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Abstract 

Background/Objectives: The hippocampus exhibits marked functional heterogeneity along its 
dorsoventral axis, with dorsal regions primarily supporting cognitive and spatial processing and 
ventral regions linked to emotional and stress-related functions. This functional gradient is shaped 
by intrinsic circuit properties and neuromodulatory systems, including the endocannabinoid system, 
whose cannabinoid type 1 (CB₁) receptors are abundantly expressed in the hippocampus. Sharp 
wave–ripple (SWR) complexes are highly organized network events that depend on precise 
excitation/inhibition balance and are essential for hippocampal information processing. The present 
study aimed to determine whether cannabinoid receptor activation or modulation influences SWRs 
and associated neuronal activity along the dorsoventral axis of the hippocampus. Methods: 
Extracellular field potentials and multiunit activity were recorded from the stratum pyramidale of 
the CA1 region in acute hippocampal slices obtained from dorsal and ventral segments. Spontaneous 
SWRs were analyzed under control conditions and following application of the CB₁ receptor agonists 
ACEA and WIN55,212-2, the cannabinoid compound cannabidiol (CBD), and the GIRK channel 
blocker tertiapin-Q. SWR incidence, waveform characteristics, and multiunit activity were quantified 
and compared between hippocampal segments. CB1 receptor expression was assessed in dorsal and 
ventral CA3 using Western blot analysis. Results: Baseline recordings revealed pronounced 
dorsoventral differences in SWR dynamics, with ventral hippocampus exhibiting higher SWR rates, 
larger amplitudes, and enhanced neuronal recruitment compared to dorsal hippocampus. In contrast, 
activation of CB₁ receptors by ACEA and WIN55,212-2, as well as application of CBD, did not 
significantly alter SWR occurrence, waveform properties, or associated multiunit activity in either 
hippocampal segment. Similarly, blockade of GIRK channels produced only limited effects, restricted 
to modulation of ripple power, and did not reveal a latent sensitivity of SWRs to cannabinoid receptor 
activation. Notably, CB1 receptor expression in the CA3 region was comparable between dorsal and 
ventral hippocampus. Conclusions: These findings demonstrate that spontaneous SWRs in 
hippocampal slices are robust to acute cannabinoid modulation despite strong CB₁ receptor 
expression. The intrinsic dorsoventral organization of hippocampal network dynamics persists under 
cannabinoid receptor activation, indicating that SWR generation is primarily based on local circuit 
properties rather than fast endocannabinoid signaling. This resistance has important implications for 
understanding how cannabinoids influence hippocampal function in vivo, suggesting that their 
cognitive and behavioral effects are likely mediated through modulation of large-scale network 
interactions rather than direct disruption of intrinsic SWR-generating mechanisms. 

Keywords: hippocampus; dorsoventral; neuromodulation; endocannabinoids; cannabidiol; 
sharp wave—ripples; brain rhythms
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1. Introduction 

Sharp wave–ripples (SWRs) are transient hippocampal population events characterized by a 
large sharp wave in the local field potential (LFP) accompanied by fast ripple oscillations (140–250 
Hz), and represent one of the most synchronous patterns in the mammalian brain [1]. They occur 
predominantly during quiet wakefulness and non-REM sleep and are tightly linked to the 
reactivation of hippocampal neuronal ensembles, thereby supporting memory consolidation and 
hippocampal-cortical communication [1–3]. The generation of SWRs depends on precisely 
coordinated interactions between excitatory inputs, primarily arising from CA3, and local inhibitory 
interneuron networks in CA1. Consequently, even subtle shifts in excitation/inhibition (E/I) balance 
can profoundly alter SWR occurrence and structure, making these events a sensitive index of 
hippocampal network dynamics and neuromodulatory influences. 

