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Abstract 12 

Understanding the plasticity of neuronal networks is an emerging field of (patho-)physiological 13 

research, yet little is known about the underlying cellular mechanisms. Gamma-oscillations (30 – 80 14 

Hz), a biomarker of cognitive performance, require and potentiate glutamatergic transmission onto 15 

parvalbumin-positive interneurons (PVIs), suggesting an interface for cell-to-network plasticity. In ex 16 

vivo local field potential recordings, we demonstrate long-term potentiation of hippocampal gamma-17 

power. Gamma-potentiation obeys established rules of PVI plasticity, requiring calcium-permeable 18 

AMPA receptors (CP-AMPARs) and metabotropic glutamate receptors (mGluRs). A microcircuit model 19 

of CA3 gamma-oscillations predicts CP-AMPAR plasticity onto PVIs critically outperforms pyramidal cell 20 

plasticity in increasing gamma-power and completely accounts for gamma-potentiation. We re-affirm 21 

this ex vivo in three PVI-targeting animal models, demonstrating that gamma-potentiation requires 22 

PVI-specific metabotropic signaling via a Gq/PKC-pathway comprising mGluR5 and a Gi-sensitive, PKA-23 

dependent pathway. Gamma-activity dependent, metabotropically mediated CP-AMPAR plasticity on 24 

PVIs may serve as a guiding principle in understanding network plasticity in health and disease.  25 
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Introduction 26 

Cortical networks are thought to implement task-specific computations by synchronizing the firing 27 

patterns of neurons to a set of defined rhythms1,2. Neuronal oscillations are distinct regarding both the 28 

cortical state they accompany as well as the underlying synaptic interactions between the participating 29 

neurons3. Similar to the plasticity of synaptic weights, the spectral profiles of distinct oscillatory 30 

patterns adapt following learning4–6, or deteriorate in states of disease7, expressed as changes in their 31 

spectral amplitudes and/or frequency distributions. Crucially, such changes coincide with either 32 

beneficial or detrimental changes in the respective behavioral or cognitive performance. Experimental 33 

approaches utilizing either sensory stimuli or optogenetic strategies corroborate the causal link 34 

between oscillatory amplitude and performance on short time scales yet fail to explain how these 35 

changes are recalled after prolonged periods as required for successful learning8–10. This warrants a 36 

cellular storage mechanism of oscillatory response tuning innate to neuronal networks. 37 

Hippocampal gamma-oscillations (30 – 80 Hz) contribute to the generation, storage and retrieval of 38 

memories and have been studied extensively in vivo11,12, ex vivo13 and in silico14. In the CA3 subregion, 39 

an understanding has emerged that gamma-activity results from precisely-timed synaptic feedback 40 

loops between local pyramidal cells and interneurons15,16. Particularly fast-spiking, parvalbumin-41 

positive interneurons (PVIs) are equipped with specific synaptic properties that facilitate 42 

synchronization at gamma-frequencies, as they quickly transform converging glutamatergic inputs via 43 

GluA2-lacking, calcium-permeable AMPA receptors (CP-AMPARs) into divergent, powerful inhibition17. 44 

During periods of increased neuronal activity, this promotes the co-activation of postsynaptic cells at 45 

short time intervals18,19 and benefits the induction of synaptic plasticity. In line with this, recent studies 46 

have highlighted a vital importance of PVI activation for memory formation and maintenance20–23. Yet 47 

it is unclear how this relates to their role in promoting synchrony and further complicated by the fact 48 

that PVIs themselves are subjected to various forms of anatomical24, molecular25 and synaptic 49 
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plasticity26. It is therefore conceivable that PVI plasticity is sufficient to store long-term changes of 50 

gamma-activity, facilitating its reinstatement upon retrieval. 51 

We previously demonstrated that the induction of gamma-oscillations in vivo and ex vivo evokes a 52 

long-lasting plasticity of sharp-wave ripple complexes, which is accompanied by long-term 53 

potentiation (LTP) of glutamatergic inputs onto both pyramidal cells and PVIs27. Gamma-induced 54 

plasticity is mediated via group I metabotropic glutamate receptors (mGluRs) and largely independent 55 

of NMDA receptor (NMDAR) activation, yet a broader profile of the involved signaling cascades 56 

remains to be determined. This prompts the question whether these acute plastic changes on a 57 

synaptic level affect later overall network activity and if so, which role is attributed to the specific 58 

plasticity obtained by PVIs. Here, in an ex vivo slice model of murine CA3, we demonstrate that evoked 59 

gamma-power is markedly increased hours after previous episodes of gamma-activity. CP-AMPARs are 60 

required not only for the generation of the gamma-rhythm, but also mediate the subsequent increase 61 

of power we term “gamma-potentiation”. In an in silico microcircuit model of CA3 gamma-oscillations, 62 

we predict that an increase of CP-AMPAR conductances at the pyramidal cell-to-PVI synapse 63 

completely accounts for gamma-potentiation. Using both pharmacological and genetic tools specific 64 

to known plasticity rules of PVIs, we confirm that gamma-potentiation can be explained entirely by the 65 

activation of metabotropic pathways in PVIs and uncover an additional requirement of both PKC and 66 

PKA activation in PVIs. The transfer of PV input plasticity to output oscillations provides a synaptic basis 67 

to gamma frequency-specific network plasticity.  68 
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Results 69 

Gamma-potentiation in the mouse hippocampus 70 

In acute transverse hippocampal slices of adolescent mice (p45 – p70) we performed either multiple 71 

single-site local field potential (LFP) or perforated multi-electrode array (pMEA) recordings in the CA3 72 

pyramidal cell layer. After an initial recording of baseline activity in LFP recordings, in which no 73 

oscillatory activity was detected, network oscillations in the low-gamma frequency range (25 – 45 Hz, 74 

recorded at 32 – 34° C) were reliably induced by bath-application of kainate (KA1, 150 nM for 30 75 

minutes at 1.5 ml/min). Following a one-hour washout period, during which oscillatory activity had 76 

completely subsided after 30 – 40 minutes, a second, identical period of network activity was induced 77 

(KA2, 150 nM for 30 minutes). During this second application period of KA, peak low-gamma power on 78 

average increased approximately two-fold (Fig. 1A-C, KA1: 5.66 [1.88 16.93] µV² vs. KA2: 11.84 [3.40 79 

32.50] µV², n = 15 slices tested, Wilcoxon Signed Rank Test: p = 6.1 x 10-5). Whereas the absolute values 80 

of peak gamma-power and frequency in the first induction period were highly variable across individual 81 

slices and conditions tested (Supplementary Fig. 1), they did not correlate with the subsequent relative 82 

increase of peak power (Power KA2/KA1: 2.13 +/- 0.11, from here on referred to as gamma-83 

potentiation). Across all sole LFP experiments reported in this study, the average potentiation was 84 

highly reproducible amongst control conditions across experimental groups, highlighting the stability 85 

of our ex vivo approach (Supplementary Fig. 1). We further confirmed that the increase of peak power 86 

was conserved even if the washout period was extended to three hours, suggesting a long-lasting 87 

change of oscillatory network excitability (Fig. 1B-C, Power KA2/KA1: 2.99 +/- 0.71, n = 10). Potentiation 88 

was concomitantly observed in down-stream CA1 (Supplementary Fig. 2a,c, Power KA2/KA1: 2.80 +/- 89 

0.52, n = 15), which in intact slices is synchronized by CA3 in the low-gamma frequency range via the 90 

Schaffer collateral pathway28. However, in “CA1-Mini” slices, in which CA3 and the subiculum are 91 

disconnected from CA129, application of KA evokes rhythmic mid-gamma activity (50 – 60 Hz, recorded 92 

at 32 – 34° C). Applying an adjusted application protocol (400 nM KA, 2 x 30 minutes with 60 minutes 93 
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wash-out) again revealed a roughly two-fold increase of peak mid-gamma power (Supplementary Fig. 94 

2b,d, Power KA2/KA1: 1.81 +/- 0.12). 95 

These findings suggest a ubiquitous plasticity rule, by which intrinsic gamma-activity in CA3 or CA1 96 

induces long-term changes across the local microcircuit and enhances its oscillatory response on 97 

repeated identical stimulation. Our finding in transverse CA1 Mini-Slices, a slice model with reduced 98 

recurrent synaptic excitation onto pyramidal cells30, in particular points to plasticity acquired at local 99 

pyramidal cell-interneuron interactions. 100 

Calcium-permeable AMPA receptors essentially contribute to the gamma-rhythm, mediate and 101 

express gamma-potentiation 102 

Gamma-oscillations arise from the recurrent interactions of synaptic excitation and inhibition provided 103 

by local pyramidal cells and interneurons, respectively15. Whereas GABAergic transmission is 104 

indispensable to oscillogenesis, we could analyze the contribution of individual glutamatergic 105 

components to gamma-synchronization and its potentiation using pharmacology. To specifically 106 

address synaptic excitation onto interneurons, we targeted calcium-permeable AMPA receptors (CP-107 

AMPARs) with the open-channel blocker naphthyl-spermine (NASPM, 50 – 100 µM) and compared this 108 

to approaches targeting AMPARs globally (GYKI-53655, 50 µM) and/or NMDARs (D-AP5, 50 µM) (Fig. 109 

