) Recording in current clamp (CC)mode at�70mV holding potential. Action potential (AP) firing in CA1 neurons in response to 180 pA somatic current injection

(1 s duration) in DH (blue), IH (green), and VH (red).

(D) AP frequency along the dorsoventral axis of the hippocampus in response to different step current injections, indicating higher intrinsic excitability of CA1 PCs

in both IH and VH compared to DH PCs. Digits in the bars represent the number of recorded cells. Inset: Original traces of single cell responses to different

depolarization steps.

(E) Synaptic input-output curves at Schaffer collateral (SC) inputs to CA1 are steeper in VH and IH than in DH, indicating higher baseline synaptic strength toward

the VH pole. Original traces of individual cells at different stimulation intensities are shown on the right. Data are shown as meanG SEM. Scale bars are shown in

the figures. Multiple comparisons were performed with ANOVA using post hoc Tukey’s test. See also Figures S1 and S2.
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and excitatory synaptic inputs and a gradient of neuromodulator signaling could account for specific LTP induction and expression mecha-

nisms from the dorsal to the ventral pole of the hippocampus. However, such differences in LTP expression mechanisms have not yet been

investigated for SC-CA1 LTP.

Spike timing-dependent plasticity (STDP) experimentally mimics the Hebbian learning rule, where precise millisecond timing delays of

presynaptic and postsynaptic firing of action potentials (APs) increase or decrease synaptic strength.17–30 To generate amemory trace, several

seconds of such ongoing slightly delayed AP firing in pre- and postsynaptic cells is required and needs to be actively shaped by appropriate

GABAergic and glutamatergic synaptic activity within the memory encoding synaptic circuit.

Here, we aimed at testing whether several seconds of STDP-like AP firing at SC-CA1 synapses is converted by different mechanisms into

timing-dependent (t)-LTP along the longitudinal axis of the hippocampus. Patch clamp recorded CA1 neurons were subjected to canonical

(i.e., 1 presynaptic AP paired with 1 postsynaptic AP; 1:1) or burst t-LTP protocols (1:4), repeated six times at 0.5 Hz in acute mouse hippo-

campal slices taken fromDH, IH, or VH.31,32 Specifically, we investigated the role of GABAA andGABAB receptor mediated synaptic inhibition

on induction and expression of 63 1:1 and 63 1:4 t-LTP.

Our results indicate a complex association of excitatory and inhibitory responses depending on stimulation protocols (canonical or burst t-

LTP) and studied region (DH, IH, or VH). While the 63 1:1 protocol lost its dependency on GABAergic signaling to induce robust t-LTP from

DH to VH pole, our 63 1:4 protocol mainly depended on active GABABR signaling during t-LTP induction.

RESULTS

Distinct basal electrophysiological properties of CA1 pyramidal neurons along the longitudinal axis of the hippocampus

Using whole-cell patch clamp recording we measured basal electrical and synaptic properties of postsynaptic CA1 pyramidal cells (PCs)

located along the longitudinal axis of the hippocampus, (Figure 1A). If not stated otherwise, all recordings were performed in the presence

of the GABAA receptor inhibitor picrotoxin. The resting membrane potential (RMP) of CA1 PCs was significantly more depolarized
2 iScience 27, 109320, March 15, 2024
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in IH and VH CA1 PCs compared to the DH (IH: �70.52 G 0.57 mV, and VH: �70.62 G 0.50 mV vs. DH: �75.37 G 0.57 mV; ANOVA F(2,58) =

24.91 p < 0.0001, post hoc Tukey-test p < 0.0001; Figure 1B). Next, we determined AP frequencies induced by somatically injected step cur-

rents (Figures 1C and 1D). At 180 pA current injection, the AP frequency was 30.19G 1.36 Hz in IH, 26.90G 1.46 Hz in VH, and 19.95G 1.22 Hz

in DH CA1 PCs, showing a significantly higher AP frequency in both IH and VH compared to DH (ANOVA F(2,58) = 14.38 p < 0.0001, post hoc

Tukey-test for IH vs. DHp< 0.0001, and VH vs. DHp= 0.002). Subsequently, intrinsic neuronal excitability was determined usingmeasurement

of the rheobase, i.e., the minimal current injection (at 10 ms step length) needed to elicit an AP.33 The rheobase was 155.24G 11.54 pA in IH,

and 139.05G 10.55 pA in VH, compared to 188.42G 13.62 pA in DHCA1 PCs, indicating significantly higher rheobase in DH compared to VH

PCs (Kruskal–Wallis test H(3) = 8.93; p = 0.011, Figure S1). To determine the strengths of Schaffer collateral (SC) synaptic inputs to CA1 PCs

along the longitudinal axis of the hippocampus, we measured input-output curves (I/O curves; i.e., strength of SC extracellular stimulation

current vs. slope of postsynaptic EPSPs). At 200 mA stimulation intensity, EPSP slopes were significantly different in VH compared to DH

CA1 PCs (VH: 2.06 G 0.27 V/s, IH: 1.70 G 0.42 V/s and DH: 0.73 G 0.13 V/s; ANOVA F(2, 22) = 5.96; p = 0.0085 post hoc Tukey-test, p =

0.0085; Figure 1E, compare Figure S2). Starting at 250 mA stimulation intensity, both VH and IH showed significantly larger responses

compared to DH (VH: 2.07 G 0.22 V/s, IH: 1.86 G 0.15 V/s and DH: 1.16 G 0.06 V/s; ANOVA F(2, 22) = 9.52; p = 0.0011, post hoc Tukey-tests

for VH vs. DH p = 0.0012, and for IH vs. DH p = 0.011). Thus, mouse VH and IH havemore depolarized RMP, fire higher frequencies of APs, and

show higher magnitudes of evoked excitatory postsynaptic responses at SC-CA1 synapses compared to DH.

Distinct release probability of SC-CA1 synapses along the longitudinal axis of the hippocampus

Previous studies in rats suggested distinct presynaptic release probability at SC-CA1 synapses along the dorsoventral axis of the hippocam-

pus.7,34 Changes in the EPSC paired-pulse ratio (PPR) are commonly used as a convenient method to measure release probability,35 with

high PPR indicating a low transmitter release probability in response to the first presynaptic stimulation. In our recordings, the mean PPR

in CA1 PCswas 2.11G 0.15 in DH, 1.79G 0.12 in IH, and 1.68G 0.11 in VH, showing a significantly smaller PPR in VH compared toDH (ANOVA

F(2, 57) = 3.16; p = 0.05, post hoc Tukey-test, p = 0.046; Figure 2B). As an additional measure of glutamate release probability, we analyzed

amplitude and frequency of putative miniature excitatory postsynaptic currents (pmEPSCs) in CA1 PCs (Figures 2C–2E). CA1 PCs in IH

and VH showed significantly higher mean pmEPSC amplitudes (IH: 11.91 G 0.77 pA; VH: 11.65 G 0.61 pA) than DH PCs (DH: 9.64 G

0.31 pA; ANOVA F (2, 26) = 6.19; p = 0.0063; post hoc Tukey-test for IH vs. DH: p = 0.013, and VH vs. DH: p = 0.029; Figure 2D left). Likewise,

we also observed a significantly different cumulative pmEPSC amplitude distribution in DH compared to VH and IH (Kruskal–Wallis test H (3) =

232; p < 0.0001; Figure 2D right). We then determined mean pmEPSC frequencies along the longitudinal axis, and found significantly lower

pmEPSC frequencies in DHCA1 PCs (0.25G 0.03 Hz) compared to IH and VH (IH: 0.85G 0.15 Hz, VH: 0.6G 0.14 Hz; ANOVA F (2, 26) = 9.67; p =

0.0007; post hoc Tukey-test p = 0.0006, and p = 0.046 respectively; Figure 2E left). Accordingly, also cumulative pmEPSC inter-event interval

(IEI) distribution indicated a significantly lower presynaptic release probability in DH compared to IH and VH (Kruskal–Wallis test H (3) = 840.9;

p < 0.0001; Figure 2E right). These results are consistent with significantly decreased charge transfer of pmEPSCs in DH vs. IH (compare

Figure S7).

Taken together these results indicate that glutamate release probability andmagnitudeof postsynaptic responses at SC-CA1 synapses are

significantly smaller in DH compared to both IH and VH.

Gradient of t-LTP magnitude at Schaffer collateral-CA1 synapses along the longitudinal axis of the hippocampus

For t-LTP induction we used two different recently established physiologically relevant low repeat (6 times; 63) t-LTP protocols consisting of

coincident pairing of a single presynaptic AP with either one (1:1, Figure 3A) or four (1:4, Figure 3B) postsynaptic APs.31 Typical original single

cell EPSP time courses for both protocols in DH and VH are shown in Figures 3C and 3D. To avoid observation of ongoing synaptic network

activity by spontaneous AP firing of CA3 neurons, SC fibers were cut in CA2. Both protocols induced successful t-LTP compared to negative

controls (0:0) in all studied regions along the longitudinal axis of the hippocampus (Figure S3). Interestingly, the magnitude of t-LTP induced

by 63 1:1 stimulation was significantly higher only in CA1 PCs of the DH (203.20G 17.26%, (n = 10/N = 7) compared to VH (135.09G 7.41%,

(n = 11/N = 7); ANOVA F(2, 27) = 5.59 p = 0.0093, post hoc Tukey-test p = 0.007; Figure 3E), whereas 63 1:1 stimulation in IH induced an in-

termediate magnitude of t-LTP (168.50 G 18.92%, (n = 9/N = 6)). As shown in Figure 3F, the 63 1:4 paradigm showed a similar efficacy to

induce t-LTP as the 63 1:1 paradigm. Thus, 63 1:4 t-LTP magnitudes were 184.54 G 14.10% in DH (n = 11/N = 7), 162.55 G 9.70% in IH

(n = 11/N = 6), and 146.77G 12.74% in VH (n = 11/N = 6), showing a non-significant reduction in t-LTP magnitude from the DH to VH (Krus-

kal–Wallis test, H (3) = 3.838; p = 0.147).

Thus, while CA1 PCs in VH and IH aremore excitable, show higher glutamate release probability and larger pmEPSC amplitudes (compare

Figures 1 and 2) the CA1 PCs in DH show a higher efficacy of t-LTP. The results for t-LTP in response to the two STDP paradigms applied under

diverse conditions for GABAergic inhibition, and their effects on PPR, AMPA/NMDA receptor ratios, and the coefficient of variation analysis

are summarized for DH, IH, and VH in Table S1 (supplemental information).