The endocannabinoid system constitutes a major neuromodulatory framework regulating 
synaptic transmission, neuronal excitability, and behavior, including cognition, learning, memory, 
and emotional processing [4,5]. Endocannabinoids act primarily through cannabinoid type 1 (CB1) 
receptors, which are abundantly expressed in the hippocampus, predominantly on presynaptic 
terminals of GABAergic interneurons, particularly cholecystokinin-positive basket cells, and, to a 
lesser extent, on glutamatergic terminals [6,7]. CB1 receptors couple mainly to Gi/o proteins and 
modulate multiple intracellular pathways, including inhibition of adenylate cyclase, suppression of 
voltage-gated Ca²⁺ channels, and regulation of G-protein-gated inwardly rectifying K⁺ (GIRK) 
channels. Through these mechanisms, CB1 receptor activation reduces neurotransmitter release and 
dynamically regulates the E/I balance of hippocampal circuits [8,9]. Classical forms of 
endocannabinoid signaling, such as depolarization-induced suppression of inhibition or excitation, 
exemplify this activity-dependent retrograde control of synaptic transmission [10,11]. 

Pharmacological activation of CB1 receptors has been reported to alter hippocampal network 
oscillations associated with cognitive function. In vivo studies have shown that cannabinoids such as 
Δ⁹-tetrahydrocannabinol (THC) and CP55,940 reduce theta and gamma oscillations and impair 
hippocampus-dependent behavior [12]. In vitro studies further indicate that CB1 receptor activation 
can modulate intrinsic hippocampal rhythms, including gamma oscillations and SWRs, likely 
through presynaptic inhibition of excitatory transmission and altered interneuron–pyramidal 
coordination [13–15]. However, the magnitude and consistency of these effects vary across 
experimental conditions, and their dependence on circuit context and analytical approach remains 
incompletely understood. 

In contrast to CB1 receptor agonists, cannabidiol (CBD) is a non-intoxicating phytocannabinoid 
with a more complex and indirect mode of action. CBD exhibits low affinity for the orthosteric CB1 
receptor site but can act as a negative allosteric modulator, reducing the efficacy and potency of CB1 
receptor agonists [16,17]. In addition, CBD interacts with multiple molecular targets, including 5-
HT₁A, TRPV, and GPR55 receptors, thereby exerting context-dependent effects on neuronal 
excitability [18]. Despite its increasing clinical relevance, relatively little is known about how CBD 
influences hippocampal network oscillations, and in particular whether it modulates SWRs directly 
or alters their properties through interactions with CB1-dependent mechanisms. 

An additional and critical dimension in understanding cannabinoid effects on hippocampal 
function is the pronounced functional and anatomical heterogeneity along the dorsoventral 
(septotemporal) axis of the hippocampus. The dorsal hippocampus is primarily involved in spatial 
learning and memory, whereas the ventral hippocampus contributes more strongly to emotional and 
stress-related processes [19–21]. These functional differences are paralleled by distinct connectivity 
patterns, intrinsic excitability, synaptic organization, and E/I balance along the longitudinal axis [22]. 
Such regional specialization gives rise to segment-specific network dynamics, including differences 
in oscillatory activity and short-term neuronal responses. Importantly, SWRs themselves exhibit 
dorsoventral heterogeneity. Both in vivo and in vitro studies have reported differences in SWR 
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incidence, waveform characteristics, and susceptibility to perturbations along the hippocampal axis 
[23–26]. These observations suggest that neuromodulatory systems, including the endocannabinoid 
system, may exert region-specific effects on SWR-generating circuits. Nevertheless, most previous 
studies examining cannabinoid effects on hippocampal oscillations have focused on a single 
hippocampal segment and have not systematically addressed dorsoventral differences. 

Taken together, these considerations raise key unresolved questions: whether cannabinoid 
signaling modulates SWR activity in a segment-specific manner along the hippocampal axis, and 
whether different classes of cannabinoids, such as CB1 receptor agonists and CBD, exert distinct 
effects on SWR dynamics depending on regional circuit properties. Addressing these questions is 
essential for linking cellular and network-level cannabinoid actions to their differential impact on 
cognitive and emotional processes. 

In the present study, we investigated the effects of cannabinoid signaling on SWR activity along 
the dorsoventral axis of the hippocampus. Using extracellular recordings from the CA1 region in 
dorsal and ventral hippocampal slices, we examined how CB1 receptor agonists and CBD influence 
SWR occurrence, waveform properties, and associated neuronal activity. Our aim was to determine 
whether cannabinoid modulation of hippocampal network dynamics is region-specific and to 
elucidate how intrinsic circuit organization interacts with cannabinoid signaling to shape SWR 
activity. 