2A). 110 

CA3 LFP recordings revealed a fundamental contribution of CP-AMPARs to gamma-synchronization: 111 

When slices were pre-incubated with NASPM prior to stimulation with KA, the resulting rhythm was 112 

markedly slower than in controls (23.09 +/- 1.04 Hz, n = 9), yet clearly synchronous. This decelerating 113 

effect was even more pronounced after blocking all AMPARs with GYKI-53655 (14.71 +/- 0.72 Hz, n = 114 

9). Finally, co-application of GYKI-53655 and D-AP5, which alone did not affect gamma-activity, all but 115 

prevented the emergence of oscillations in 8/9 slices tested (Fig. 2A). Therefore, synaptic excitation 116 

via AMPARs and NMDARs is itself paramount for KA-induced oscillations with a specific contribution 117 

of CP-AMPARs to reach and maintain peak frequencies in the low-gamma rhythm. This was confirmed 118 
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in a set of pMEA experiments, permitting short-term drug application, in which gamma-activity was 119 

first established via application of KA, followed by an intermittent co-application of NASPM. 120 

Oscillations quickly de-synchronized when NASPM was applied, quantified as a variable reduction of 121 

either peak power and/or frequency, as well as a break-down of inter-site cross-correlation across CA3 122 

recording sites, which partially recovered following washout of NASPM (Supplementary Fig. 3A-C). 123 

Concerning gamma-potentiation, when either GYKI-53655 or NASPM were pre-applied to our LFP 124 

protocol, the power of the resulting oscillations did not significantly increase during the second 125 

induction period (Fig. 2B, GYKI Power KA1: 1.43 [0.90 9.22] µV² vs. KA2: 3.89 [1.20 14.21] µV², n = 9, p 126 

= 0.10;  NASPM Power KA1: 16.57 [14.27 18.52] µV² vs. KA2: 15.20 [13.79 19.52] µV², n = 9, p = 1, 127 

Wilcoxon Signed-Rank test). D-AP5, on the other hand, had no such effect, with potentiation remaining 128 

unchanged (Power KA2/KA1 Control: 2.58 +/- 0.21, n = 19 vs. D-AP5: 2.38 +/- 0.34, n = 9, p = 1, Student’s 129 

t-test). To exclude a possible contribution of KA receptors, we also tested the GluK1 antagonist UBP-130 

302 (10 µM). Whereas pre-incubation with UBP-302 did raise the threshold for gamma-oscillation 131 

induction (400 nM instead of 150 nM), it did not prevent subsequent plasticity (Supplementary Fig. 4). 132 

Therefore, plasticity of KA-induced oscillations requires activation of AMPARs, specifically CP-AMPARs. 133 

The dual role of CP-AMPARs in establishing gamma-activity and mediating subsequent plasticity 134 

limited the conclusions of our continuous LFP recordings. Combining our LFP protocol with subsequent 135 

pMEA recordings (6 x 10 grid, 100 µm inter-electrode distance) allowed us to observe gamma-136 

oscillations at multiple sites covering CA3 and robustly compare independent samples. In multiple, 137 

parallel LFP recordings slices were first either treated with KA as previously or perfused with regular 138 

ACSF. After this initial period, all slices were left to rest for 1 – 3 hours and subsequently placed on 139 

pMEAs. Both treated and untreated slices were then stimulated with KA (200 nM, 3 minutes at 10 140 

ml/min, 32 – 34° C), inducing low-gamma activity at sites covering the pyramidal cell layer of CA3c – 141 

CA3a (Fig. 3A). For each slice recorded, the electrode recording the highest gamma power was 142 

identified as the “lead electrode”, which was variably situated in CA3c, CA3b or CA3a. In both 143 

untreated (“KA1”) and treated (“KA2”) slices, peak power recorded at sites removed from the lead 144 
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electrode gradually decreased as a function of intralaminar distance (100 µm to 1 mm, Fig. 3A). 145 

Comparing these distance-based values between slice conditions revealed that at all sites including the 146 

lead electrode, peak gamma power was markedly increased in treated slices compared to untreated 147 

slices (Fig. 3A). Therefore, gamma-potentiation is expressed in an activity-dependent manner and 148 

observed across the entire CA3 region. 149 

We further made use of the combined LFP-pMEA approach to discern whether CP-AMPARs are 150 

required for just the induction of plasticity or also its subsequent expression. Slices were again divided 151 

into those stimulated with KA (thus, oscillating) and an unstimulated control group for initial LFP 152 

recordings and placed on pMEAs 1 – 3 hours after the first induction period. NASPM was then added 153 

to the bath before slices from both groups were again stimulated with KA (Fig. 3B). Peak frequencies 154 

of both unstimulated (NASPM + KA1) and stimulated (NASPM + KA2) slices were again decelerated (17 155 

– 23 Hz) towards the control groups, yet comparably synchronous across multiple recording sites 156 

(Supplementary Fig. 3D-E). Other than in control recordings (Lead electrode Power KA1: 8.14 [5.33 157 

13.16] µV² vs. KA2: 17.82 [15.84 20.46] µV², n = 11, p = 1.5 x 10-3, Mann-Whitney U-test), there was no 158 

difference of peak power at the lead electrode sites of unstimulated and stimulated slices in the after 159 

NASPM application (Fig. 3B, Lead electrode Power KA1: 17.34 [8.86 20.79] µV² vs. KA2: 7.93 [4.15 15.88] 160 

µV², n = 11, p = 0.15, Mann-Whitney U-test). Therefore, the increase of peak power is not just induced, 161 

but also expressed via the activation of CP-AMPARs. 162 

In summary, we could pharmacologically dissect mechanisms of gamma-potentiation regarding the 163 

ionotropic glutamatergic transmission underlying its induction and expression: Whereas NMDARs and 164 

AMPARs contribute differentially to KA-driven hippocampal oscillations, the generation and 165 

subsequent potentiation of gamma-oscillations are mediated by AMPARs, expressed in an activity-166 

dependent manner specifically by CP-AMPARs and independent of NMDARs and GluK1. This is strongly 167 

indicative of glutamatergic synaptic plasticity onto interneurons. 168 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.21.545901doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545901
http://creativecommons.org/licenses/by-nc/4.0/


   

 

9 
 

A biophysically constrained microcircuit model of CA3 low-gamma oscillations predicts superior 169 

transfer of PVI-LTP to the resulting field potential 170 

Gamma-oscillations induce glutamatergic long-term potentiation (LTP) onto both pyramidal cells (PYR) 171 

and predominantly CP-AMPAR expressing, parvalbumin-positive interneurons (PVIs)27. Whereas our 172 

pharmacological data suggested that an increase of CP-AMPA conductance at the PYR-PVI synapse 173 

underlies gamma-potentiation, LTP at the calcium-impermeable AMPAR (CI-AMPAR) expressing PYR-174 

PYR synapse may, too, directly contribute to changes in the field potential or act heterosynaptically in 175 

recruiting PVIs. Lacking experimental tools to selectively target plasticity at PYR-PYR synapses, we 176 

turned to an in silico approach using computational modeling. 177 

We developed a microcircuit model of CA3 low-gamma oscillations incorporating biophysically 178 

constrained, multi-compartmental PYRs (n=20) and PVIs (n=2) and recorded the extracellular “LFP” 179 

nearby the pyramidal cell somata. A detailed description of PYR and PVI cellular properties (PVIs 180 

adapted from31) as well as the model’s connectivity configuration can be found in Methods and 181 

Supplementary Tables 1-3. In this model, a baseline period of low-gamma activity can be reliably 182 

evoked by introducing an input population selectively targeting the PYR population for 1 second, 183 

mimicking our ex vivo approach using KA in a shorter time-scale (Fig. 4A, “Baseline” Power: 29.27 184 

[26.70 30.42] µV²). We then simulated LTP at either CI-AMPAR containing PYR-PYR (PYR-LTP), CP-185 

AMPAR containing PYR-PVI (PVI-LTP) synapses or both synapse types (PYR+PVI-LTP) by increasing their 186 

respective conductances by 50% and repeated the otherwise identical simulation (Fig. 4B). The 187 

PYR+PVI-LTP condition, which most closely approximated our ex vivo control experiments, reliably 188 

resulted in an increase of peak low-gamma power by a factor of 2.5 – 3 (Fig. 4C-D, “PYR+PVI-LTP” 189 

Power: 89.53 [83.69 98.01] µV², n = 10 trials). When simulations were repeated under identical 190 

conditions, yet applying just PYR-LTP, we still observed a significant increase of peak power, yet 191 

strongly reduced in magnitude (1.15-fold increase, Fig. 4C-D, “PYR-LTP” Power: 34.88 [28.94 36.53] 192 

µV², n = 10). In contrast, applying just PVI-LTP to our simulations sufficiently reproduced the increase 193 

of power seen in the PYR+PVI-LTP condition, in some cases outperforming it and revealing no additive 194 
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interaction in combining PYR-LTP with PVI-LTP (Fig. 4C-D, “PVI-LTP” Power: 89.74 [82.70 93.21] µV², n 195 