Differential expression loci of t-LTP induced by low repeat 1:1 and 1:4 paradigms along the longitudinal axis of the

hippocampus

We previously reported distinct loci of expression of low repeat (63) 1:1 and 1:4 paradigms at SC-CA1 synapses in IH in the presence of the

GABAAR inhibitor picrotoxin.31 Given the distinct magnitudes of t-LTP fromDH to VH, we next asked whether the loci of expression of 63 1:1

and 63 1:4 t-LTP differ along the dorsoventral axis of the hippocampus under GABAAR blockade. To this aim, we analyzed the changes in PPR
iScience 27, 109320, March 15, 2024 3



Figure 2. SC-CA1 synaptic transmission along the longitudinal axis of the hippocampus shows regional differences

All recordings performed in voltage clamp (VC)mode at�70mV holding potential in the presence of picrotoxin, (A) Original traces representing postsynaptic cell

responses to paired SC stimulation with an interval of 50 ms. 2nd peak current response divided by 1st response was used to calculate PPR.

(B) PPR is significantly higher in DH PCs (n = 19/N = 10) compared to VH PCs (n = 20/N = 10), indicating higher release probability at the VH pole, while IH PC (n =

20/N = 9) release probability lies in between.

(C) Original traces of recorded miniature (m) EPSCs along the longitudinal axis.

(D and E) Mean amplitudes, frequencies and cumulative fraction of inter-event intervals (IEI) of along the longitudinal axis (DH: n = 13/N = 5; IH: n = 8/N = 4, and

VH: n = 8/N = 5). Each circle represents an individual cell. Data are shown as mean G SEM. Scale bars are shown in the figures. Multiple comparisons were

performed with ANOVA using post hoc Tukey’s test and for cumulative fraction Kruskal–Wallis test. Compare Figure S2.
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before, and 30min after t-LTP induction by two successively evoked EPSCs elicited at 50ms interstimulus interval (Figures 4A and 4B; compare

Figures 2A and 2B). Of note, a reduction in PPR after t-LTP induction is considered to indicate presynaptically expressed synaptic plasticity

(i.e., increased glutamate release). Following successful t-LTP induction with the 63 1:1 paradigm, the mean PPR recorded in CA1 PCs of IH

was significantly reduced (before t-LTP: 2.19 G 0.24, after t-LTP: 1.53 G 0.17; paired Student’s t test, t(8) = 4.338, p = 0.0025). Similarly, in VH

PCs we found a significant decrease in PPR after 63 1:1 t-LTP induction (before: 1.82G 0.2, after: 1.30G 0.09; paired Student’s t test, t (10) =

3.72, p = 0.004; Figure 4A). However, in DH there was no change in PPR following 63 1:1 t-LTP induction (before: 2.22 G 0.24, after: 2.16 G

0.21, paired Student’s t test, t (9) = 0.22; p = 0.827). For 63 1:4 t-LTP we did not observe a significant change in PPR throughout the hippo-

campus (DH before: 2.18 G 0.17, after: 2.42 G 0.16, paired Student’s t test, t(9) = 1.042; p = 0.32, IH before: 1.83 G 0.16, after: 1.74 G 0.15,

paired Student’s t test, t(10) = 0.43, p = 0.67, VH before: 1.97G 0.16, after: 1.71G 0.12, paired Student’s t test, t(10) = 1.58, p = 0.14; Figure 4B).

We could show previously that the analysis of pmEPSC frequencies and amplitudes before vs. after successful induction of t-LTP confirmed

presynaptic versus postsynaptic expression as determined by PPR analysis.31,32 Therefore, we did not re-confirm our PPR results with pmEPSC

analysis here again.

To investigate the contribution of postsynaptic expression mechanisms to both t-LTP paradigms, we next analyzed the changes in AMPA

and NMDA receptor (R)-mediated current ratios after successful t-LTP induction with 63 1:1 and 63 1:4 paradigms, compared to non-stim-

ulated negative controls (0:0). Of note, due to distinct expression of NMDAR subunits (GluN2A and GluN2B) along the longitudinal axis of rat

hippocampus,7 NMDAR-mediated currents at SC-CA1 synapses in the VH (GluN2A < GluN2B) decay three times more slowly than in the DH

(GluN2A > GluN2B).36,37 While AMPAR-mediated peak EPSCs were measured at a holding potential of �70 mV, the NMDAR-mediated
4 iScience 27, 109320, March 15, 2024



Figure 3. Comparison of t-LTPmagnitude at SC-CA1 inputs induced by low-repeat canonical and burst STDP protocols along the longitudinal axis of the

hippocampus

All recordings were performed in CC mode at �70 mV holding potential in the presence of picrotoxin, (A) Original voltage trace for 63 1:1 and (B) 63 1:4

protocols.

(C) Typical time course of 63 1:1 t-LTP for single cells in DH (left, open blue circles), and VH (right, open red circles).

(D) Typical time course of 63 1:4 t-LTP for DH (left, closed blue circles), and VH (right, closed red circles). At the top of the graphs, the inserts represent the EPSPs

during baseline recording (1) and 20 min after STDP protocol (2).

(E) Averaged time courses of t-LTP revealed a significantly weaker t-LTP induced with the 63 1:1 paradigm in VH (n = 11/N = 7) compared to DH (n = 10/N = 7),

while IH (n = 9/N = 6) showed an intermediate t-LTP magnitude.

(F) t-LTP magnitude induced by 63 1:4 protocol along the dorsoventral axis shows no statistically significant difference between DH PCs (n = 11/N = 7) to IH (n =

11/N = 6) and VH PCs (n = 11/N= 6), although there was a gradient in t-LTPmagnitude along the longitudinal axis. The averagemagnitude of t-LTP is shown in the

bar graphs. Data are shown asmeanG SEM.Multiple comparisons were performed with ANOVA using post hoc Tukey’s test. Scale bars are shown in the figures.

See also Figures S3 and S10.

ll
OPEN ACCESS

iScience
Article
current components were read out at �20 mV holding potential at different time points of the decaying EPCSs in DH, IH, and VH (see STAR

Methods section and Figure 4C). Our analysis of the AMPAR/NMDAR current ratio indicated a statistically significant increase in AMPAR-

versus NMDAR-mediated EPSC component after 63 1:4 but not 63 1:1 t-LTP induction in IH CA1 PCs (neg. controls (0:0): 6.16 G 0.75,

63 1:1: 5.69 G 0.52, and 63 1:4: 9.77 G 1.29; Kruskal–Wallis test, H(3) = 10.47, p = 0.0053; Figure 4C, middle). A similar effect was observed

in VH (0:0: 6.77G 1.15, 63 1:1: 5.32G 0.7, and 63 1:4: 9.94G 0.83; ANOVA F(3, 30) = 10.26, p = 0.0059; Figure 4C, right). Interestingly, in DH

PCs the AMPAR/NMDAR current ratio was significantly increased by successful 63 1:4, and also 63 1:1 t-LTP induction, compared to non-

STDP stimulated control cells (0:0: 4.67 G 0.73, 63 1:1: 9.07 G 0.48, and 63 1:4: 9.49 G 1.24; ANOVA F(2, 27) = 5.55, p = 0.009, post hoc Tu-

key-test for 0:0 vs. 63 1:1 p = 0.02 and for 0:0 vs. 63 1:4 p = 0.01; Figure 4C, left). Overall, these results are consistent with postsynaptic

changes after 63 1:4 t-LTP in IH, VH and DH, while only in DH CA1 PCs postsynaptic changes were seen also after induction of 63 1:1 t-

LTP. Of note, it has been shown previously that incorporation of new GluA1 containing AMPARs into the postsynaptic membrane accounts

for the increased AMPAR/NMDAR current ratio observed in response to the induction of (t-)LTP (see38 and.31

As a further measure for the expression locus of t-LTP, we performed coefficient of variation (CV) analysis of evoked EPSPs (see e.g.,32,39,40

The CV is a readout of presynaptic variability of transmitter release upon repeated stimulation, normalized by the mean.41,42 When t-LTP is

expressed presynaptically, CV after t-LTP should decrease compared to CV before LTP induction. While results for CV analysis corroborate
iScience 27, 109320, March 15, 2024 5



Figure 4. Diverse expression loci of SC-CA1 t-LTP induced by low repeat 1:1 and 1:4 paradigms along the longitudinal axis of the hippocampus

All recordings performed in VCmode at�70 or�20 mV holding potential in the presence of picrotoxin, A) Paired pulse ratio (PPR) calculated before (pre-cond.)

and 30 min after (post-cond) 63 1:1 t-LTP induction in the same cell (DH: n = 10/N = 7; IH: n = 9/N = 5, and VH: n = 11/N = 6), showing significant changes in PPR

after 63 1:1 t-LTP induction in IH and VH. B) PPRmeasurement after 63 1:4 t-LTP revealed no significant changes in presynaptic release probability in either of the

studied regions (DH: n = 10/N = 7; IH: n = 11/N = 6, and VH: n = 11/N = 6).

(C) Upper panel: ratio of AMPA/NMDA receptor–mediated currents (AMPAR: peak current at�70mV; NMDAR: current amplitude 50ms (in IH and VH) and 45ms

(in DH) after start of EPSCs, recorded at�20mV) for negative controls (0:0: in DH; n = 6/N = 5; in IH: n = 9/N = 7; in VH: n = 8/N = 6), after successful induction of t-

LTP with both low repeat paradigms in DH (63 1:1: n = 12/N = 7; 63 1:4: n = 12/N = 6), in IH (63 1:1: n = 14/N = 10; 63 1:4: n = 13/N = 8), and VH (63 1:1: n = 10/

N = 8; 63 1:4: n = 12/N = 9). An increased AMPAR/NMDAR current ratio could be seen after both 63 1:1 and 63 1:4 t-LTP in DH CA1 PCs, suggesting

postsynaptic changes following successful t-LTP for both paradigms. In IH and VH, AMPAR/NMDAR current ratio increased only after 63 1:4 t-LTP, speaking

in favor of a postsynaptic change. Lower panel: original traces of AMPAR-mediated currents recorded at �70 mV holding potential (black) and NMDAR (in

gray: 0:0; blue: 63 1:1, and red: 63 1:4) mediated currents recorded at �20 mV holding potential. Data are shown as mean G SEM. Each pair of circles

represents an individual cell. Scale bars are shown in the figures. The PPR data (pre-cond.) are the same as shown in Figure 2B.
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presynaptic expression for all conditions without increasedAMPAR/NMDAR ratio, CV analysis yielded a presynaptic locus of expressionwhen

the AMPAR/NMDAR ratio increased (compare supplemental information; Table S1). This applies to both 63 1:1 and 63 1:4 t-LTP (compare

supplemental information, Figures S5 and S6), and is a known erroneous result of CV analysis in case of postsynaptic insertion of newAMPARs

at previously silent synapses.43–47
6 iScience 27, 109320, March 15, 2024



Figure 5. GABAergic inhibition regulates presynaptic glutamate release only in intermediate hippocampus

All recordings were performed in CA1 PCs in VC mode at �70 mV holding potential.