2. Materials and Methods 

2.1. Experimental Animals and Hippocampal Slice Preparation 

Male Wistar rats were obtained from the Animal Facility of the Medical School of the University 
of Patras (license No: EL-13-BIOexp-04) and housed under controlled environmental conditions (21 
± 1 °C; 12 h light/dark cycle) with ad libitum access to food and water. All procedures were conducted 
in accordance with the European Directive 2010/63/EU. The animal study protocol was approved by 
the Research Ethics Committee of the University of Patras and the Directorate of Veterinary Services 
of the Achaia Prefecture of Western Greece Region (reg. number: 5661/37, 18 January 2021). The 
number of animals used was determined based on power analysis (G*Power software). Animals were 
deeply anesthetized and decapitated, and the brains were rapidly removed and immersed in ice-cold 
(~4 °C) artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 4 KCl, 2 CaCl₂, 2 MgSO₄, 
26 NaHCO₃, 1.25 NaH₂PO₄, and 10 glucose (pH 7.4). 

The hippocampi were dissected, and 500 µm-thick transverse slices were prepared from both 
dorsal and ventral regions using a McIlwain tissue chopper, following established procedures. Slices 
were transferred to an interface-type recording chamber and continuously perfused with ACSF 
equilibrated with 95% O₂ and 5% CO₂ at a flow rate of ~1.5 ml/min. The temperature was maintained 
at 30 ± 0.5 °C, and the chamber atmosphere was humidified with the same gas mixture. Recordings 
were initiated after a recovery period of at least 90 minutes. 

2.2. Electrophysiology and Data Analysis 

Spontaneous field potentials were recorded from the CA1 region of hippocampal slices, with 
electrodes positioned in the stratum pyramidale to monitor population activity and, in selected 
experiments, in the stratum radiatum or CA3 pyramidal layer to assess network interactions. 
Recordings were obtained using carbon fiber electrodes under visual guidance and amplified, band-
pass filtered (0.5 Hz–2 kHz), and digitized at 10 kHz for offline analysis. Spontaneous activity 
consisted of sharp wave–ripple complexes (SWRs) and multiunit activity (MUA). SWRs were 
identified in the CA1 pyramidal layer as large-amplitude events with superimposed high-frequency 
oscillations. Events occurred either in isolation or in clusters, defined as sequences of SWRs separated 
by short inter-event intervals (intra-cluster interval, ~100 ms), identified from inter-event interval 
(IEI) distributions. For SWR analysis, signals were down-sampled to 1 kHz and low-pass filtered at 
35 Hz to isolate the sharp wave component. Events were detected using threshold-based procedures 
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followed by visual verification. The following parameters were quantified: (i) SWR amplitude; (ii) 
inter-event interval (IEI); (iii) probability of cluster occurrence; (iv) ripple peak frequency; (v) ripple 
power. Ripple frequency and power were quantified following spectral analysis of local field 
potentials performed using Fast Fourier Transform (FFT). Power spectra were computed from 
continuous recordings using a Hanning window with a duration of 1.638 s, yielding a frequency 
resolution of approximately 0.61 Hz. Ripple peak frequency was defined as the frequency 
corresponding to the maximum power within the band between 75 and 250 Hz. Ripple power was 
quantified as the peak value of the power spectrum within the ripple range. 

MUA was extracted from band-pass filtered signals (400 Hz–1.5 kHz) and detected using 
threshold-based spike identification with visual confirmation. MUA occurring between SWRs was 
defined as MUA-Base, while MUA occurring during SWRs was defined as MUA-SWR. MUA-Base 
was quantified as firing rate (spikes/s) during inter-SWR periods, whereas MUA-SWR was quantified 
as the peak firing rate derived from peri-event time histograms aligned to SWR peaks. The temporal 
relationship between unit firing and SWR peak was quantified as MUA-Delay. For each slice, SWR 
and MUA parameters were quantified during control conditions, after drug application, and after 
washing out the drug, using stable recording periods (5 last minutes of each period). Drug effects 
were expressed as within-slice changes relative to control. 