= 10). 196 

Taken together, our simulations confirm a superior transfer of plasticity expressed at CP-AMPAR 197 

containing synapses, formed at PYR-PVI connections, to increasing low-gamma power. This is in line 198 

with our initial pharmacological data and predicts a substantial contribution of PVI-specific LTP to ex 199 

vivo gamma-potentiation. 200 

Mechanisms: Gamma-potentiation requires PV-specific mGluR5, mGluR1, PKC and PKA activation. 201 

PVI-LTP obtained during gamma-oscillations ex vivo can be prevented by unspecific concentrations (50 202 

µM) of the group I mGluR antagonist MPEP27. In an initial set of LFP experiments, we tested the effect 203 

of MPEP on gamma-potentiation at a concentration specific to mGluR5 blockade (10 µM) as compared 204 

to co-application with D-AP5 and found that the magnitude of potentiation was robustly reduced by 205 

50% in both cases (Supplementary Fig. 5). Due to a significant interaction of D-AP5 and MPEP in 206 

reducing the average peak frequency of oscillations (by roughly 2 Hz) and a modulating effect of both 207 

substances on peak gamma-power, all subsequent experiments involving MPEP were performed in the 208 

presence of D-AP5 (50 µM). 209 

We next generated mice undergoing Cre/loxp-dependent postnatal ablation of mGluR5 under the PV-210 

promoter32, enabling us to assess the cell-type specific contribution of mGluR5 to gamma-potentiation. 211 

Slices obtained from these animals (“PV-mGluR5 KO”) were compared to those obtained from 212 

littermates not expressing the loxp-mutation (“PV-mGluR5 WT”) and gamma-potentiation was 213 

quantified under application of MPEP (CTRL vs. MPEP, Fig. 5A). In both genotypes, gamma-oscillations 214 

were reliably induced with no apparent difference in peak gamma-power between control conditions 215 

(Fig. 5A, Power KA1 WT CTRL: 2.38 [0.41 4.27] µV², n = 16 vs. KO CTRL: 4.00 [1.20 34.57] µV², n = 28; p 216 

= 0.40, pairwise Mann-Whitney U-test). Regarding subsequent plasticity, MPEP again attenuated 217 

gamma-potentiation by approximately 50% compared to WT control slices (Fig. 5A, KA2/KA1 WT CTRL: 218 

2.31 + /- 0.21, n = 16 vs. WT MPEP: 1.49 +/- 0.13, n = 19; p = 1.9 x 10-3, Student’s t-test), confirming our 219 
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initial results. In slices from PV-mGluR5 KO animals, on the other hand, gamma-potentiation was 220 

already attenuated in control slices with no further reduction by MPEP (Fig. 5A, KA2/KA1 KO CTRL: 1.53 221 

+ /- 0.12, n = 28 vs. KO MPEP: 1.48 +/- 0.11, n = 19; p = 1.0, Student’s t-test). Indeed, gamma-222 

potentiation in both KO conditions was similarly reduced towards WT control slices as via conventional 223 

blockade by MPEP (Fig. 5A). Moreover, the slightly attenuating effect of MPEP on peak gamma-224 

frequency in the first induction period was not observed in KO slices (Fig. 5A). Therefore, effects of 225 

mGluR5 on both gamma-activity and subsequent gamma-potentiation are mediated specifically via its 226 

native expression on PVIs. 227 

mGluR1-coactivation may account for the remaining 50% of gamma-potentiation, as both group I 228 

mGluRs similarly contribute to CP-AMPAR mediated PVI-LTP by entraining protein kinase C (PKC)33,34. 229 

Beyond such a canonical Gq-pathway, protein kinase A (PKA) or activation of voltage-gated calcium 230 

channels (VGCCs), too, contribute to a diverse set of plasticity mechanisms putatively relevant to our 231 

paradigm. We tested these assumptions in a set of pharmacological LFP experiments in wild-type mice 232 

(Fig. 5B). First, pre-application of the mGluR1 antagonist JNJ-16259685 (0.3 µM) reduced the 233 

magnitude of gamma-potentiation towards control conditions (D-AP5, DMSO) by roughly 50% (Fig. 5B, 234 

KA2/KA1 CTRL: 2.13 + /- 0.20, n = 15 vs. JNJ: 1.45 +/- 0.11, n = 16; p = 2 x 10-3, Student’s t-test) and 235 

slightly reduced the peak frequency of oscillations (data not shown), comparable to sole application of 236 

MPEP (KA2/KA1 MPEP: 1.36 + /- 0.12, n = 17, p = 7 x 10-4 vs. Control). When both substances were co-237 

applied, we found no significant gamma-potentiation during the second induction period (Fig. 5B, 238 

MPEP + JNJ Peak Power KA1: 34.16 [11.91 67.14] µV² vs. KA2: 35.83 [15.90 77.57] µV², n = 23, p = 0.23, 239 

Wilcoxon Signed-Rank test), confirming the additive requirement of group I mGluR activation in our 240 

protocol. In a second set of experiments, slices were first pre-incubated for 1 hour with either the PKC 241 

antagonist GF 109203X (3 µM), the PKA antagonist H-89 (3 µM) or a respective DMSO control. Gamma-242 

oscillations could be reliably induced in all conditions, whereas oscillations induced following blockade 243 

of PKC, but not PKA, displayed a decreased initial peak gamma-power (data not shown). However, both 244 

pre-incubation with GF 109203X or H-89 entirely prevented gamma-potentiation during the second 245 
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induction period, demonstrating a requirement of both PKC and PKA activation for gamma 246 

potentiation (Fig. 5C, Peak Power Control KA1: 1.46 [0.77 6.18] µV² vs. KA2: 3.22 [1.64 9.98] µV², n = 247 

24, p = 1.2 x 10-7; GF KA1: 0.30 [0.14 0.85] µV² vs. KA2:  0.41 [0.15 1.02] µV², n = 20, p = 0.18; H-89 KA1: 248 

1.40 [0.30 5.91] µV² vs. KA2: 1.58 [0.46 2.68] µV², n = 25, p = 0.62, Wilcoxon Signed-Rank test). Finally, 249 

when either the L-Type VGCC antagonist Nifedipine (10 µM) or the T-Type antagonist ML-218 (5 µM) 250 

were pre-applied, neither the induction of oscillations nor their subsequent potentiation was 251 

significantly affected (Supplementary Fig. 6). 252 

This completes a mechanistic profile of gamma-potentiation nearly identical to known plasticity rules 253 

of glutamatergic LTP onto PVIs: Plasticity of gamma-power is independent of NMDARs and VGCCs and 254 

instead requires CP-AMPARs, group I mGluRs and PKC34 with an additional requirement of PKA 255 

activation. This profile is directly tied to PVIs by the requirement of the cell-type specific expression of 256 

mGluR5. 257 

DREADD-based metabotropic manipulation of PVIs determines the induction of gamma-258 

potentiation 259 

Whereas our data from PV-mGluR5 KO slices accounted for the pharmacological effect of MPEP (50% 260 

of overall potentiation), open questions remained regarding the residual mGluR1 component and the 261 

locus of PKA action. We addressed this by applying two DREADD-based strategies specific to PVIs and 262 

bred mice expressing either hM4Di35 or HA-tagged hM3Dq under the PV-promoter alongside the 263 

fluorescent marker Ai9 (“PV-Ai9-hM4Di” and “PV-Ai9-hM3Dq” animals, respectively). In slices 264 

obtained from these animals, the respective DREADD-pathway can be reliably activated with the 265 

selective compound deschloroclozapine (DCZ)36. 266 

Slices obtained from PV-Ai9-hM4Di animals were pre-incubated with DCZ (3 µM) prior to KA-267 

application, arguably reducing intracellular cAMP levels and downstream thereof PKA activity37 (Fig. 268 

6A). To preclude non-specific effects of DCZ, concomitant experiments were performed in mice lacking 269 

hM4Di-expression (“PV-Ai9”). Neither in slices from PV-Ai9 nor PV-Ai9-hM4Di animals did DCZ affect 270 
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the induction or maintenance of gamma-activity during the first induction period in LFP recordings 271 

(data not shown). However, in slices from PV-Ai9-hM4Di animals, subsequent gamma-potentiation 272 

was completely prevented by DCZ (Fig. 6B, Power KA2/KA1 PV-Ai9-hM4Di Control: 2.37 +/- 0.23, n = 15 273 

vs. DCZ: 1.09 +/- 0.10, n = 15, p = 2.6 x 10-5), but not in slices from PV-Ai9 animals (PV-Ai9 Control: 2.24 274 

+/- 0.23, n = 13 vs. DCZ: 2.25 +/- 0.19, n = 13, p = 0.96, Student’s t-test), indicating that the effect of 275 

PKA we had observed in wild-type animals can be attributed to its specific activation in PVIs. 276 

In slices from PV-Ai9-hM3Dq animals, we applied the inverse strategy: If gamma-potentiation is 277 

prevented by blockade of endogenous Gq-receptors or PKC, activation of the xeno-receptor hM3Dq in 278 

PVIs may be sufficient to rescue blockade of the mGluRs, yet not blockade of downstream PKC (Fig. 279 