(A) Original traces of EPSPs (depolarization) and delayedGABAB receptormediated IPSPs (hyperpolarization) recorded 150ms after EPSP onset in DH PCs before

t-LTP induction, comparing GABABR mediated responses in the absence (+PIC/-CGP, left) vs. presence of a GABABR blocker (+PIC/+CGP, right). Single cell

traces are shown in gray, averaged responses are represented in black.

(B) SC stimulation induced GABABR mediated responses in CA1 PCs from DH (+PIC/-CGP: n = 15/N = 8; +PIC/+CGP: n = 12/N = 6), IH (+PIC/-CGP: n = 21/N =

13; +PIC/+CGP: n = 16/N = 9), and VH (+PIC-CGP: n = 19/N = 9; +PIC+CGP: n = 14/N = 10), were significantly reduced in the presence of CGP (GABABR

inhibitor).

(C, E, and G) Mean frequency and cumulative fraction of inter-event intervals (IEI) of putative mEPSCs (see STAR Methods) under conditions of

intact GABAergic inhibition (-PIC/-CGP) vs. selective GABAA receptor blockade (+PIC/-CGP). (C) Picrotoxin did not change pmEPSC frequency in DH
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Figure 5. Continued

(-PIC/-CGP: n = 12/N = 6; +PIC/-CGP: n = 16/N = 10). (E) Picrotoxin increased pmEPSC frequency in IH (-PIC/-CGP: n = 8/N = 4; +PIC/-CGP: n = 11/N = 8). (G)

Picrotoxin did not change pmEPSC frequency in VH (-PIC/-CGP: n = 7/N = 4; +PIC/-CGP: n = 13/N = 8).

(D, F, and H) PPRmeasurements under conditions of intact GABAergic inhibition vs. selective GABAA receptor blockade. (D) Picrotoxin did not change PPR in DH

(-PIC/-CGP: n = 15/N = 7; +PIC/-CGP: n = 19/N = 9). (F) Picrotoxin increased PPR in IH (-PIC/-CGP: n = 16/N = 9; +PIC/-CGP: n = 20/N = 9). H) Picrotoxin did not

change PPR in VH (-PIC/-CGP: n = 13/N = 9; +PIC/-CGP: n = 21/N = 11). Each circle represents an individual cell. The number of recorded cells (n) and animals

(N) is indicated in the bars. Data are shown asmeanG SEM. Scale bars are shown in the figures. Paired or unpaired two-tailed t-tests were used and Kolmogorov-

Smirnov test for cumulative distribution. (The PPR data under +PIC/-CGP (pre-cond.) are the same as shown in Figure 2B). See also Figure S4.
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Overall, these results suggest presynaptic expression of 63 1:1 t-LTP in VH and IH, while in DH results are consistent with postsynaptic

expression. Regarding 63 1:4 t-LTP, results in all three regions are consistent with a postsynaptic expression mechanism.
Stronger GABAB receptor mediated inhibition in dorsal than in ventral hippocampus

In the next series of experiments, we wanted to systematically investigate how the two 63 t-LTP paradigms at SC-CA1 synapses depend on

GABAA and GABAB receptor mediated inhibition along the dorsoventral axis. In the hippocampus, GABAmediates fast inhibitory responses

throughGABAA receptors and slow inhibitory responses viaGABAB receptor activity.
48,49 Diverse gradients ofGABAA receptor (DH> IH>VH)

and GABAB receptor (DH < IH < VH) expression were reported along the longitudinal axis of the rat hippocampus.7 In the previous t-LTP ex-

periments reported here, we always addedpicrotoxin (100 mM) to blockGABAAR responses, while theGABABR component response that can

be inhibited by CGP 55845 (CGP, 10 mM)was intact (+PIC/-CGP condition). To quantify the strength of GABAB receptormediated inhibition in

our synaptic recordings, we measured the hyperpolarization following the SC stimulation induced EPSPs, which is known to be triggered by

SC-dependent activation of GABAergic neurons50,51 (Figure 5A). Our results obtained in the presence of the GABAA receptor inhibitor picro-

toxin (+PIC/-CGP) revealed stronger GABAB components in DH compared to VH and IH CA1 neurons (ANOVA F(2, 52) = 14.71; P = <0.0001,

post hoc Tukey-test, p = 0.135; DH vs. IH: p = 0.0007; DH vs. VH: P = <0.0001), being consistent with previous reports.52,53 To confirm that the

observed hyperpolarization was mediated by GABAB receptors, we added the GABABR blocker CGP (10 mM) to our picrotoxin containing

recording solution (+PIC/+CGP), which strongly inhibited the hyperpolarization (Figure 5A).54 As represented in Figure 5B, the hyperpolar-

ization after the EPSP in DH reached �1.32 G 0.11 mV in +PIC/-CGP solution, and was significantly different from the �0.35 G 0.04 mV re-

corded in ACSF containing both inhibitors (+PIC/+CGP: unpaired Student’s t test, t(25) = 7.37; p < 0.0001). While the GABAB receptor medi-

ated hyperpolarization was smaller in IH and VH CA1 PCs compared to DH, they were also significantly reduced in the presence of CGP (IH:

�0.80 G 0.1 mV in +PIC/-CGP, and �0.29 G 0.03 mV in +PIC/+CGP; unpaired Student’s t test, t(35) = 4.35, p = 0.0001; VH: �0.6 G 0.06 mV

in +PIC/-CGP, and �0.26 G 0.05 mV in +PIC/+CGP; unpaired Student’s t test, t(31) = 3.908, p = 0.0005; Figure 5B).

Overall, these data suggest that GABAB receptor mediated inhibition upon SC stimulation reduces excitability of CA1 neurons to a larger

extent in DH than in VH.
GABAergic inhibition affects glutamate release probability along the longitudinal axis of the hippocampus

To determine howGABAergic inhibition affects glutamate release at SC-CA1 synapses we compared pmEPSCs recordings with (+PIC/-CGP)

and without picrotoxin (-PIC/-CGP; intact physiological GABAergic inhibition), to study effects on glutamate release probability. We found

thatmeanpmEPSC frequencies in DH and VHCA1 PCswere not changed under conditions of intactGABAARmediated inhibition (DH: +PIC/-

CGP: 0.25G 0.03 Hz, vs. -PIC/-CGP: 0.31G 0.04 Hz; Figure 5C; VH: +PIC/-CGP: 0.63G 0.1 Hz, vs. -PIC/-CGP: 0.66G 0.07 Hz; Figure 5G), while

in IH, intact inhibition via GABAARs significantly reduced pmEPSC frequencies (+PIC/-CGP: 0.81 G 0.01 Hz, vs. -PIC/-CGP: 0.52 G 0.03 Hz;

unpaired Student’s t test, t(10) = 2.11, p = 0.049; Figure 5E). Correspondingly, pmEPSC inter-event intervals (IEI) were not affected in both DH

and VH under conditions of intact GABAA receptor mediated inhibition, while in IH IEI intervals were decreased (Kolmogorov–Smirnov two-

sample test: Z = 0.386, p< 0.0001, Figure 5E). PutativemEPSCamplitudeswere not affectedbypicrotoxin in IH (-PIC/-CGP: 13.39G 0.12pA; +-

PIC/-CGP: 12.15G 0.07 pA) and DH (-PIC/-CGP: 15.87G 0.5; +PIC/-CGP: 15.18G 0.867), but were significantly increased in VH (-PIC/-CGP:

13.04 G 0.54; +PIC/-CGP: 15.94 G 0.54; unpaired Student’s T-test, p value = 0.0051; T = 3.362, df = 13).

As a second readout of glutamate release probability, we also determined the PPR at SC-CA1 synapses. While in DH and VH, PPR was not

significantly changedby intactGABAARmediated inhibition (DH:+PIC/-CGP: 2.11G 0.14, -PIC/-CGP: 1.86G 0.08; Figure 5D, VH:+PIC/-CGP:

1.68G 0.1, -PIC/-CGP: 2.02G 0.25; Figure 5H), PPR in IH CA1 PCs was significantly reduced under conditions of intact GABAergic conditions

compared to GABAAR blockade (+PIC/-CGP: 1.80G 0.13, -PIC/-CGP: 1.49G 0.07; unpaired Student’s t test, t(34) = 2.07, p = 0.046; Figure 5F).

Together, results for PPR and pmEPSC frequencies suggest, that in DH and VH glutamate release probability is not affected by GABAA

receptor blockade, while in IH the results are consistent with changed glutamate release probability in the presence the GABAA antagonist.

This might be explained by tonic inhibition of excitatory neurons by ambient GABA, specifically in IH.
GABAergic inhibition differentially modulates low repeat t-LTP induction at SC-CA1 synapses along the longitudinal axis of

the hippocampus

Since our t-LTP results provided clear differences in magnitude and mechanism of expression of t-LTP along the longitudinal axis of the hip-

pocampus (compare Figures 3 and 4), we wanted to investigate how GABAA and GABAB receptor mediated inhibition in DH, IH, and VH

might account for these differences in t-LTP. Thus, we next compared the efficacy to obtain 63 1:1 and 63 1:4 t-LTP along the longitudinal
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axis of the hippocampus under conditions of intact GABAergic inhibition (-PIC/-CGP), with t-LTP when only GABAARs were inhibited (+PIC/-

CGP), or under complete blockade of GABAergic inhibition (+PIC/+CGP).

63 1:1 t-LTP

Dorsal hippocampus

Our results indicate that in DH the 63 1:1 t-LTP paradigm failed to induce potentiation under conditions of intact GABAergic (i.e., GABAA and

GABABR mediated) inhibition compared to selective GABAAR blockade or complete GABA receptor blockade (intact inhibition: 95.93 G

7.0% (n = 9/N = 6), +PIC/-CGP: 180.40 G 18.03% (n = 9/N = 5), +PIC/+CGP: 190.08 G 19.02% (n = 6/N = 4); ANOVA F(2,22) = 5.799, p =

0.0005, post hoc Tukey-test for intact vs. +PIC/-CGP: p = 0.0014 and for intact inhibition vs. +PIC/+CGP: p = 0.0018; Figure 6A).