The following drugs were used in this study: the potent and highly selective agonist of CB1 
receptors N-(2-Chloroethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide (ACEA), the potent 
aminoalkylindole cannabinoid receptor agonist [(3R)-2,3-dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo [1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenyl-methanone, 
monomethane sulfonate ((+)-WIN 55,212-2 (mesylate)), and the natural cannabinoid Cannabidiol (2-
[(1R,6R)-3-Methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-5-pentyl-1,3-benzenediol, CBD), and 
Tertiapin Q (trifluoroacetate salt, TPN-Q). ACEA and CBD were purchased from Tocris Cookson 
Ltd., UK, WIN 55,212-2 and Tertiapin-Q was purchased from Cayman Chemical Company, USA. 
Also, CBD was kindly provided by Dr. Maria Chalampalaki (Faculty of Pharmacy, National and 
Kapodistrian University of Athens, Greece). 

2.3. Immunoblotting 

To assess CB1 receptor expression along the dorsoventral axis, the CA3 region was isolated from 
dorsal and ventral hippocampal slices and homogenized in 1% SDS containing protease inhibitors. 
Protein concentration was determined spectrophotometrically. Equal amounts of protein (25 µg per 
lane) were separated by SDS-PAGE and transferred onto PVDF membranes. Membranes were 
blocked in 5% non-fat milk in PBST and incubated overnight at 4 °C with primary antibodies against 
CB1 (rabbit monoclonal, 1:1000, Abcam) and β-actin (mouse monoclonal, 1:10000, Thermo Fisher 
Scientific). After washing, membranes were incubated with appropriate HRP-conjugated secondary 
antibodies. Protein bands were visualized using enhanced chemiluminescence and imaged with a 
ChemiDoc MP system (Bio-Rad). Band intensities were quantified using ImageLab software, and CB1 
expression was normalized to β-actin. Data are expressed as the ratio of CB1 to β-actin optical density 
for each sample. 

2.4. Statistics 

The experimental unit in this study was the hippocampal slice. Each slice was exposed to a single 
pharmacological condition, and comparisons were performed between control and drug application 
within the same slice. Data were analyzed using linear mixed-effects models (LMMs) to account for 
repeated measurements within slices. For each dependent variable (SWR and MUA parameters), 
fixed effects included Drug condition (control vs drug), Hippocampal region (dorsal vs ventral), and 
their interaction. A random intercept was included for slice to account for within-slice dependencies. 
The primary effect of interest was the interaction between Drug and Region (dorsal—ventral), 
indicating differential drug effects along the dorsoventral axis. When appropriate, post hoc 
comparisons were performed using estimated marginal means with correction for multiple 
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comparisons. Given the limited number of slices per animal, animal identity was not included as a 
random factor, in line with standard practice in slice electrophysiology studies. Model assumptions 
were assessed by visual inspection of residuals. When necessary, data were log-transformed to 
improve normality and homoscedasticity. For descriptive purposes, within-slice changes (Δ or 
percentage change from control) were also calculated. Diamond plots display the median, 
interquartile range (25th–75th percentiles), mean, 5th and 95th percentiles, and outliers. Comparisons 
between the dorsal and ventral hippocampus across the measured variables were conducted using 
an independent-samples t-test. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Baseline Characteristics of Sharp Wave-Ripples Along the Dorsoventral Hippocampal Axis 

Spontaneous network activity in the CA1 region was characterized by recurrent SWRs recorded 
from the stratum pyramidale, as well as multiunit activity (MUA) occurring either during SWR 
events or independently (Figure 1A,B). Under control conditions, SWR complexes occurred 
intermittently and were readily detected in both dorsal and ventral hippocampal slices (Figure 1A). 
Quantitative analysis, however, revealed pronounced differences in several SWR properties along 
the dorsoventral axis. The inter-event interval (IEI) was significantly shorter in ventral compared 
with dorsal hippocampus (independent samples t-test, p < 0.001), indicating a higher rate of 
spontaneous SWR generation in ventral CA1 (Figure 1D). In contrast, the probability of SWR 
clustering did not differ significantly between regions (p = 0.987), suggesting similar temporal 
grouping of events despite differences in overall occurrence rate. Analysis of SWR waveform 
properties showed that sharp wave amplitude was significantly greater in ventral slices (p < 0.001). 
In addition, both ripple frequency and ripple power were higher in ventral compared to dorsal 
hippocampus (p = 0.045 and p = 0.034, respectively), indicating differences in the fast oscillatory 
component of SWRs along the dorsoventral axis. 