6C). On the other hand, hM3Dq-activation and subsequent depolarization of PVIs independent of PKC 280 

may itself drive PVI firing and thus induce gamma-activity, as has been shown for optogenetic 281 

strategies8. We tested these assumptions in multiple steps: First, when applied by itself, DCZ was 282 

insufficient to induce any form of network synchronization, highlighting the requirement of synaptic 283 

excitation we had demonstrated earlier (Supplementary Fig. 7). Second, when mGluR5 and mGluR1 284 

were blocked with MPEP (10 µM) and JNJ-16259685 (0.3 µM), gamma-potentiation was again 285 

prevented in slices from PV-Ai9-hM3Dq animals (Power KA2/KA1 PV-Ai9-hM3Dq Control: 2.31 +/- 0.15, 286 

n = 14 vs. MPEP + JNJ: 1.10 +/- 0.16, n = 12, p = 7 x 10-5). This was entirely rescued when DCZ was co-287 

applied with KA, with the magnitude of potentiation nearly identical to control experiments (Fig. 6D, 288 

Power KA2/KA1 PV-Ai9-hM3Dq MPEP + JNJ + DCZ: 2.32 +/- 0.21, n = 13). Third, gamma-potentiation 289 

was similarly prevented by pre-incubation with GF 109203X (3 µM, DMSO). In this case, co-application 290 

of DCZ failed to reinstate gamma-potentiation (Fig. 6E, Power KA2/KA1 PV-Ai9-hM3Dq Control: 1.93 +/- 291 

0.12, n = 8 vs. GF: 0.86 +/- 0.11, n = 11 & GF + DCZ: 1.04 +/- 0.05, n = 11). Therefore, gamma-292 

potentiation can be entirely accounted for by metabotropic signaling in PVIs dependent on a Gq/PKC- 293 

and a Gi-sensitive PKA-pathway, with DREADD-based strategies in PVIs functioning as effective on/off-294 

switches for network plasticity.  295 
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Discussion 296 

Studying the intersections of interneuron plasticity, oscillatory activity and learning has emerged as a 297 

challenging, yet promising field of research38,39. Particularly in the hippocampus the learning of context 298 

has been associated with changes of oscillation patterns: Following contextual fear conditioning in 299 

vivo, oscillations in the theta20, gamma22 and ripple20,21 frequency bands undergo plastic changes in 300 

CA1. In CA3, theta-gamma coupling increases during successive trials of item-context association4 and 301 

low-gamma power increases following object learning, a change associated with improved assembly 302 

formation of CA3 pyramidal cells6. Whereas targeted cell-type specific manipulations have linked some 303 

of these phenomena to the activation of interneurons, an understanding of cause and effect of 304 

oscillatory plasticity remains elusive. We previously demonstrated in a first step that hippocampal 305 

gamma activity itself induces plasticity of sharp-wave ripple complexes in vivo and ex vivo, which was 306 

associated with synaptic plasticity on both pyramidal cells and interneurons27. 307 

Here, we demonstrate a general plasticity mechanism intrinsic to hippocampal network oscillations by 308 

which gamma power is increased upon repeated exposure to an equal excitatory stimulus (Fig. 1). This 309 

plasticity mechanism – gamma potentiation – is embedded in a reciprocal relationship with PVI 310 

synaptic plasticity (Figs. 4-6): Evoking network activity in the gamma-frequency range induces long-311 

lasting plasticity onto PVIs27,40,34,33, which in turn translates to subsequent network activity as a function 312 

of peak gamma-power. Besides our PVI-specific interventions (Figs. 5-6), this is supported by two 313 

inductive approaches: Ex vivo, our data from CA1-Mini slices (Supplementary Fig. 2), a slice model of 314 

reduced recurrent excitation on pyramidal cells30, demonstrates that local pyramidal cell–interneuron 315 

interactions are sufficient for the induction of oscillation plasticity. In silico, our micro-scale model of 316 

CA3 connectivity containing both PYR-PYR and PYR-PVI synapses further corroborates that plasticity at 317 

the PYR-PVI synapse critically outperforms plasticity at the PYR-PYR synapse in increasing low-gamma 318 

power (Fig. 4). However, we do not exclude possible additional contributions of other interneuron sub-319 

types: Somatostatin-positive interneurons, which to an extent co-express PV, also contribute to 320 
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gamma-oscillations in the hippocampus41 and neocortex42,43 and may similarly contribute to their 321 

plasticity. Yet within this study, plasticity at the CA3 pyramidal cell-PVI synapse is both sufficient and 322 

mandatory to modulate the gamma rhythm. 323 

We investigate this relationship mechanistically using a robust (Supplementary Fig. 1) ex vivo 324 

paradigm, permitting the analysis of gamma-activation states under maximal experimental control and 325 

circumventing confounders of in vivo oscillation power such as running speed, respiration rate or cross-326 

frequency coupling44,45 as well as spatial limitations concerning the origin5,6,46 and focality47 of 327 

oscillations. In the approach used here, gamma-activity is gradually introduced to the isolated 328 

hippocampal network and tapered under constant control of external excitation via defined 329 

application of kainate. This allows the precise mechanistic dissection of plasticity rules with 330 

pharmacological and genetic tools. Plasticity in our protocol occurs in an activity-dependent manner 331 

and already has effect after short- to intermediate term delays in subsequent episodes (1 – 3 hours), 332 

predating alterations in transcriptional and anatomical PVI properties24,25 and making changes of 333 

transmembrane conductances the most likely mechanism. Translating these ex vivo conclusions to the 334 

ground-truth in vivo gamma-rhythm will require temporally precise synapse-specific tools48 and an 335 

experimental environment closely controlling the emergence and re-instatement of gamma-336 

oscillations on short time scales. 337 

The specific synaptic recruitment of PVIs via CP-AMPARs is the decisive determinant in procuring and 338 

expressing gamma-potentiation, as demonstrated by both our ex vivo and in silico data sets (Figs. 2-339 

4). Through their rapid activation and decay kinetics, CP-AMPARs enable the temporally precise 340 

integration of converging inputs on and co-activation of PVIs49,50, which our data suggests is mandatory 341 

for the induction of >30 Hz oscillations themselves. Therefore, increased CP-AMPAR conductance is a 342 

convincing mechanistic candidate underlying gamma potentiation. Given our previous findings for 343 

sharp-wave ripple associated plasticity27 and present modelling predictions, this points to the 344 

induction of synaptic glutamatergic LTP onto PVIs (PVI-LTP) as the primary facilitator of gamma-345 

potentiation. Importantly, the specific requirement of CP-AMPAR activation reported here separates 346 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.21.545901doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545901
http://creativecommons.org/licenses/by-nc/4.0/


   

 

16 
 

our protocol from previous optogenetic or chemogenetic manipulations of network plasticity 347 

purportedly relying on the isolated activation of PVIs, but which cannot exclude coincident 348 

glutamatergic drive20,21,51. Whether downstream effectors of PVI-LTP such as intrinsic membrane 349 

excitability52 and/or an increased transmission at GABAergic output synapses similarly contribute to 350 

the resulting field potential remains to be determined53–55. 351 

Like PVI-LTP in the dentate gyrus and gamma-mediated PVI-LTP in CA327,34, gamma-potentiation is 352 

independent of NMDAR activation and instead requires group I mGluRs and downstream PKC, in line 353 

with a canonical Gq-cascade. We tie this to PVIs with two genetic strategies: The conditional ablation 354 

of mGluR5 in PVIs as well as PV-specific Gq-DREADD activation. Moreover, both our pharmacological 355 

and chemogenetic evidence using hM4Di-activation suggest the requirement of a second pathway 356 

recruiting PKA (Figs. 5-6). A dual requirement of two kinase pathways may act as a gating mechanism 357 

for network plasticity56: If gamma-oscillations were both induced and amplified via CP-AMPAR 358 

activation alone, local networks would be exposed to run-off dynamics in which oscillation power 359 

continuously increases. Expanding such a model by a pre-requisite of metabotropic co-stimulation 360 

stabilizes network dynamics and discriminates between sub- and supra-critical stimuli to the 361 

hippocampal network during learning. This mirrors a recent proposal of three-factor plasticity in 362 

interneurons39, in which mGluRs function as effective detectors of converging activity during 363 

oscillations57, and putative activators of PKA (e.g. dopamine, noradrenaline) encode novelty58,59. 364 

Whether the Gq/PKC- and PKA-pathways effectuate plasticity independently, converge with each 365 

other or interact via cross-talk60 remains beyond the scope of this study yet may provide crucial insights 366 

into how targeting PVI-LTP translates into network oscillations. 367 

The mechanistic composition of gamma-potentiation provides a promising framework for the 368 

understanding and potential treatment of neuropsychiatric diseases associated with aberrant network 369 

oscillations. The PV-mGluR5 knockout model used here (Fig. 5) displays core features of 370 

neurodevelopmental disease32, establishing a direct link between insufficient ex vivo gamma-plasticity 371 

and disrupted hippocampal behaviour. mGluR5 activity is downregulated in post-mortem tissue of 372 
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schizophrenia patients61 and, conversely, positive allosteric modulation of mGluR5 has been 373 

successfully targeted in animal models of schizophrenia62, a disease etiologically tied to PVI dysfunction 374 

and disrupted network oscillations. The link between PVI plasticity, gamma-potentiation and disease 375 

is further supported by a string of recent pre-clinical studies successfully treating symptoms of 376 

neurodevelopmental disorders: Similar to the bimodal control of PVI-dependent DREADD 377 

manipulations over gamma potentiation (Fig. 6), hM4Di-inhibition of PVIs induces deficits of cognitive 378 

performance21,63, while PV-specific hM3Dq-activation rescues such deficits in animal models of 379 

schizophrenia as well as disruptions in network oscillations63–65. Further, the physiological induction of 380 

gamma-oscillations via sensory stimuli (gamma entrainment using sensory stimuli, GENUS) is itself 381 

effective in treating animals models of Alzheimer’s disease66 and schizophrenia67, whereas the exact 382 

mechanism underlying these treatments has been recently contested68. An inert, bidirectional cortical 383 

mechanism of gamma-rhythm plasticity via synaptic plasticity of PVIs may therefore lie at the core of 384 

future clinical interventions and serve to inform therapeutic strategies.  385 
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Materials and Methods 386 