Expression mechanism in DH

For DH, we already showed in Figure 4 that successful 63 1:1 t-LTP did not change the PPR under GABAAR blockade (+PIC/-CGP, before

t-LTP: 2.22 G 0.24, after t-LTP: 2.16 G 0.21). Although there was a trend of 63 1:1 t-LTP under complete blockade of GABAergic responses

(+PIC/+CGP) toward reduced PPR (before: 2.80 G 0.29, after: 2.16 G 0.19), this effect did not reach statistical significance (paired Student’s

t test, t(5) = 1.926, p = 0.11), whereas intact GABAergic inhibition (-PIC/-CGP) blocked 63 1:1 t-LTP and therefore revealed also no changes

in PPR (before: 2.08 G 0.15, after: 2.12 G 0.18; Figure 6B left). Similar to 63 1:1 t-LTP in DH under selective GABAAR blockade (compare

also Figure 4C), we found an increase in AMPAR/NMDAR current ratio also after successful induction of 63 1:1 t-LTP under complete

blockade of GABAergic inhibition (8.93 G 2.47; Figure 6B right), thus indicating a postsynaptic contribution to t-LTP expression. The

CV analysis for both +PIC/-CGP and +PIC/+CGP detects a presynaptic effect for both conditions (supplemental information, Figure S4;

Table S1). As mentioned in the context of results shown in Figure 4, this is a known possibly erroneous presynaptic result detected by

CV analysis in case of insertion of new AMPA receptors.43

Intermediate hippocampus

Interestingly, in the IH region 63 1:1 t-LTP stimulation induced significant t-LTP when selectively GABAARs were blocked, compared to

complete GABA receptor blockade and intact GABA inhibition (intact: 109.49 G 13.20% (n = 10/N = 5), +PIC/-CGP: 171.05 G 12.86%

(n = 11/N = 7), and +PIC/+CGP: 122.94G 6.10% (n = 9/N = 5); ANOVA F(3,30) = 14, p = 0.0009, post hoc Dunn’s Test for +PIC/-CGP vs. intact

inhibition: p = 0.0013 and for +PIC/-CGP vs. +PIC/+CGP: p = 0.019; Figure 6C). Of note, 63 1:1 t-LTP stimulation in IH also induced a weak t-

LTP under complete GABAergic inhibition compared to non-normalized baseline values (paired Student’s t test: t(8) = 4.512 p = 0.002), there-

fore indicating significant, but weaker t-LTP.

Expression mechanism in IH

In IH under selective GABAAR blockade, 63 1:1 t-LTP was accompanied by decreased PPR (before: 1.86 G 0.13, after: 1.39 G 0.08;

paired Student’s t test, t (11) = 3.719, p = 0.004; Figure 6D left) and therefore increased glutamate release probability. Since IH showed no

63 1:1 t-LTP under intact GABAergic conditions (-PIC/-CGP) and only borderline t-LTP under complete blockade of GABAergic inhibition

(+PIC/+CGP), the unchanged PPR under both conditions was expected (-PIC/-CGP, before: 1.67 G 0.08, after: 2.04 G 0.27; +PIC/+CGP,

before: 1.81 G 0.1, after: 1.68 G 0.12; Figure 6D left). However, 63 1:1 stimulation in IH under complete blockade of GABAergic inhibition

enhanced the AMPAR/NMDAR current ratio (+PIC/+CGP: 7.52 G 1.01, +PIC/-CGP: 3.97 G 0.91; ANOVA F(2, 20) = 3.791, p = 0.04, post hoc

Tukey-test for +PIC/+CGP vs. +PIC/-CGP, p = 0.043; Figure 6D right) although t-LTP was only borderline under these conditions (compare

Figure 6C). This might indicate that postsynaptic mechanisms were triggered by this protocol, yet not efficient enough to yield statistically

significant 63 1:1 t-LTP with the ANOVA. This interpretation is corroborated by the absence of a similar increase in AMPAR/NMDAR current

ratios under the same +PIC/+CGP conditions in negative controls without t-LTP stimulation (63 0:0 stimulation: 4.73 G 0.89). CV analysis

yielded presynaptic expression for the 63 1:1 paradigm under +PIC/-CGP conditions, consistent with the decreased PPR, but allows no clear

conclusion for 63 1:1 in +PIC/+CGP (supplemental information, Figure S4; Table S1).

Ventral hippocampus

In VH, the 63 1:1 t-LTP paradigm induced significant potentiation regardless of GABAergic inhibition in all three conditions (intact: 138.72G

12.76% (n = 8/N = 5), +PIC/-CGP: 135.93 G 6.61% (n = 12/N = 9), +PIC/+CGP: 143.35 G 12.40% (n = 8/N = 6); Figure 6E).

Expression mechanism in VH

In VH, successful 63 1:1 t-LTP did neither affect PPR under intact GABAergic conditions (-PIC/-CGP, before: 1.93G 0.29, after: 1.64G 0.17),

nor under complete GABA receptor blockade (+PIC/+CGP, before: 1.93G 0.11, after: 1.92G 0.22), but significantly reduced PPR under se-

lective GABAAR blockade (+PIC/-CGP, before: 1.82G 0.2, after: 1.30G 0.09; paired Student’s t test, t (10) = 3.719, p = 0.004; Figure 6F right).

This is consistent with presynaptic expression of 63 1:1 t-LTP under +PIC/-CGP conditions, but seems to indicate that 63 1:1 t-LTP expression

under intact GABAergic inhibition and under complete blockade of GABAergic inhibition cannot be clearly assigned to presynaptic mech-

anisms. Regarding postsynaptic expression mechanisms after successful 63 1:1 t-LTP induction, no significant increase in AMPAR/NMDAR

current ratiowas observed, neither under conditions of selectiveGABAAR blockade (4.75G 0.91), intactGABAergic inhibition (4.87G 1.14), or
iScience 27, 109320, March 15, 2024 9



Figure 6. GABAergic modulation of low repeat 1:1 t-LTP magnitude along the longitudinal axis of the hippocampus

(A) 63 1:1 t-LTP in CA1 PCs of DH under intact GABAergic inhibition (-PIC/-CGP: n = 9/N = 6), in response to selective GABAAR inhibition (+PIC/-CGP: n = 9/N =

5), and upon complete blockade of GABAergic inhibition (+PIC/+CGP: n = 6/N = 4). 63 1:1 t-LTP was absent under intact GABAergic inhibition.

(B) Paired pulse ratio (PPR) pre-vs. post-conditioning in PCs of DH under intact GABAergic inhibition (-PIC/-CGP: n = 9/N= 6), GABAAR blockade (+PIC/-CGP: n =

10/N = 7), and upon complete blockade of GABAergic inhibition (+PIC/+CGP: n = 5/N = 5) shows no significant changes. Increased (compared to negative

control in Figure 4C; 0:0 protocol) AMPAR/NMDAR current ratio suggests that 63 1:1 t-LTP under selective GABAAR blockade (n = 12/N = 7) and under

complete blockade of GABAergic inhibition (n = 4/N = 4) is expressed post-synaptically.

(C) 63 1:1 protocol in PCs of IH under intact GABAergic inhibition (n = 10/N = 5), upon selective GABAAR inhibition (n = 11/N = 7), and upon complete blockade

of GABAergic inhibition (n = 9/N = 5). Significant 63 1:1 t-LTP was only induced upon selective blockade of GABAA receptor inhibition.

(D) Successful 63 1:1 t-LTP in IH upon selective GABAAR blockade (n = 12/N = 8) significantly reduced PPR suggesting presynaptic t-LTP expression. PPR was

unaffected in the absence of 63 1:1 t-LTP observed under intact GABAergic inhibition (n = 8/N = 7), and under complete blockade of GABAergic inhibition (n =

7/N = 6). Increased AMPAR/NMDAR current ratio under conditions of complete blockade of GABAergic inhibition indicates postsynaptic changes after 63 1:1 t-

LTP (n = 7/N = 6). AMPAR/NMDAR current ratio was not changed upon selective GABAAR blockade (n = 10/N = 6), and was also unchanged under non-

stimulated negative control condition (0:0 protocol; n = 6/N = 3).

(E) Successful 63 1:1 t-LTP in CA1 PCs of VH under intact GABAergic inhibition (-PIC/-CGP: n = 8/N = 5), in response to selective GABAAR inhibition (+PIC/-CGP:

n = 12/N = 9), and upon complete blockade of GABAergic inhibition (+PIC/+CGP: n = 8/N = 6).

(F) Despite successful 63 1:1 t-LTP in PCs of VH independent of GABAergic inhibition, PPR pre-vs. post-conditioning was significantly reduced only under

selective GABAAR blockade (n = 11/N = 7), but remained unaffected under intact GABAergic inhibition (n = 7/N = 5), and under complete blockade of

GABAergic inhibition (n = 7/N = 5). Irrespective of GABAergic conditions, AMPAR/NMDAR current ratio remained unchanged following successful induction

of 63 1:1 t-LTP (n = 6/N = 4 for intact inhibition (n = 6/N = 5 for complete block of GABA inhibition; n = 10/N = 5 for selective GABAAR blockade). Time

course of t-LTP during 30 min of recording after t-LTP induction is represented on the left side of each panel. Original traces of EPSPs before and after t-LTP

induction under diverse GABAergic inhibition are shown on the right. The number of recorded cells (n) and animals (N) is indicated in the bars. Data are

shown as mean G SEM. Multiple comparisons were performed with ANOVA using post hoc Tukey’s test. (For better direct comparison, some of the PPR

data shown in B, D, F are the same as shown in Figure 4B). See also Figure S5.
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complete blockade of GABAergic inhibition (6.05 G 1.13; Figure 6F left). These non-conclusive results for expression mechanism of 63 1:1

t-LTP in VH might result from the low magnitude of t-LTP observed under these conditions. Results of CV analysis are consistent with presyn-

aptic expression under -PIC/-CGP and +PIC/-CGP conditions, but postsynaptic expression under complete block of GABAergic inhibition

(supplemental information, Figure S5; Table S1).

63 1:4 t-LTP

Dorsal hippocampus

In the next step, we performed the same set of experiments with GABA receptor inhibitors for the 63 1:4 (burst) protocol (Figure 7). We found

that at the DH pole, the 63 1:4 t-LTP protocol induced similar magnitudes of potentiation in all three conditions (intact GABAergic inhibition:

139.51G 15.74% (n = 6/N = 4), +PIC/-CGP: 179.75G 15.53% (n = 8/N = 4), complete blockade of GABAergic inhibition: 150.20G 16.60% (n =

6/N = 5); Figure 7A).