 
Figure 1. Baseline properties of SWRs and associated neuronal activity in dorsal and ventral hippocampus. (A) 
Representative extracellular field recordings from the CA1 stratum pyramidale illustrating spontaneous SWRs 
in dorsal (top) and ventral (bottom) hippocampal slices under control conditions. (B) Example of an individual 
SWR event. Top trace: raw signal (SWR). Middle traces: low-pass filtered signal (35 Hz) showing the sharp wave 
component and band-pass filtered signal (90–250 Hz) showing ripple oscillations. Bottom trace: band-pass 
filtered signal ()0.4—1.5 kHz) revealing multiunit activity (MUA). Calibration bars: 50 µV, 10 ms. (C) 
Representative spectral and temporal characteristics of SWRs. Top: ripple power spectrum. Bottom: peri-event 
time histogram of MUA aligned to the SWR peak. (D) Quantification of SWR and MUA parameters in dorsal 
(blue) and ventral (red) hippocampus, including inter-event interval (IEI), probability of clustered events, sharp 
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wave amplitude, ripple frequency, ripple power, baseline firing rate (MUA-Base), SWR-associated firing rate 
(MUA-SWR), and MUA delay relative to SWR peak (MUA-Delay). Significant differences between dorsal and 
ventral hippocampus are indicated (independent t-test, *p < 0.05, **p < 0.01). 

Baseline neuronal firing was assessed using MUA (Figure 1B,D). MUA recorded outside SWRs 
(MUA-Base) did not differ between dorsal and ventral hippocampus (p = 0.971), indicating 
comparable baseline excitability. In contrast, MUA associated with SWRs (MUA-SWR) was 
significantly higher in ventral slices (p < 0.001), reflecting enhanced neuronal recruitment during SWR 
events. Furthermore, the timing of neuronal firing relative to the SWR peak (MUA-Delay) differed 
significantly between regions (p = 0.038), indicating altered temporal coordination of unit activity 
within SWRs along the dorsoventral axis. 

Taken together, these results demonstrate that SWRs in the ventral hippocampus occur more 
frequently, exhibit larger amplitudes and stronger ripple components, and recruit more robust and 
temporally distinct neuronal firing compared to dorsal hippocampus, while baseline firing rates 
remain comparable between regions. 

These findings are broadly consistent with previous in vitro studies reporting enhanced SWR 
activity and neuronal recruitment in ventral hippocampus [23,26–28]. However, in contrast to in vivo 
studies reporting larger SPW amplitudes in dorsal hippocampus [29,30], the present data show 
greater amplitudes in ventral slices. This discrepancy likely reflects methodological differences, as in 
vivo recordings preserve extrahippocampal inputs and longitudinal hippocampal connectivity, 
whereas transverse slice preparations isolate local circuitry [31,32]. Accordingly, slice recordings 
primarily reflect intrinsic dorsoventral differences in local network dynamics, whereas in vivo 
measurements capture the integrated activity of the longitudinal hippocampal system [29,33]. 

3.2. Effects of ACEA on SWRs and Neuronal Activity 

To investigate the role of CB1 receptor activation in the regulation of hippocampal network 
oscillations, slices were exposed to the selective CB1 agonist ACEA. Activation of CB1 receptors with 
ACEA did not significantly affect any of the examined properties of spontaneous SWRs or associated 
neuronal activity. Linear mixed-model analysis revealed no effect of condition on inter-event interval 
(IEI), cluster probability, sharp wave amplitude, ripple frequency, or ripple power (all p > 0.5) 
(Figures 2 and 3). Similarly, ACEA did not alter baseline multiunit activity (MUA-Base), SWR-
associated firing (MUA-SWR), or the temporal delay of neuronal firing relative to SWR peaks (MUA-
Delay) (all p > 0.2). No significant condition × region interactions were observed for any parameter 
(all p > 0.7), indicating that CB1 receptor activation did not differentially affect dorsal and ventral 
hippocampal slices. In contrast, significant main effects of hippocampal segment were consistently 
observed for several variables, including IEI, SWR amplitude, and MUA measures (all p < 0.05), 
confirming robust dorsoventral differences in baseline network activity. 