Animals 387 

Adolescent male C57Bl6/J mice (p45 – p70) were used for experiments in wild-type animals. For 388 

experiments involving cell-type specific manipulations of PVIs, PV-Cre animals (The Jackson 389 

Laboratory, Stock No. 017320) were crossbred with either Ai9 (Jackson, Stock No. 007909), loxp-mG5 390 

(see32, kindly provided by Peer Wulff), Flex-hM4Di (see35, kindly provided by Benjamin Rost) or loxp-391 

hM3Dq (The Jackson Laboratory, Stock No. 026220) animals and experiments performed from 392 

adolescent (p45 – p70) offspring of both sexes. Animal procedures were conducted in accordance with 393 

the guidelines of the European Communities Council and the institutional guidelines approved by the 394 

Berlin Animal Ethics Committee (Landesamt für Gesundheit und Soziales Berlin, T0045/15 and T-395 

CH0014/23). All efforts were made to minimize animal suffering and to reduce the number of animals 396 

used. 397 

Slice Preparation 398 

Mice were deeply anaesthetized with isoflurane and decapitated. Their brains were removed and 399 

immersed in ice-cold sucrose solution (in mM: Sucrose 75, NaCl, 87; KCl, 2.5; NaHCO3, 25; NaH2PO4, 400 

1.25; MgCl2, 3; CaCl2, 0.5; glucose, 10) saturated with carbogen gas (95% O2 / 5% CO2). The brain was 401 

cut into 400 µm thick horizontal slices containing the hippocampal formation with a vibratome (Leica 402 

VT 1200S, Leica Biosystems, Germany) and slices were transferred to interface-type recording 403 

chambers perfused with warm and carbogenated artificial cerebrospinal fluid (ACSF; in mM: NaCl, 129; 404 

KCl, 3; NaHCO3, 21; NaH2PO4, 1.25; MgSO4, 1.8; CaCl2, 1.6; glucose, 10; 32 – 34° C; flow rate: 1.5 405 

ml/min) and were left to incubate for 2 h before recordings. To obtain CA1-Mini slices, slices were cut 406 

in the interface chamber shortly after preparation with a surgical blade to separate CA1 from CA2 and 407 

the subiculum under consideration of CA1 dendrite morphology. 408 
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For experiments involving pharmacological agents, drugs were added to ACSF at least one hour prior 409 

to recording. In experiments involving GF109203X or H-89, slices were left to recover post-slicing in a 410 

submerged-type sucrose beaker at 34° C for one hour containing the respective substance at its final 411 

concentration before being transferred to interface chambers. Corresponding control experiments 412 

were performed in the presence of 0.01% DMSO in the beaker. 413 

Electrophysiology 414 

Local field potentials were recorded from stratum pyramidale of hippocampal CA3 (and/or CA1 when 415 

indicated) with glass pipettes filled with ACSF (1 - 10 MΩ). Recordings were amplified by EXB-EXT-02B 416 

amplifiers (npi Electronic, Germany), low-pass filtered at 1 kHz, sampled at 5 kHz by a CED 1401 AD-417 

converter (Cambridge Electronic Design [CED], UK) and saved to disk via Spike2 software (CED, UK). 418 

Following an initial 30-minute period of recording baseline activity, network oscillations were induced 419 

in one or two separate periods by bath application of 150 - 400 nM kainate (KA) over a period of 30 420 

minutes with a 60 minute “resting” interval between both application periods. In a subset of 421 

experiments the resting period was extended to three hours. After the second application of KA, slices 422 

rested for up to one hour before terminating the recording. Pipette resistances were monitored before 423 

and after recordings with an EXB-REL08B electrode resistance meter (npi) and recordings discarded if 424 

resistances deviated > 10%. 425 

Perforated multi-alectrode array (pMEA) recordings were performed on a MEA2100-HS(2x)60 system 426 

(Multichannel Systems) using 60pMEA100/30iR-Ti pMEAs (Multichannel Systems). Slices were 427 

transferred from their previous interface storage to the pMEA and carefully placed above the 428 

electrodes with the aim of maximal coverage of the pyramidal cell layer (identified visually under 429 

magnification and confirmed by the positive polarity of spontaneous sharp-wave ripple complexes). 430 

Slices were kept in place via a continuous negative pressure supplied by a constant vacuum pump (CVP-431 

230V, Multichannel Systems) and allowed to rest in position for 15 – 20 minutes before recording. 432 

After a brief recording of baseline activity confirming the absence of ambient oscillations, oscillations 433 
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were induced via bath-application of 200 nM KA (10 ml/min flow rate, 32 – 34° C). The dual headstage 434 

configuration of the MEA2100-HS(2x)60 system allowed us to test individual treated and untreated 435 

slices in time control. 436 

Drugs 437 

Kainate (Tocris, KA), D-AP5 (Cayman Chemicals), MPEP (Cayman Chemicals), JNJ-16259685 (Tocris, 438 

JNJ), GYKI-53655 (hellobio), Naphthyl-spermine (Cayman Chemicals, NASPM), GF109203X (Tocris, GF), 439 

H-89 (Cayman Chemicals), UBP-302 (Tocris, UBP), Deschloroclozapine-dihydrochloride (Cayman 440 

Chemicals), Nifedipine (Tocris) and ML-218 (Tocris) and were dissolved in either de-ionized water or 441 

DMSO (JNJ, GF, H-89, UBP, VU, Nifedipine, ML-218) and stored in aliquots at -20° C. Aliquots were 442 

dissolved in ACSF immediately prior to the experiments. Experiments involving Nifedipine were 443 

conducted in the dark. 444 

Computational modeling 445 

Model implementation and availability 446 

We conducted all modeling simulations using the NEURON (NEURON v7.6) Simulator (Hines & 447 

Carnevale, 1997) on a High-Performance Computing Cluster (HPCC) with 111 CPU cores, running on a 448 

64-bit CentOS Linux operating system. The source code and datasets used to generate Fig. 4 are 449 

publicly available; please refer to the Code and Data Availability section for the link. 450 

Model neurons 451 

PV Basket Cell Model 452 

The multi-compartmental models of the CA3 PV Basket cells (PVIs) (n=2) used in this study were 453 

adapted from previously published work31. These models have been extensively validated against 454 

experimental data and have been shown to accurately capture the intrinsic, active, and morphological 455 

properties of PVIs (for more detailed information, please refer to the aforementioned publication). 456 
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Pyramidal Neuron Model 457 

The CA3 pyramidal neuron cell model (PYR) was simulated based on the Hodgkin-Huxley formalism 458 

and consists of six compartments: one soma and five dendrites. The model simulates one proximal and 459 

two distal apical dendrites, as well as two basal dendrites. It includes a Ca2+ pump and buffering 460 

mechanism, Ca2+ activated slow AHP and medium AHP potassium (K+) currents, an HVA L-type calcium 461 

(Ca2+) current, an HVA R-type Ca2+ current, an LVA T-type Ca2+ current, an h current, a fast sodium (Na+) 462 

current, a delayed rectifier K+ current, a slowly inactivating K+ M-type current, and a fast inactivating 463 

K+ A-type current. The current mechanisms were distributed in a non-uniform way along the 464 

somatodendritic compartments (detailed information about the passive and active properties of the 465 

PYR model, including conductance values, please see Supplementary Table 1). The active and passive 466 

properties of the PYR model were validated against in vitro experimental data from CA3 recordings69. 467 

This was done to ensure that the in silico model reproduces the electrophysiological profile of the in 468 

vitro CA3 pyramidal cells (for more detailed information, please see Supplementary Table 2). 469 

Synaptic Properties 470 

The PYR models were equipped with CI-AMPA, NMDA, and GABAA synapses, while the PV BC models 471 

had CPAMPA, NMDA, GABAA, and autaptic GABAA synapses. The synaptic properties were validated 472 

against previously published data70–72. The conductance values for each synapse type are provided in 473 

Supplementary Table 3. 474 

Plasticity Protocols 475 

The plasticity simulations were performed by increasing the conductance values of different types of 476 

synapses in the microcircuit model. Specifically, the three conditions tested were PYR plasticity, (PYR-477 

LTP) which involved a 50% increase in the CI-AMPA conductance value of PYR to PYR connections, PVI 478 

plasticity (PVI-LTP), which involved a 50% increase in the CP-AMPA conductance value of PYR to PVI 479 

connections, and PYR and PVI plasticity (PYR+PV-LTP), which involved a 50% increase in both the CI-480 
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AMPA and CP-AMPA conductance values of PYR to PYR and PYR to PVI connections (see also 481 