Expression mechanism in DH

In DH, successful 63 1:4 t-LTP did neither affect PPR under intact GABAergic conditions (-PIC/-CGP, before: 2.06G 0.2, after: 2.25G 0.35), nor

under complete GABA receptor blockade (+PIC/+CGP, before: 2.41G 0.2, after: 2.06G 0.16; Figure 7B left), speaking against presynaptic t-

LTP expression. Successful 63 1:4 t-LTP in DH under selective GABAAR blockade showed an increased AMPAR/NMDAR current ratio (+PIC/-

CGP: 9.15G 1.19), speaking in favor of postsynaptic expression of t-LTP. However, under intactGABAergic inhibition (-PIC/-CGP: 2.66G 0.41)

or complete blockade of GABAergic inhibition (+PIC/+CGP: 3.68G 0.52) 63 1:4 t-LTP was most likely not mediated by postsynaptic increase

in AMPAR conductance. Accordingly, we found a significantly increased AMPAR/NMDAR current ratio between selective GABAAR blockade

and intact GABAergic inhibition (Kruskal–Wallis test H (3) = 14.15, p < 0.0008; Figure 7B right). This points toward an altered (i.e., not clearly

pre- or postsynaptic) expression mechanism for 63 1:4 t-LTP when GABAergic inhibition is either fully functional or fully blocked. CV analysis

(supplemental information, Figure S5; Table S1) revealed a clear presynaptic mechanism for +PIC/-CGP and +PIC/+CGP conditions, and a

postsynaptic mechanism for fully functional inhibition.

Intermediate hippocampus

The 63 1:4 t-LTP paradigm induced clear potentiation under intact GABAergic inhibition and in the presence of only the GABAA receptor

inhibition (intact: 164.38G 20.82% (n = 10/N = 5), +PIC/-CGP: 149.02G 19.67% (n = 11/N = 5), whereas there was no t-LTP under complete

GABA receptor blockade (+PIC/+CGP: 107.60 G 5.31% (n = 11/N = 7); Paired Student’s t test, t(9) = 0.736 p = 0.48; Figure 7C).

Expression mechanism in IH

In IH, PPRwas significantly reduced under intactGABAergic inhibition (-PIC/-CGP, before: 1.68G 0.12, after: 1.46G 0.09; paired Student’s t test,

t (9) = 3.569, p = 0.006; Figure 7D left), being consistent with presynaptic expression. PPR remained unchanged under complete blockade of

GABAergic inhibition (+PIC/+CGP, before: 1.73G 0.11, after: 1.74G 0.07), which is consistent with absence of 63 1:4 t-LTP under these con-

ditions. While successful 63 1:4 t-LTP in IH under conditions of selective GABAAR blockade significantly increased the AMPAR/NMDAR current

ratio (+PIC/-CGP: 9.77 G 1.28), thus suggesting postsynaptic expression of t-LTP, the absence of 63 1:4 t-LTP under complete blockade of

GABAergic inhibition (+PIC/+CGP) did – as expected – also not reveal a change in the AMPAR/NMDAR current ratio (5.59G 1.14). Unexpect-

edly, successful 63 1:4 t-LTP in IH under intact GABAergic conditions (-PIC/-CGP) was not accompanied by a change in the AMPAR/NMDAR

current ratio (5.16G 0.63). ANOVAanalysis of AMPAR/NMDAR current ratio revealed significant differences between selectiveGABAA receptor

blockade and the two other conditions (i.e., +PIC/+CGP and -PIC/-CGP: F (2, 25) = 4.823 p = 0.0169, post hoc Tukey-test for +PIC/-CGP vs. PIC/-

CGP p = 0.036, and +PIC/-CGP vs. complete GABA blockade: p = 0.05; Figure 7D right). This might indicate that 63 1:4 t-LTP under -PIC/-CGP

conditions does not show the same postsynaptic changes as observed under selective GABAAR blockade. CV analysis (Figure S6; Table S1) is

consistent with a presynaptic mechanism for +PIC/-CGP but does not allow to draw a clear conclusion for intact GABAergic conditions.

Ventral hippocampus

ANOVA statistical analysis yielded a similar pattern of t-LTP for 63 1:4 t-LTP in PCs of VH in all studied conditions as in IH (intact: 139.60 G

12.03% (n = 9/N = 5), +PIC/-CGP: 137.80G 11.01% (n = 10/N = 7), complete blockade: 106.45G 10.55% (n = 8/N = 5); ANOVA F(2, 24) = 2.548,

p = 0.099; Figure 7E). Both intact and +PIC/-CGP conditions revealed significant t-LTP compared to 100% baseline (one sample t-test p =

0.011, and p = 0.007, respectively). However, 63 1:4 t-LTP failed to induce significant t-LTP at SC-CA1 synapses in VH under complete

GABA receptor blockade (one-sample t-test p = 0.56; Figure 7E).

Expression mechanism in VH

Similar to observations for IH, 63 1:4 t-LTP in VH was accompanied by decreased PPR (-PIC/-CGP, before: 1.70 G 0.14, after: 1.46 G 0.1;

paired Student’s t test, t (7) = 2.372, p = 0.049; Figure 7F left), whereas under complete blockade of GABAergic inhibition (+PIC/+CGP),

PPR remained unaffected (before: 2.00 G 0.24, after: 1.85 G 0.15). Likewise, also in VH AMPAR/NMDAR current ratio after successful 63

1:4 t-LTP was significantly enhanced under selective GABAAR blockade (+PIC/-CGP: 10.13 G 0.72) but not after successful t-LTP under con-

ditions of intact GABAergic inhibition (-PIC/-CGP: 5.86 G 0.33).
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Figure 7. GABAergic modulation of low repeat 1:4 t-LTP magnitude at hippocampal SC-CA1 synapses along the longitudinal axis

(A) 63 1:4 protocol in DH region induced t-LTP independent of GABAergic modulation under intact conditions (-PIC/-CGP: n = 6/N = 4), upon selective GABAAR

blockade (+PIC/-CGP: n = 8/N = 4), or upon complete blockade GABAergic inhibition (+PIC/+CGP: n = 6/N = 5).

(B) Paired pulse ratio (PPR) pre-vs. post-conditioning in DH PCs under intact GABAergic inhibition (-PIC/-CGP: n = 6/N = 4), and upon complete blockade of

GABAergic inhibition (+PIC/+CGP: n = 6/N = 5) showed no significant changes. The AMPAR/NMDAR current ratio in DH was increased following successful

63 1:4 t-LTP only under selective GABAAR blockade (n = 13/N = 8), while AMPAR/NMDAR current ratio was unaffected after 63 1:4 t-LTP under intact

GABAergic inhibition (n = 6/N = 4) and under complete blockade of GABAergic inhibition (n = 5/N = 4).

(C) In IH, 63 1:4 stimulation induced strong t-LTP under intact GABAergic inhibition (-PIC/-CGP: n = 10/N = 5) and no significant potentiation under complete

blockade of GABAergic inhibition (+PIC/+CGP: n = 9/N = 5). Under selective GABAAR inhibition (+PIC/-CGP: n = 11/N = 7), 63 1:4 t-LTP showed an intermediate

t-LTP magnitude.

(D) PPR pre-vs. post-conditioning was reduced in IH after successful induction of t-LTP under intact GABAergic inhibition (-PIC/-CGP: n = 10/N = 5), but not in

the absence of t-LTP under complete blockade of GABAergic inhibition (+PIC/+CGP: n = 10/N = 4). 63 1:4 t-LTP induction in IH enhanced AMPAR/NMDAR

current ratio under GABAAR blockade (n = 13/N = 9) compared to intact GABAergic inhibition (n = 7/N = 5), and complete blockade of GABAergic

inhibition (n = 8/N = 5).

(E) Similar to IH 63 1:4 t-LTP in VH was successfully induced, under conditions of intact GABAergic inhibition (-PIC/-CGP: n = 9/N = 5), upon selective GABAAR

inhibition (+PIC/-CGP: n = 10/N = 7), but not upon complete blockade of GABAergic inhibition (+PIC/+CGP: n = 8/N = 5).

(F) PPR pre-vs. post-conditioning in VH was reduced after successful induction of t-LTP under intact GABAergic inhibition (-PIC/-CGP: n = 8/N = 4), but

unchanged in the absence of t-LTP under complete blockade of GABAergic inhibition (+PIC/+CGP: n = 7/N = 4). AMPAR/NMDAR current ratio was only

increased after successful induction of 63 1:4 t-LTP under selective GABAAR blockade (n = 10/N = 7), but was despite successful t-LTP unaffected under

intact GABAergic inhibition (n = 6/N = 5), and in the absence of t-LTP under complete blockade of GABAergic inhibition (n = 7/N = 5). The number of

recorded cells (n) and animals (N) is indicated in the bars. Data are shown as mean G SEM. Multiple comparisons were performed with ANOVA using post

hoc Tukey’s test. (For better direct comparison, some of the PPR data shown in B, D, F are the same as shown in Figure 4B). See also Figure S6.
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As expected, absence of 63 1:4 t-LTP under complete blockade of GABAergic inhibition was also not accompanied by increased AMPAR/

NMDAR current ratios (+PIC/+CGP: 6.45G 1.70; ANOVA F(2, 20) = 5.421, p = 0.0127, post hoc Tukey-test for +PIC/-CGP vs. intact p = 0.024,

and +PIC/-CGP vs. complete blockade p = 0.044; Figure 7F right). Thus, while these results for AMPAR/NMDAR current ratios are consistent

with postsynaptic expression of 63 1:4 t-LTP under selective GABAAR blockade, the same protocol does not reveal postsynaptic expression

under conditions of intact GABAergic inhibition, but shifts to presynaptic expression in both IH and VH regions. The CV analysis (Figure S6;

Table S1) detected a presynaptic mechanism for +PIC/-CGP conditions. As mentioned before, this is a known possibly erroneous presynaptic

result detected by CV analysis in case of insertion of new AMPA receptors.43 For 63 1:4 t-LTP under intact GABAergic conditions, CV analysis

cannot clearly distinguish between pre- and postsynaptic mechanisms.

Together, these results suggest a complex regulation of 63 1:1 and 63 1:4 t-LTP by GABAA and GABAB receptor mediated mechanisms

that are co-activated in the SC-CA1 circuit by our extracellular SC stimulation. Importantly, theseGABAergicmechanisms, which control t-LTP,

are differentially recruited along the longitudinal axis of the hippocampus. Blockade of only GABAA receptor mediated transmission allowed

successful induction of 63 1:1 t-LTP in DH, IH, and VH. Under intact GABAergic conditions, 63 1:1 t-LTP could be induced only in VH, while

intact GABABR mediated inhibition was beneficial for successful induction of 63 1:1 t-LTP selectively in IH (compare Figure 6).

In stark contrast, 63 1:4 t-LTP was successfully induced in all three areas under conditions of intact GABAergic inhibition (-PIC/-CGP) and if

only GABAA receptors were blocked (+PIC/-CGP). However, complete blockade of GABAA and GABAB receptor mediated mechanisms,

abolished 63 1:4 t-LTP in IH and VH (compare Figure 7).