Supplementary Table 3). 482 

Microcircuit Configuration 483 

The biologically constrained CA3 microcircuit model comprised 22 neurons, specifically 20 PYRs and 2 484 

PVIs, maintaining an excitation to inhibition ratio of 1/10. In each random simulation trial (n=10), each 485 

PYR contacted up to 4 other PYRs with 1 CI-AMPA and 1 NMDA synapse activation per contact 486 

(convergence=1). On the other hand, every PV BC received synaptic input (convergence=1) from 5 487 

different PYRs in each simulation trial. Additionally, every PYR received 1 feedback inhibitory 488 

GABAergic input from each PV BC per simulation trial. Each of the 2 PVIs formed 4 GABAergic synapses 489 

per simulation trial and was self-inhibited through autapses. To record the local field potential (LFP), 490 

an in silico electrode was simulated based on NEURON’s extracellular function (based on73). The 491 

electrode was placed close to the PYR somata and remained in the same position throughout the 492 

simulation trials. The sampling frequency was set at 10 kHz. For simplicity reasons, other inhibitory 493 

interneuron types such as dendrite-targeting interneurons and network properties, such as gap 494 

junctions, were not simulated as they were not relevant to the experimental observations of this study. 495 

Inputs and Simulation 496 

The input was modeled as an artificial presynaptic population using NEURON's NetStim function 497 

(interval=30, number=30). The input targeted only the PYR population of the microcircuit for 1 second, 498 

and 3 input synapses were activated in every pyramidal cell (see Supplementary Table 3), mimicking 499 

the experimental protocol of KA activation primarily in the pyramidal cells. Additionally, both 500 

pyramidal cells and PV BCs populations received the same excitatory subthreshold background 501 

fluctuation input (subthreshold noise). For every case (including baseline, PYR-, PVI-, or PYR+PVI-LTP), 502 

we ran the microcircuit for 10 random trials. In every trial, the number of total synaptic contacts and 503 

the connectivity ratios remained identical, but different random neurons were connected to different 504 

random neurons. To capture any variability related to morphological features, synapses were allocated 505 
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in different random dendrites and locations across the selected dendrites in every trial. The recording 506 

time was 2 seconds for every simulation trial. 507 

Data Analysis and Statistics 508 

LFP recordings 509 

Recordings were band-pass (1 – 100 Hz, 12 pole IIR digital filter) and band-stop filtered (49 – 51 Hz, 12 510 

pole IIR digital filter). Power spectra were calculated every 30 seconds throughout the recording in 511 

each recorded slice individually. Peak power and peak frequency were determined offline by using 512 

custom-made MATLAB scripts and visualized as Time-Power- and Time-Frequency-plots, respectively. 513 

Slices were excluded from analysis if 1) they only displayed synchronous activity for an interval shorter 514 

than ten minutes or during only one induction period or 2) network activity was instable, e.g. peak 515 

power would intermittently decrease during KA-application by > 10%. 516 

For each included slice, a 10-minute time window was detected corresponding to maximal peak power 517 

in the first induction period. Peak power and frequency were extracted from an additional 10-minute 518 

power spectral density obtained with MATLABs pwelch function (0.34 Hz resolution) and an auto-519 

/cross-correlograms obtained over the same interval with the xcorr function. For experiments 520 

investigating network activity in two separate episodes of KA-application, the identical analysis was 521 

performed twice in time control to the first application period. 522 

pMEA recordings 523 

Recordings were pre-processed and peak power and frequency values as well as cross-correlograms 524 

for each channel were obtained identically to LFP recordings. Channels included in subsequent analysis 525 

were identified by their positioning below the pyramidal cell layer, marked as nodes in relation to their 526 

position on the pMEA which were connected via edges to the respectively adjacent selected electrodes 527 

(MATLAB digraph function, interelectrode distance 100 µm). For each individual recording, a “lead 528 
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electrode”, corresponding to the highest peak power value determined, was identified. Intralaminar 529 

distances to this electrode were calculated with the “shortestpath” MATLAB function. 530 

Simulation data 531 

Data were band-pass and band-stop filtered as LFP recordings. Power spectra were obtained from the 532 

entire 2-second recording with the same parameters as LFP recordings and peak power values 533 

extracted between 20 – 40 Hz. 534 

Statistical analysis 535 

Statistical analysis and data visualization were performed in R 3.5.0. Either Student's t-test, the Mann-536 

Whitney U-test or Wilcoxon's Signed Rank test (all two-tailed) were used for statistical comparison of 537 

unpaired or paired samples, respectively. The Bonferroni-Holm method was applied to p-values in 538 

group comparisons. Kendall's Signed Rank test was used for correlation analysis. Significance was set 539 

to an α-level of 0.05. Data are presented as Mean ± SEM or, in the case of peak power values, Median 540 

[1st quartile, 3rd quartile]. Crosses in boxplots denote the mean. Numbers in barplots or below 541 

boxplots denote the sample size with n referring to the number of slices tested or simulation trials, 542 

respectively. 543 
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Figures 728 

Figure 1 Gamma-potentiation in ex vivo mouse hippocampal CA3 729 

a Left: Schematic of a hippocampal brain slice with an LFP electrode in the pyramidal cell layer of CA3. 730 

Centre: Close-up band-pass filtered traces (1 – 100 Hz) of the time periods preceding KA-application 731 

(‘Baseline’, insets 1 and 3 in the pseudocolor plot) and during maximum gamma-power in CA3 (‘150 732 

nM KA-Gamma’, insets 2 and 4). The RMS-averaged power spectral density (PSD) was obtained over a 733 

10-minute time window. Grey inset “low-gamma” in the PSDs denotes the window spanning 25 – 50 734 

Hz. Right: Spectrogram of the entire recording. Blue and red insets ‘KA’ denote the time period of 735 

kainate application (KA, 150 nM). Colorbar on the right denotes the RMS-averaged power (log-scale). 736 

b Time-Power plot of peak power (15 – 49 Hz) for experiments with either 1- or 3-hour delay 737 

normalized to the first application period. Ribbons denote the 95% confidence interval by Tukey. 738 

c Paired boxplots of peak gamma-power in both application periods with either 1- or 3-hour delay. ** 739 

and *** denote p < 0.01 and < 0.001, respectively (Wilcoxon signed-rank test).  740 
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Figure 2 Calcium-Permeable AMPA receptors essentially contribute to the generation of the 741 

gamma-rhythm and mediate gamma-potentiation 742 

a1 Synapse-type specific targeting of glutamatergic transmission in CA3. In CA3, pyramidal cell (PYR) 743 

synapses targeting other PYRs express NMDA and calcium-impermeable AMPA receptors (CI-AMPARs). 744 
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PYR synapses targeting interneurons (INs) additionally express calcium-permeable AMPA receptors 745 

(CP-AMPARs, pink inset). INs provide inhibition via GABAA-receptors. 746 

a2 Contribution of ionotropic glutamate receptors to KA-induced oscillations. Traces, pseudocolor 747 

plots (power values plotted in arbitrary units, “a.u.”), PSDs and autocorrelograms (ACGs) of KA-induced 748 

oscillations after blockade of different ionotropic glutamate receptors. Grey insets “low-gamma” in 749 

the PSDs and ACGs denote the windows spanning 25 – 50 Hz and 20 – 40 ms, respectively. Pink inset 750 

highlights the specific blockade of CP-AMPARs by NASPM and reduction of peak frequency beneath 751 

the “low-gamma” range. There is no discernible oscillatory activity under co-application of D-AP5 and 752 

GYKI. 753 

a3 Barplot summarizing the peak frequencies in the oscillating conditions in a2. Grey dashed line 754 

indicates the lower border of the “low-gamma” frequency range (25 Hz). *** denotes p < 0.001 755 

(Student’s t-test, corrected by Holm). 756 

b1 Exemplary potentiation experiments for the oscillating conditions in a2. 757 

b2 Paired boxplots of peak power values obtained in experiments shown in b1. ***, ** and ns denote 758 

p < 0.001, 0.01 and p > 0.05, respectively (Wilcoxon-Signed Rank test). 759 

b3 Barplot of the magnitude of gamma-potentiation for the experiments in b1. *** and ** denote p < 760 

0.001 and p < 0.01, respectively (Student’s t-test, corrected by Holm).  761 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.21.545901doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545901
http://creativecommons.org/licenses/by-nc/4.0/


   

 

36 
 

Figure 3 CP-AMPARs express gamma-potentiation in an activity-dependent manner across 762 

CA3 763 

a1 Combined LFP-pMEA protocol. Left, Slices are either left to rest (“Control”) or treated with KA, 764 

yielding low-gamma activity (“Gamma”). Centre, Left: After a waiting period slices are transferred to 765 

pMEA recordings with the selected electrodes (black) covering the pyramidal cell layer of CA3. Centre, 766 

Right: KA is applied to untreated (KA1, blue) and treated slices (KA2) and oscillations emerge. Right 767 

Heatmap of peak gamma-power over the selected electrodes for both slices. 768 
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a2 Exemplary traces and PSDs taken from the experiments in a1. Recordings from the electrodes with 769 

the highest power (“lead electrode”) are compared with those performed at distant sites, 770 

demonstrating a marked decrease of peak power over distance. 771 

a3 Boxplot of peak power in both conditions pooled over the intralaminar distance from the lead 772 

electrode of each slice.  773 

b1 CP-AMPARs express gamma-potentiation. Slices were grouped  before LFP recordings and either 774 

treated with KA (30 minutes, 150 nM at 1.5 ml/min, 32-34° C) or left to rest before being transferred 775 

for pMEA recordings. Slices were then either maintained in regular ACSF (“Control”, same dataset as 776 

in a-c) or treated with NASPM (“NASPM-post”). The PSD of the “lead electrode” was calculated for 777 

analysis. 778 

b2 Peak frequency of oscillations is reduced in pMEA “NASPM” conditions. 779 

b3 In “Control” conditions, peak power of oscillations on the lead electrode is increased in pre-treated 780 

slices, but not when CP-AMPARs are blocked in the “NASPM-post” condition. 781 

** and *** and ns denote p < 0.01 and < 0.001 and p > 0.05 for post-hoc Mann-Whitney U-tests 782 

corrected by Bonferroni-Holm. N is number of slices tested. Crosses denote p < 0.001 for Treatment 783 

(KA1, KA2) in a linear model (Peak Power ~ Treatment + Intralaminar Distance).  784 
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Figure 4 A biophysically constrained microcircuit model of CA3 low-gamma oscillations 785 

predicts superior transfer of PVI-LTP to the field potential 786 

a, Left: Microcircuit model of CA3 low-gamma oscillations. A population of CA3 pyramidal cells (PYR, n 787 

= 20) is activated by an input population (blue arrow). The PYR population forms glutamatergic 788 

synapses (black arrows) onto both PYRs (calcium-impermeable AMPA [CI-AMPA] and NMDA 789 

conductances) and two CA3 PVIs (calcium-permeable [CP-AMPA] and NMDA conductances). The PVIs 790 

are connected to each other and form synapses onto the PYRs with GABAergic synapses (pink arrows). 791 

An in silico “LFP” electrode (orange) is positioned nearby the PYR somata. Centre: Exemplary trace of 792 

an LFP recording with pseudocolor plot below. A 1-second stimulation via the input population 793 

produces an oscillation between 30 – 40 Hz. Right: Close-up view of the trace and power spectrum of 794 

the entire 2-second recording. Grey inset marks the low-gamma frequency range (25 – 50 Hz). 795 

b In silico plasticity paradigms. Glutamatergic synapses (blue) formed onto PYRs (grey) and/or PVIs 796 

(pink) are modified to simulate cell-type specific plasticity. CI-AMPA conductances and/or calcium-CP-797 

AMPA conductances are increased by 50% for the respective paradigm. 798 

c Traces and power spectra for one exemplary simulation. Inset denotes 50 µV by 250 ms. 799 
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d Summary statistics including data from 10 random simulation trials per case. Left: Boxplots of peak 800 

low-gamma power for all conditions (* and *** denote p < 0.05 & p > 0.001, Wilcoxon-Signed Rank 801 

Test). Right: Barplot of the magnitude of potentiation (*** denotes p < 0.001, Student’s T-Test). 802 

Numbers in bars denote n = number of simulation trials.  803 
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Figure 5 Gamma-potentiation requires PVI-specific mGluR5, mGluR1, PKC and PKA 804 

activation 805 

a1 Schematic of PV-mGluR5 experiments. Mice were bred homozygous for PV-Cre and either lacking 806 

(PV-mGluR5 WT) or homozygously expressing the loxp-mGluR5 mutation (PV-mGluR5 KO). MPEP 807 

blocks mGluR5 in a cell-type specific manner in PV-mGluR5 KO mice. Slices obtained from both animals 808 

were treated in our LFP paradigm. 809 
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a2 Baseline values of KA-induced gamma-oscillations in PV-mGluR5 WT and KO slices under application 810 

of MPEP. There is no difference in the peak power of oscillations between conditions. Application of 811 

MPEP reduces the peak frequency of oscillations in WT, but not KO animals. 812 

a3 The attenuating effect of MPEP on gamma-potentiation requires mGluR5-expression in PVIs. Above: 813 

Exemplary traces of Control and MPEP conditions for PV-mGluR5 and PV-mGluR5 KO slices during the 814 

first (KA1) and second (KA2) induction period. Below: Corresponding PSDs for each condition. All 815 

experiments performed in 50 µM D-AP5. 816 

a4 Barplot of the magnitude of gamma-potentiation for the experiments in a3. 817 

b1 Gamma-potentiation requires group I mGluRs, PKC and PKA. Above: Exemplary traces of Control, 818 

MPEP, JNJ and MPEP + JNJ conditions during the first (KA1) and second (KA2) induction period with 819 

corresponding PSDs for each condition beneath. Experiments were performed in the presence of 50 820 

µM D-AP5 and 0.01% DMSO. 821 

b2 Barplot of the magnitude of gamma-potentiation for the experiments in b1. 822 

c1 Gamma-potentiation requires PKC and PKA. Traces and PSDs as in b1. All slices were pre-incubated 823 

for 1 hour in 0.01% DMSO before experiments. 824 

c2 Barplot of the magnitude of gamma-potentiation for the experiments in c1. 825 

Numbers in plots denote the number of slices tested per condition. ***, ** and ns denote p < 0.001, 826 

p < 0.01 and p > 0.05 (Student’s t-test corrected by Bonferroni-Holm in barplots, Mann-Whitney U-test 827 

or Wilcoxon Signed-Rank in boxplots). Red insets “ns” in potentiation plots mark groups with no 828 

significant increase of peak gamma-power in the second induction period (Wilcoxon Signed-Rank test). 829 

Purple, orange and green insets mark the application of MPEP, GF 109203X and H-89, respectively.  830 
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Figure 6 PVI-specific DREADD manipulations determine the induction of gamma-831 

potentiation 832 

a Schematic of PV-Ai9-hM4Di model. By activating hM4Di in PVIs with DCZ, both intracellular activity 833 

of cAMP and PKA are reduced in PVIs and cells are putatively hyperpolarized via potassium channel 834 

activation. 835 

b1 DCZ prevents gamma-potentiation in the PV-Ai9-hM4Di model. Left: Exemplary traces of Control 836 

and DCZ conditions for both genotypes during the first (KA1) and second (KA2) induction period. Below: 837 

Corresponding PSDs for each condition. b2 Barplot of potentiation in each condition. 838 

c Above HA-tagged hM3Dq is broadly expressed in CA3 PVIs (30x magnification). Below Schematic of 839 

PV-Ai9-hM3Dq model and pharmacological approach. By activating hM3Dq in PVIs with DCZ, 840 

potassium channels are closed, depolarizing the cells, and PKC is activated. mGluR1 and mGluR5 target 841 
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the same pathways, which is prevented with MPEP and JNJ-16259685. PKC is antagonized with GF 842 

109203X. 843 

d1 DCZ rescues gamma-potentiation in PV-Ai9-hM3Dq animals after blockade of group I mGluRs. 844 

Above: Exemplary traces of Control and DCZ conditions for both the regular paradigm and under 845 

application of MPEP and JNJ during the first (KA1) and second (KA2) induction period. Below: 846 

Corresponding PSDs for each condition. All experiments performed in 50 µM D-AP5 and 0.01% DMSO. 847 

d2 Barplot of potentiation in each condition. 848 

e1 The DCZ-dependent rescue is prevented by blockade of PKC. Above: Exemplary traces of Control 849 

and DCZ conditions for both the regular paradigm and under application of GF 109203X during the first 850 

(KA1) and second (KA2) induction period. Below: Corresponding PSDs for each condition. All 851 

experiments performed after pre-incubation with 0.01% DMSO for one hour.  852 

e2 Barplot of potentiation in each condition. Coloured insets in PSDs and barplots highlight the 853 

application of DCZ in the respective condition. 854 

*** and ns denote p < 0.001 and p > 0.05 (Student’s t-test corrected by Bonferroni-Holm. Red insets 855 

“ns” in potentiation plots mark groups with no significant increase of peak gamma-power in the second 856 

induction period (Wilcoxon Signed-Rank test).  857 
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Supplementary Figure 1 Multi-trial stability of gamma-potentiation in LFP recordings. 858 

Boxplots of all control experiments in the twelve interventions reported. Crosses denote the mean. 859 

Above: Log-scale boxplot of peak gamma-power in the first induction period (KA1). Centre: Peak 860 

frequency of oscillations in the first induction period.  Below: Magnitude of gamma-potentiation. 861 

Note the high variability of KA1 peak power and frequency amongst trials, which is not mirrored in 862 

subsequent potentiation of peak power.  863 
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Supplementary Figure 2 Gamma-potentiation in paired CA3-CA1 and CA1-Mini LFP 864 

recordings. 865 

a1 Schematic of CA3 and CA1 connectivity in the horizontal slice plane. CA3 pyramidal cells (PYR) are 866 

interconnected amongst themselves, local interneurons (INs) and CA1 PYRs and INs via the Schaffer 867 

collateral pathway. CA1 PYRs do not connect amongst each other but are interconnected with local 868 