One could argue that the absence of t-LTP under conditions of complete blockade of GABAergic inhibition is due to spontaneous poten-

tiation (i.e., elevated baseline excitation), thereby saturating the LTP machinery. However, this should lead to systematically increased EPSP

amplitudes or reduced stimulation strength required to induce half-maximal EPSP amplitudes in +PIC/+CGP. However, this was not observed

in our recordings (compare Figure S4).

Overall, these results (summarized in supplemental information: TableS1) indicate adiverse set of expressionmechanisms for 63 1:1 and63

1:4 t-LTP along the longitudinal axis of the hippocampus that crucially depend on conditions for GABAergic transmission, stressing the impor-

tant role of feedforward and feedback inhibition in regulating SC-CA1 synaptic plasticity. For better explanation of the complex interactions

leading to these different types of t-LTP expression in IH, we provide schemes in the supplemental information (compare Figures S8 and S9).

DISCUSSION

Our patch clamp recordings in mouse hippocampal slices revealed gradients of CA1 PC properties along the dorsoventral axis. The two low

repeat t-LTP paradigms (63 1:1 and 63 1:4) induced robust t-LTP in all regions, albeit with a gradient of t-LTP magnitudes from ventral to

dorsal pole (VH < IH < DH). The expression mechanisms of both t-LTP versions vary along the dorsoventral axis and depend on subtle regu-

lation by GABAA and GABAB receptor mediated inhibition.

Taken together, these results suggest an intricate regulation of low repeat t-LTP at SC-CA1 synapses along the dorsoventral axis.

We discuss our data in relation to previous results that were, however, mainly recorded in rat hippocampus.

Differences in intrinsic excitability and basal synaptic properties of CA1 neurons along the longitudinal axis of the

hippocampus

Weobserved amore depolarized RMP and higher firing frequencies in VH/IH compared toDH. (Figures 1B and 1C). Both properties indicate a

stronger intrinsic excitability of CA1 cells in VH/IH, which is consistent with previous results in rat hippocampus.6 In comparison to this study,

we also included recordings in the intermediate region (IH), and found that basal properties of IH and VH are very similar. Other studies also

described electrophysiologically distinct subpopulations of CA1 PCs along the transversal and the radial axis of the hippocampus being in

line with increasing excitability from DH to VH.55,56 Changes in neuronal morphology can affect ionic conductance and somatic input resis-

tance (Rin) of neurons, and were used to explain the distinct intrinsic excitability in rat DH CA1 PCs.6 A larger dendritic surface in DH CA1

neurons can reduce Rin, being consistent with the increased rheobase of DH PCs in our mouse recordings (Figure S1). Higher excitability

of our mouse VH PCs might originate from an increased ratio of excitatory to inhibitory synaptic inputs to VH CA1 neurons, as suggested

for rats.53,57 In accordance with these previous data in rats, our synaptic I/O curves clearly indicate a steep increase of excitatory drive at

SC inputs from DH to VH (compare Figure 1), being consistent with distinct expression patterns of ligand- and voltage-gated ion channels

in VH vs. DH in rats.36,55,58–60 Together, these properties seem to account for the higher excitability of postsynaptic CA1 neurons and the

steeper slope in excitatory synaptic I/O curves in ventral CA1 (compare Figure 1E and Daoudal, 2003).61

Regarding glutamate release at SC-CA1 synapses, we observed significantly weaker PPF in VH compared to DH. These data speak in favor

of higher initial release probability in VH, being consistent with results in rat hippocampus.53 At the network level, GABA-mediated recurrent

inhibition (RI) was described to control CA1 excitatory output in VH less efficiently than in DH.52 Importantly, both GABA and glutamate

release are also affected by neuromodulator releasing (i.e., noradrenergic and dopaminergic inputs) axonal projections to the hippocampus,

which are more prominent in VH than DH.3 VTA neurons prominently project dopaminergic fibers to VH, but not to DH, and locus coeruleus

(LC) noradrenergic terminals show 40% higher density in VH vs. DH.62 Both neuromodulators can therefore enhance cellular excitability

through second-messenger mediated biochemical changes.63 On the postsynaptic side of SC-CA1 synapses, previous studies showed

distinct NMDAR subunit composition along the dorsoventral axis. Thus, a lower NR2A/NR2B ratio was detected in VH than in DH, leading

to a weaker magnesium block and slower decay of NMDAR mediated EPSP components in VH.6,64 Together, these differences affect

AMPAR and NMDAR components of EPSPs. The EPSC decay time constants are mainly regulated by NMDAR activation and deactivation,
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and the NR2A/NR2B ratio, and the more prolonged EPSC decay that we observed in VH compared to DH (compare Figure S2) is in line with

similar results reported for rat hippocampus.6

Magnitude of timing-dependent LTP induced by 63 1:1 and 63 1:4 paradigms along the longitudinal axis of the

hippocampus

We previously introduced two low repeat STDP paradigms, which induce robust t-LTP in IH.31 In the present study, we now investigated dif-

ferences in magnitude and mechanisms involved in low repeat t-LTP induction and expression along the longitudinal axis of the hippocam-

pus. In the presence of picrotoxin (+PIC/-CGP) both STDP paradigms revealed significant potentiation in all three hippocampal CA1 regions

along the dorsoventral axis (Figure S3), still the magnitude of 63 1:1 t-LTP in DH PCs was significantly higher compared to the VH (Figure 3E).

Several mechanisms possibly underlie these differences. First, the described higher release probability and steeper I/O curves for basal SC-

CA1 synaptic transmission in VH compared to DH (compare Figure 1) might indicate that there is less capacity for further increase in synaptic

plasticity in VH. Secondly, Sholl analysis65 indicated that CA1 PCs in VH possess fewer dendritic branches and less dendritic surface area than

DH,66 providing less dendritic space for activity-dependent formation of new synaptic contacts. Moreover, the differences in dendritic struc-

ture, in conjunction with distinct profiles of voltage-dependent dendritic ion channels67 between DH and VH could lead to distinct efficacy of

AP backpropagation to postsynaptic sites, thereby affecting postsynaptic Ca2+ elevations required for inducing t-LTP. Here, we previously

reported that successful induction of 63 1:1 t-LTP depends on Ca2+ influx through NMDARs and VGCCs to induce synaptic changes.31 Inter-

estingly, it was shown in rat hippocampus that VGCCs interact more effectively with NMDARs in DH than in the VH,68 which would be consis-

tent with stronger t-LTP in DH vs. VH.

At the network level, weaker GABAergic inhibition was reported in VH than in DH,53 but since we initially induced3 1:1 t-LTP paradigms in

the presence of the GABAAR inhibitor picrotoxin (Figure 3), GABAergic effects canmost probably not account for stronger 63 1:1 t-LTP in DH

under these recording conditions. Of note, when trying to compare 63 1:1 t-LTP magnitudes along the dorsoventral axis it has to be kept in

mind that expression mechanisms differ. While the 63 1:1 t-LTP in IH and VH (Figure 4) is expressed presynaptically, 63 1:1 t-LTP in DH PCs

appears to be expressed by postsynaptic insertion of new AMPARs (compare Table S1). Thus, more effective 63 1:1 t-LTP in DH might be

explained by switching from pre-to postsynaptic expression between VH and DH.

Efficacy of 63 1:4 t-LTP in the presence of picrotoxin (+PIC/-CGP) shows a gradient along the dorsoventral axis (DH > VH), but this effect

does not reach statistical significance. In case of 63 1:4 t-LTP, there is also no change in the t-LTP expression mechanism along the dorso-

ventral axis, with DH, IH, and VH all depending on AMPAR insertion into the postsynaptic membrane (compare Figures 4C; Table S1). Under

baseline conditions, we observed a slightly lower AMPAR/NMDAR ratio in DH than in IH and VH (Figure 4C), which could indicate a stronger

contribution of NMDAR or VGCCmediated Ca2+ influx during induction of 63 1:4 t-LTP in DH. Since previous studies in rats indicated either

higher or lower expression of AMPARs in VH vs. DH36 and69 it remains unclear whether distinct ratios of AMPAR/NMDAR along the dorso-

ventral axis might explain the slight difference in 63 1:4 t-LTP magnitude. Nevertheless, the changes in AMPAR/NMDAR ratio after 63 1:4 t-

LTP in all hippocampal subfields indicate a similar level of new AMPAR insertion.

GABAergic modulation of 63 1:1 t-LTP induction along the longitudinal axis of the hippocampus

GABAergic inhibition regulates the activity and balance of neuronal responses during excitation and modulates release of neuromodula-

tors.70–72 In all previous experiments, we blocked GABAA receptors with 100 mM picrotoxin. In the next step, we recorded 63 1:1 and 63

1:4 t-LTP under conditions of intact GABAergic inhibition, allowing to evaluate the role of GABAAR signaling in the induction of t-LTP. A pre-

vious study suggested opposite gradients of GABAAR (DH> IH>VH) andGABABR expression (DH< IH<VH) along the longitudinal axis in rat

hippocampus.7 However, we found a higher GABABR mediated component response in DH than in IH and VH (Figures 5A and 5B) in mouse

slices. These seemingly discordant results could indicate a species difference or might reflect that receptor activation is not only a function of

receptor expression but also of GABA release, which might differ between DH and VH CA1 circuits. Yet, no previous study reported differ-

ences in extracellular GABA levels along the dorsoventral axis. Regarding its role in t-LTP, GABA is known to act as a Hebbian/anti-Hebbian

switch, which mainly acts on postsynaptic GABAA receptors of CA1 PCs.73 At the same time, GABAergic modulation at presynaptic glutama-

tergic terminals is even more complex. Thus, at hippocampal mossy fiber synapses it was reported that GABAAR activation can depolarize

presynaptic terminals.74,75 However, controversial results exist whether this depolarization reduces76,77 or rather enhances glutamate

release.78,79 While all these previous results were obtained by exogenous application of the GABAAR agonist muscimol to measure changes

in glutamate release, we here addressed physiological activation of GABAARs. Muscimol application in acute hippocampal slices reduced

axonal excitability.74 This is consistent with lower glutamate release under intact GABAergic inhibition (-PIC/-CGP) compared to selective

GABAAR blockade (+PIC/-CGP) observed here. Our pmEPSC recordings (Figure 5), revealed significantly increased glutamate release prob-

ability only in IH, when GABAA receptors were inhibited (+picrotoxin). The intermittent location of IH along the dorsoventral axis, where both

glutamate release probability (DH< IH < VH, Figure 2), andGABAergic inhibition as well as GABAAR expression (DH > IH > VH) are in balance

might provide a specific control over glutamate release.7 Moreover, GABAergic signaling also controls dopamine release fromdopaminergic

fibers,70 thereby modulating excitability of pre- and postsynaptic cells of glutamatergic synapses through regulation of voltage-gated ion

channels.80,81 This complex interaction of GABAergic and dopaminergic regulation could account for our observation that glutamate release

probability at SC-CA1 synapses in IH is increased under conditions of intact GABAergic inhibition (Figure 5).

63 1:1 t-LTP in VH was unaffected under intact GABAergic inhibition, possibly due to higher basal presynaptic glutamate release prob-

ability compared to IH region (Figure 2), as was suggested previously for rat hippocampus.34,82 Moreover, the reported weaker GABAergic
14 iScience 27, 109320, March 15, 2024
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inhibition in VH of rats,53 could render 63 1:1 t-LTP less sensitive for GABAergic modulation also in mice. This was confirmed by our obser-

vation that in VH 63 1:1 t-LTP was merely insensitive to both GABAA and GABAB receptor mediated inhibition. On the same vein, the gluta-

mate release profile in VH remained unaffected by GABAAR activation (Figure 5). These results suggest that 63 1:1 t-LTP in the VH is largely

independent from GABAergic inhibition.

In DH, 63 1:1 t-LTP is expressed post-synaptically and glutamate release is not affected by GABAergic inhibition. At the postsynaptic site,

intact GABAergic inhibition (-PIC/-CGP) reducesCA1 PC excitability, thereby suppressing activation of L-type-VGCC andNMDARs, which are

critical for induction of 63 1:1 t-LTP.31 This might explain the absence of 63 1:1 t-LTP in DH when GABAergic inhibition is intact.

Several studies suggest that83–85 that modulation and expression of different types of synaptic plasticity crucially depend on GABAARs traf-

ficking.86 Yet, the role of GABABRs in regulating t-LTP – is largely unknown. At the presynaptic site, GABABR blockade seems to enhance gluta-

mate release probability,87 which would be expected to facilitate 63 1:1 t-LTP in IH and VH. However, complete blockade of GABAergic inhi-

bition (+PIC/+CGP) did not affect 63 1:1 t-LTP in VH (and even blocked 63 1:1 t-LTP in IH (Figure 6). Several in vivo and in vitro studies on rat

slices revealed a complex modulation of LTP by GABABR signaling, and the type of stimulation appeared to influence the effect of GABABR

mediated inhibition for LTP outcomeWhile one group found that blocking GABABRs facilitates LTP in CA1 of rats,88 opposing results were re-

ported by others.89 Importantly, a study in dentate gyrus of rat hippocampal slices revealed that NMDAR-dependent LTP is critically dependent

on the reduction of inhibition (disinhibition) provided by GABABR activation.90 This disinhibition in rat hippocampal slices is mainly provided by

GABAmediated reduction of GABA release via GABAB autoreceptors onGABAergic terminals.91 Aswepreviously reported that 63 1:1 t-LTP in

IH is NMDAR-dependent,31 a similar mechanism of GABABR mediated disinhibition of presynaptic glutamate release could account for our

observation of blocked 63 1:1 t-LTP under complete blockade of GABAergic inhibition in IH (Figures 6C and S8). In DH, 63 1:1 t-LTP induction

occurred independent fromNMDAR activation (Figure S10). Thus, GABABRmediated disinhibition of CA1 PCsmight not be required for LTP in

DH, explaining the robust 63 1:1 t-LTP observed under conditions of complete blockade of GABAergic inhibition (Figure 6A).
GABAergic modulation of 63 1:4 t-LTP induction along the longitudinal axis of the hippocampus

While our 63 1:4 t-LTP paradigm induced robust t-LTP in DH independent of GABAergic inhibition, the magnitude of t-LTP in IH and VH was

not affected by GABAA receptor blockade but highly sensitive to additional GABAB receptor antagonism (compare Figure 7). Two types of

glutamatergic inputs control GABA release from interneurons: SC stimulation leads to feedforward inhibition, while feedback inhibition is

triggered by postsynaptic spiking of CA1 PCs.92,93 Burst stimulation of postsynaptic CA1 neurons, as we induce with our 63 1:4 paradigm,

could activate stronger feedback-inhibition, increasing GABA release, which then activates GABAB autoreceptors on presynaptic terminals

of interneurons, potently suppressing further GABA release, thereby causing disinhibition of CA1 neurons.91,94 In this way, burst stimulation

with 63 1:4 stimulation under intact GABAergic inhibition could lower GABA release at inhibitory synapses not only onto CA1 neurons but

also onto dopaminergic fibers, thus stimulating DA release, which is essential for induction of 63 1:4 t-LTP.31 Lower levels of GABAergic in-

hibition onto CA1 PCs through GABAB autoreceptors on GABAergic terminals will thus facilitate CA1 cell depolarization, allowing to induce

robust t-LTP in all studied hippocampal regions (Figures 7 and S9). Minor differences in magnitudes of 63 1:4 t-LTP seen with intact

GABAergic inhibitionmight result from differences in the efficacy of GABAA receptor mediated inhibition (DH > IH > VH) or other differences

at the SC-CA1 circuit level along the dorsoventral axis.

Absence of 63 1:4 t-LTP induction under complete blockade of GABAergic inhibition in IH and VH (compare Figures 7C and 7E) could be

explained by two separate mechanisms (compare Figure S9).

In the first scenario (at the network level), complete blockade of GABAergic inhibition will suppress GABAB autoreceptor regulation of

interneurons, such that the level of releasedGABAwill increase, thereby counteracting CA1 neuron andDA fiber depolarization. This reduces

DA release,11 and glutamate release from SC axons, thereby counteracting depolarization of postsynaptic CA1 cells. This is consistent with

evidence that insertion of new AMPARs into the postsynaptic membrane is promoted by D1 and D2 receptor signaling.31 Thus, reduction of

DA release can reduce themagnitude of 63 1:4 t-LTP. In DH of rats, the extracellular dopamine concentration was shown to be 10-fold higher

compared to VH and IH.15 This would explain efficient induction of 63 1:4 t-LTP under complete block of GABAergic inhibition in DH.

In the second scenario (at cellular level), two possible mechanisms need to be considered. First, GABABR activation has been shown to

enhance mGluR activity,95,96 which plays an essential role for 63 1:4 t-LTP.31 Secondly, GABABR activation promotes through cross talk

with mGluRs insertion of new AMPARs into the postsynaptic membrane.97 Since we previously proved insertion of cp-AMPARs and insertion

of GluA2 containing newAMPARs to be instrumental for postsynaptic expression of low repeat t-LTP,31 this GABABR effect might be essential

for expression of 63 1:4 t-LTP.

In summary, intrinsic excitability of CA1 PCs, and their response to synaptic input contribute to the functional diversity of CA1 PCs along

the longitudinal axis of the hippocampus. We found higher basal glutamate release probability and higher CA1 PC excitability in VH, possibly

arising from weaker GABAergic inhibition in this region. Correspondingly, the magnitude of t-LTP was smaller in VH than in IH and DH. DH

showed strongerGABAB receptormediated inhibition than VH and IH, and seems to bemore resistant to t-LTP induction, but when induced it

tends to be stronger. In contrast, VH may be more susceptible to t-LTP induction, but the t-LTP induced tends to be weaker. Pre- and post-

synaptic mechanisms of t-LTP expression also varied depending on presence of GABAergic inhibition.

Thinking in terms of physiological relevance of low repeat t-LTP protocols, it is important to judge its properties when GABAergic inhibi-

tion is intact, which is the condition in vivo. Here, the 63 1:1 t-LTP only worked in VH, while 63 1:4 t-LTP was functional in all three regions. This

complex interplay of excitation, inhibition, and possibly neuromodulation creates a unique processing platform in each hippocampal region,

allowing for the formation of distinct types of memories along the dorsoventral axis.
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Limitations of the study

In the present study, putative miniature EPSCs (pmEPSCs) were routinely recorded prior and after induction of t-LTP. This was done in the

absence of TTX to avoid interference with t-LTP induction and expression. We can therefore not rule out that pmEPSCs were contaminated

by some AP induced evoked EPSCs or that we missed some mEPSCs that were larger in amplitude than 20 pA.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Picrotoxin Sigma Aldrich Cat # P1675

CGP 55845 hydrochloride Tocris Cat # 1248/10

Isofluran cp-pharma Cat # 1214

Experimental models: organisms/strains

Mouse: C57Bl/6J (WT) Charles River/Laboratories C57Bl/6J

Software and algorithms

Patchmaster HEKA Elektronik http://www.heka.com/products/products_main.html

Fitmaster HEKA Elektronik https://www.heka.com/downloads/downloads_main.html

Minianalysis Synaptosoft https://synaptosoft.softwareinformer.com

Graph Pad Prism 8 GraphPad Software https://www.graphpad.com/scientificsoftware/prism/

Corel Draw Corel Graphics Suite http://www.coreldraw.com/us/

Origin OriginLab Corporation http://www.orginlab.com/index.aspx?go=

Python 3.11 This study Available upon request

Other

Vibratome Leica https://www.leicabiosystems.com/es/equipo-histologia/

microtomos-deslizantes/microtomos-de-cuchillas-vibrantes/leica-vt1200-s/
RESOURCE AVAILABILITY

Lead contact

� Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Volkmar

Leßmann (volkmar.lessmann@med.ovgu.de).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Data reported in this paper will be shared by the lead contact upon reasonable request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed according to the ethical guidelines for using animals inexperiments and were carried out following the Eu-

ropean Committee Council Directive (2010/63/EU ) and approved by the local animal care committee (LandesverwaltungsamtSachsen-

Anhalt). C57Bl6/J adult malemice (RRID: MGI: 2159965) were housed in a temperature-controlled environment with a 12-hour light/dark cycle

and fed ad libitum.

METHOD DETAILS

Preparation of hippocampal slices

All experiments were performed according to the ethical guidelines for using animals in experiments and were carried out following the Eu-

ropean Committee Council Directive (2010/63/EU) and approved by the local animal care committee (Landesverwaltungsamt Sachsen-

Anhalt). Two different cuttingmethods were used to obtain acute hippocampal slices frommaleC57Bl/6Jmice (Charles River, Germany; post-

natal day P29-P32, own breeding). We did not extract hippocampi but rather used intact cortical hemispheres and applied two different
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cutting planes, including sagittal cuttings to obtain dorsal hippocampal slices (DH), and transversal cuts for intermediate (IH, early slices) and

ventral slices (VH, late slices).