CA1 INs. 869 

a2 Left: Schematic of a hippocampal slice with LFP electrodes in CA3 and CA1. Centre: Exemplary 870 

experiment as in Fig. 1A with simultaneous recordings of CA3 and CA1. Right: Pseudocolor plots of the 871 

entire experiment. 872 

b1 Schematic of the CA1-Mini microcircuit, lacking input from CA3. 873 

b2 Left: Schematic drawing of the hippocampus with surgical cuts separating CA1 from the subiculum 874 

and CA3. A recording pipette was placed in stratum pyramidale. Centre and Right: same as in a2 but 875 
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for an exemplary recording in a CA1-Mini slice. Gamma-activity was induced with 400 nM KA instead 876 

of 150 nM. Grey inset “mid-gamma” in the PSDs denotes the window spanning 50 – 80 Hz. 877 

c Left Time-Power plot for all paired CA3-CA1 recordings normalized to the first induction period. Right 878 

Paired boxplots of peak gamma-power in both application periods in CA3 and CA1. 879 

d Same as c, but for the experiments in CA1-Mini slices. 880 

*** denotes p < 0.001 (Wilcoxon Signed-Rank test). 881 
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Supplementary Figure 3 CP-AMPARs generate and maintain the gamma-rhythm in pMEA 882 

recordings 883 

a Gamma-oscillations are generated across CA3 with decreasing inter-site cross-correlation. Left, 884 

Centre: Exemplary recording configuration in the 6 x 10 MEA grid with selected electrodes in black. 885 

Red, yellow and blue electrodes resemble the recordings displayed in the traces, PSDs and cross-886 

correlograms (CCG) after application of KA (200 nM). The red correlogram represents the auto-887 
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correlogram of the lead electrode (highest power in PSD). Right: Scatter plot of pooled peak cross-888 

correlation of electrodes to the lead electrode. A linear fit is superimposed. Rho and p refer to the 889 

results of Pearson’s correlation test. 890 

b Gamma-oscillations are maintained by CP-AMPARs. An exemplary experiment with traces at three 891 

sites (above) and the corresponding PSDs (centre) and correlograms (below). After an initial induction 892 

of gamma-oscillations with 200 nM KA (left), NASPM is added to the bath (centre) and oscillations 893 

largely dissipate. Following washout of NASPM (right), oscillations re-appear in 2/3 sites. 894 

c Boxplots to the experiments in b. Values are displayed for peak power, frequency and cross-895 

correlation as a function of intralaminar distance. *** and * denote p < 0.001 and < 0.05, respectively. 896 

P-Values obtained from paired T-tests adjusted with the Bonferroni method. Peak power values were 897 

log-transformed before statistical testing. 898 

d CP-AMPAR lacking rhythms are similar to gamma-oscillations in power and inter-site cross-899 

correlation, but markedly reduced in peak frequency. Exemplary experiments as in a for a control slice 900 

(above) and a slice pre-incubated with NASPM (50 µM) before application of KA (200 nM). In the 901 

presence of NASPM, the peak of the PSD and correlograms is clearly below the low gamma-frequency 902 

range (25 – 50 Hz and 20 – 40 ms for PSD and correlograms, respectively). 903 

e Boxplots of recorded peak values for power, frequency and cross-correlation to the lead channel as 904 

a function of intralaminar distance toward the lead channel. A clear reduction in peak frequency is 905 

observed across all recording sites after pre-incubation with NASPM. P-Values obtained from 906 

respective two-way ANOVAs.  907 
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Supplementary Figure 4 Blockade of GluK1 with UBP-302 attenuates the induction of 908 

gamma-oscillations but does not alter gamma-potentiation. 909 

a Exemplary traces, power spectra and ACGs for DMSO Control experiments and UBP-302 pre-910 

incubation with two concentrations of KA (150 and 400 nM). At 150 nM KA, pre-incubation with UBP-911 

302 prevents the generation of a discernible rhythm in the ACG. Below: Pie charts of the response rates 912 

of the individual paradigms. 913 

b Gamma-potentiation in the presence of UBP-302 at 400 nM KA. Left: Exemplary traces during the 914 

first and second induction period (KA1 and KA2, respectively). Centre: Corresponding PSD and ACG. 915 

Grey insets “low-gamma” in the PSDs and ACGs denotes the window spanning 25 – 50 Hz. Right: Paired 916 

boxplot of peak gamma-power during both induction periods.  917 

*** and ** denote p < 0.001 and p < 0.01, respectively (Student’s t-test corrected by Bonferroni-Holm 918 

in barplots, Wilcoxon Signed-Rank in boxplots).  919 
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Supplementary Figure 5 mGluR5, not NMDARs, contributes to gamma-potentiation. 920 

Blockade of NMDARs and mGluR5 increases peak gamma-power and decreases peak 921 

gamma-frequency. 922 

a Exemplary traces and power spectra for Control, D-AP5, MPEP and D-AP5 and MPEP conditions 923 

during both induction periods (KA1, KA2). 924 

 b Summary statistics for all conditions. Left: Boxplot of peak gamma-power in the first induction period 925 

for all conditions. Centre: Barplot of peak gamma-frequency during the first induction period. Right: 926 

Barplot of potentiation of peak power in all conditions. 927 

*** and ns denote p < 0.001 and p > 0.05 (Student’s t-test corrected by Bonferroni-Holm in barplots, 928 

Wilcoxon Signed-Rank in boxplots). Purple insets denote the application of MPEP.   929 
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Supplementary Figure 6 Blockade of L- or T-Type voltage-gated calcium channels does not 930 

affect CA3 gamma-activity or subsequent potentiation. 931 

a Exemplary traces and PSDs for DMSO control, nifedipine and ML-218 conditions during both 932 

induction periods (KA1, KA2). 933 

b Summary statistics for all conditions. Left: Barplots of peak gamma-frequency during the first 934 

induction period. Centre: Paired boxplots of peak gamma-power for both induction periods in all 935 

conditions. Right: Barplot of potentiation of peak power in all conditions. 936 

**, * and ns denote p < 0.01, p < 0.05 and p > 0.05 (Student’s t-test in barplots, Wilcoxon Signed Rank 937 

test in boxplots).  938 
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Supplementary Figure 7 Sole activation of hM3Dq in PVIs is insufficient to synchronize CA3 939 

network activity. 940 

Control experiments for sole PV-hM3Dq activation. Traces, PSDs and ACGs of conditions testing 941 

whether gamma-activity can be induced with just 3 µM DCZ. Pie plots below indicate the numbers of 942 

slices in which oscillations were induced for each condition. KA (150 nM) or DCZ were applied or co-943 

applied for 30 minutes.  944 
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Supplementary Table 1 Passive parameters and active conductances values for all compartments of 945 

the pyramidal model cell 946 

Mechanism Soma 
Proximal 

Apical 
Dendrite 

Distal 
Apical 

Dendrites 

Basal 
Dendrites 

Leak conductance [S/cm2] 0,0002 0,0002 0,0002 0,0002 

Na+ conductance [S/cm2] 0,0105 0,0084 0,0084 0,0084 

Delayed rectifier K+ conductance [S/cm2] 0,00086 0,00086 0,00086 0,00086 

Proximal A-type K+ conductance [S/cm2] 0,0075 0,015 - 0,0075 

Distal A-type K+ conductance [S/cm2] - - 0,04875 - 

M-type K+ conductance [S/cm2] 0.06 0.06 - 0.06 

Ih conductance [S/cm2] 0.00005 0.0001 - 0.00005 

L-type Ca2+ conductance [S/cm2] 0.0007 0.00003 - 0.00003 

R-type Ca2+ conductance [S/cm2] 0.0003 0.00003 - - 

T-type Ca2+ conductance [S/cm2] 0.00005 0.0001 - 0.0001 

Ca2+-dependent sAHP K+ conductance [S/cm2] 0.0015 0.001 - 0.0005 

Ca2+-dependent mAHP K+ conductance [S/cm2] 0,9 0,03 - 0,08 

Membrane capacitance Cm [μF/cm2] 1 1 1 1 

Membrane resistance Rm [Ohm cm2] 6000 6000 6000 6000 

Axial resistance Ra [Ohm cm] 150 150 150 150 

  947 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.21.545901doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545901
http://creativecommons.org/licenses/by-nc/4.0/


   

 

54 
 

Supplementary Table 2 Electrophysiological characterization of the pyramidal model cell 948 

Parameter Value 

Rheobase (pA) 200 

Input Resistance (MΩ) 142 

Spike Threshold (mV) -43,11 

Spike Amplitude (mV) 73,11 

Spike Overshoot (mV) 30 

Resting Membrane Potential (mV) -70 

AP Frequency (Hz) during Rheobase current clamp 6 
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Supplementary Table 3 CA3 microcircuit synaptic conductance values 950 

Synapse Type Pyramidal model PV Basket Cell model 

INPUT AMPA 0,002 - 

INPUT NMDA 0,005 - 

CI-AMPA 
0,0017 (baseline) 

0,00255 (plasticity) 
- 

CP-AMPA - 
0,0015 (baseline) 

0,00225 (plasticity) 

NMDA 0,0051 0,0016 

GABA 0,004 0,005 

Autapse GABA - 0,007 
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