Briefly, animals were deeply anesthetized using forene (Isofluran CP, cp-pharma, Germany) before decapitation. The brain was rapidly

dissected and transferred into ice-cold artificial cerebrospinal fluid (ACSF) cutting solution containing (in mM): 125 NaCl, 2.5 KCl, 26

NaHCO3, 0.8 NaH2PO4, 25 glucose, 6 MgCl2, 1 CaCl2, saturated with 95% O2 and 5% CO2 (pH 7.2-7.4; 303-305 mOsmol/kg). Sagittal cuts:

after chilling the brain in ice-cold solution, the hemispheres were separated by a sagittal cut along the midline. Each hemisphere was

then medially mounted onto the stage and sliced (350 mm thickness) starting from the lateral surface parallel to the sagittal plane (caudal

to rostral cutting direction) to obtain sagittal slices for the DH98 using a vibratome (VT 1200 S, Leica, Germany). Transversal cuts: to obtain

IH and VH slices, the complete brain with both hemispheres containing the hippocampus and the entorhinal cortex was glued on the ventral

side and transversal cuts started from caudal pole (350 mm thick sections). After slicing, a cut with a surgical blade in CA2, perpendicular to the

surface of the slices, was used to abrogate excessive CA3 input to the CA1 region, to prevent epileptiform activity originating from CA3 in-

puts. Slices were then transferred to a handmade interface chamber containing prewarmed cutting solution and incubated for 25min at 32�C.
After warming up, the chamber was transferred to room temperature (�21�C) for at least 1 hour before individual slices were transferred to the

recording chamber.32

After recovery at room temperature, whole cell patch-clamp recordings were performed fromCA1 pyramidal neurons of submerged slices

continuously perfused (1-2ml permin) with pre-warmed (30G 0.2�C) carboxygenated (5%CO2, 95%O2) physiological ACSF solution (125mM

NaCl, 2.5 mM KCl, 0.8 mM NaH2PO4, 25 mM NaHCO3, 25 mM Glucose, 1 mM MgCl2, 2 mM CaCl2; pH 7.4; 301-303 mOsmol/kg).

For blockade of only GABAA receptor mediated inhibition, picrotoxin (100 mM; Sigma Aldrich) was added to the recording ACSF solution.

For complete blockade of GABAergic responses, the GABAB receptor inhibitor CGP 55845 hydrochloride (10 mM; Tocris, Germany) was

added to the picrotoxin containing ACSF.

Electrophysiological recordings

Individual pyramidal neurons in the CA1 region (along the dorso-ventral axis) of acute hippocampal slices were visualized with DIC infrared

video microscopy (RT-SE series camera; Diagnostic instruments, Michigan, USA) for whole-cell patch-clamp recordings. The glass pipettes

(resistance 4-6 MU) were filled with an internal solution containing (in mM): 10 HEPES, 20 KCl, 115 potassium gluconate, 10 Na phosphocre-

atine, 0.3 Na-GTP, and 4 Mg-ATP (pH 7.4, 285-290 mOsmol/kg) to patch the cells. This combination of solutions gave rise to a liquid junction

potential of +10mV that was corrected for in all recordings. Cells were held at -70mV in the current clamp or voltage clampmode of an EPC-8

patch-clamp amplifier (HEKA, Lambrecht, Germany). A focal glass stimulation pipette (resistance 0.7 – 0.9 MU) containing recording ACSF

was placed in the stratum radiatum of the CA1 subfield to generate an excitatory postsynaptic potential (EPSP, at 0.05 Hz) at SC-CA1 synap-

ses. The stimulus intensity was adjusted to evoke EPSP amplitudes of 4-5 mV corresponding to 30%–50% of maximal EPSP amplitudes (stim-

ulus duration 0.7 ms, intensity 90 to 700 mA).

Induction of spike timing-dependent plasticity

To induce t-LTP with spike timing-dependent plasticity (STDP) protocols, an individual EPSP, generated by focal extracellular stimulation of

SC fibers was paired, with a single postsynaptic action potential (AP) or with a burst of 4 APs (at 200 Hz) induced by somatic current injection

(2 ms; 1 nA) through the recording electrode (for more details, see.32 Spike timing intervals (Dt) weremeasured as the time between the onset

of evoked EPSP and the peak of the first action potential (set to +10 ms). Pairing was repeated six times at a frequency of 0.5 Hz to induce 63

1:1 or 63 1:4 timing-dependent (t)-LTP.31 EPSPs were elicited every 20 s (i.e., 0.05 Hz) for 10 minutes baseline and then 30 minutes after STDP

induction. A separate group of cells was used to assess possible spontaneous changes in synaptic transmission (stimulation at 0.05 Hz for

40 min) without any STDP stimulation and served as unpaired negative controls (designated as 0:0 controls).

Data acquisition and data analysis

Whole-cell recordings were obtained using a patch-clamp amplifier (EPC-8, HEKA, Germany) connected to a LiH8 + 8 interface. Data were

filtered at 3 kHz and digitized at 10 kHz using PATCH MASTER software (HEKA, Germany). Data analysis was performed using FITMASTER

(HEKA, Germany). Current clamp mode at a holding potential of -70 mV was used in all experiments, except for the paired-pulse ratio (PPR),

miniature EPSCs, as well as AMPAR/NMDAR current ratios which were recorded in the voltage-clampmode at -70 mV and -20 mV (for NMDA

current) holding potential. Of note, the liquid junction potential of +10 mV resulting from the combination of internal and external solutions

was corrected. The mean of EPSP slope was calculated from the initial 2 ms after EPSP onset. Synaptic input/output curves were determined

for each cell and SC stimulation for subsequent t-LTP induction was generally adjusted to stimulation strength yielding half-maximal EPSP

amplitudes. Figure S4 shows the average EPSP slope and the average stimulation current required to obtain this half-maximal EPSP across

all cells recorded under the same conditions for GABAergic inhibition. The baseline of synaptic responses before inducing STDP was set to

100 % (average over 10 min), and all EPSPs after induction of STDP were normalized to this baseline. Input resistance was controlled by hyper-

polarizing current steps (250 ms; 20 pA), elicited prior to EPSP responses. The change of EPSP slopes was used to calculate synaptic strength

as the average of EPSP slopes 20 to 30min after t-LTP induction, divided by the mean EPSP slopemeasured during 10 min before STDP stim-

ulation (baseline). Cells were only included for analysis if the initial restingmembrane potential (RMP) was between -55 and -70mV. Cells were

excluded when the input resistance varied more than 30% over the entire experiment. Furthermore, cells showing visible ‘‘run-up’’ or ‘‘run-

down’’ of EPSP slopes during baseline recording were excluded. Data were binned at 1 min intervals. For evaluation of changes in EPSP
20 iScience 27, 109320, March 15, 2024
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rise-times (compare Figure S2) the average time from 10% to 90% of the peak EPSP amplitudes was calculated. The EPSP half-width was

measured as the time between 50% of the peak EPSP amplitude on the rising and the decaying phase of the synaptic response.

The AMPAR/NMDAR current ratio was measured at the end of the EPSP recording after t-LTP induction as a read-out of AMPA receptor

insertion after inducing t-LTP. In voltage clamp recordings, AMPA receptor-mediated components were determined as EPSC peak currents

recorded at a holding potential of�70mV. NMDAR-mediated current components were determined fromEPSCs recorded at -20mV holding

potential. Due to distinct kinetics of NMDAR mediated EPSC components along the longitudinal axis of the hippocampus,36 NMDAR com-

ponents were read out as the remaining current amplitude at different time points after EPSC start (i.e. DH: 45ms, IH and VH: 50 ms; compare

Figure 4C). The AMPAR/NMDAR current ratio was calculated from these two amplitudes of the averaged EPSCs (3-5 sweeps) at respective

holding.37

As an additional measure for possible differences in glutamate release probability, miniature excitatory postsynaptic currents (mEPSCs)

were collected from 3 min of continuous recordings at -70 mV holding potential in voltage clamp (VC) mode before t-LTP induction. As pre-

viously described,31 we analyzed with the Minianalysis program (Synaptosoft, USA) all small amplitude EPSCs (cut-off amplitude: 20 pA to

minimize collection of AP-driven EPSCs) and named these events ‘‘putative’’ mEPSCs. Cumulative fraction plots for inter-event intervals

(IEI) of putative mEPSCs and mean amplitudes were compared.31

Coefficient of variation analysis of evoked EPSPs in CA1 PC recordings was performed in CC mode at -70 mV holding potential as

described for all t-LTP experiments. For each cell, the inverse of the squared coefficient of variation (1/CV2) of synaptic responses after induc-

tion of LTP (i.e., condition ‘‘a’’) is normalized to the respective value for 1/CV2 of the same cell during the 10 min of baseline recording (i.e.,

condition ‘‘b’’). For each cell, this ratio is plotted on the y-axis against the normalized t-LTP magnitude (i.e., EPSP slope after compared to

before LTP expression) of the same cell on the x-axis. Each open circle represents an individual cell. According to quantal analysis of synaptic

transmission (compare39,99; for a recent review see41), cells with a position on or above the red line of unity (compare Figures S5 and S6) show

LTP due to increased probability of transmitter release, while cells with a position underneath this line of unity are potentiated most likely by

postsynaptic mechanisms (i.e., increased quantal size).

For charge transfer analysis of mEPSCs, a Python code was written that performed numerical integration of all recorded putative (m)EPSC

of a given cell during 180 s recording time, thus yielding the corresponding transferred charge. From this single cell data, we calculated the

mean transferred charge per CA1 PC in DH, IH, and VH.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism version 8.4 (GraphPad Software, USA) or OriginPro (OriginLab Corp., Northampton,

MA, USA). Pooled experimental data from at least three different animals are expressed asmeanG SEM. In addition, the number of recorded

cells (n) and the number of animals (N) are shown in the results section and in the figure legends. Shapiro-Wilk test was used to determine the

distribution of variables. For normally distributed data, paired or unpaired two-tailed Student’s t-tests were used to analyze data sets. To

determine significance of t-LTP a paired Student’s t-test was used to compare non-normalized baseline vs post-conditioning values. Other-

wise, nonparametric Mann-Whitney U-test or Kolmogorov–Smirnov test for cumulative distribution was applied. Multiple comparisons were

assessedwith a one-way analysis of variance (ANOVA), followedby a post hoc t-test (Dunnett’s test, or Kruskal–Wallis test), or followedby post

hoc Dunn’s test for parametric and nonparametric data, respectively. To assess multiple comparisons for datasets consisting of cumulative

distribution plots we used ANOVA followed by Kruskal–Wallis post hoc t-test. A P-value <0.05 was set as level of significance and is indicated

by an asterisk. The actual statistic procedures used for each experiment are mentioned in the text. Graphs were created using Corel

Draw 2019.
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