3.3. Effects of WIN 55,212-2 on SWRs and Neuronal Activity 

Application of WIN 55,212-2 did not significantly alter SWR properties or neuronal firing 
(Figures 4 and 5). No significant effects of condition were observed on IEI, cluster probability, 
amplitude, MUA-Base, MUA-SWR, or MUA-Delay (all p > 0.5), and no condition × region interactions 
were detected (all p > 0.4). Significant main effects of hippocampal segment persisted for several 
parameters, including IEI, amplitude, and MUA-SWR (all p < 0.05), indicating that dorsoventral 
differences in network dynamics remained unaffected by WIN. Due to incomplete observations in 
some condition × region combinations, ripple frequency and ripple power were not suitable for full 
factorial evaluation in this dataset. 
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Figure 2. Effects of the CB1 receptor agonist ACEA on SWRs and MUA in dorsal hippocampus. (A) 
Representative extracellular recordings from CA1 stratum pyramidale under control conditions (top), during 
ACEA application (middle), and after washout (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) Quantification of 
SWR properties across conditions. (B) Inter-event interval (IEI). (C) Sharp wave amplitude. No significant effects 
of ACEA were observed. (D) Peri-event time histograms of MUA aligned to SWR peak under control (left), 
ACEA (middle), and washout (right) conditions. (E–G) Quantification of neuronal activity parameters. (E) 
Baseline firing rate (MUA-Base). (F) SWR-associated firing rate (MUA-SWR). (G) MUA delay relative to SWR 
peak (MUA-Delay). No significant effects of ACEA were detected for any parameter. Statistical analysis was 
performed using LMM (Control vs ACEA). 
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Figure 3. Effects of the CB1 receptor agonist ACEA on SWRs and MUA in ventral hippocampus. (A) 
Representative extracellular recordings from CA1 stratum pyramidale under control conditions (top), during 
ACEA application (middle), and after washout (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) Quantification of 
SWR properties across conditions. (B) Inter-event interval (IEI). (C) Sharp wave amplitude. No significant effects 
of ACEA were observed. (D) Peri-event time histograms of multiunit activity (MUA) aligned to SWR peak under 
control (left), ACEA (middle), and washout (right) conditions. (E–G) Quantification of MUA. (E) Baseline firing 
rate (MUA-Base). (F) SWR-associated firing rate (MUA-SWR). (G) MUA delay relative to SWR peak (MUA-
Delay). No significant effects of ACEA were detected for any parameter. Statistical analysis was performed using 
LMM (Control vs ACEA). Washout data are shown for completeness but were not included in statistical 
comparisons. 

 

Figure 4. Effects of the cannabinoid receptor agonist WIN55,212-2 on SWRs and MUA in dorsal hippocampus. 
(A) Representative extracellular recordings from CA1 stratum pyramidale under control conditions (top), during 
WIN55,212-2 application (middle), and after washout (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) 
Quantification of SWR properties across conditions. (B) Inter-event interval (IEI). (C) Sharp wave amplitude. No 
significant effects of WIN55,212-2 were observed. (D) Peri-event time histograms of multiunit activity (MUA) 
aligned to SWR peak under control (left), WIN55,212-2 (middle), and washout (right) conditions. (E–G) 
Quantification of neuronal activity parameters. (E) Baseline firing rate (MUA-Base). (F) SWR-associated firing 
rate (MUA-SWR). (G) MUA delay relative to SWR peak (MUA-Delay). No significant effects of WIN55,212-2 
were detected for any parameter. Statistical analysis was performed using LMM (Control vs WIN55,212-2). 
Washout data are shown for completeness but were not included in statistical comparisons. 

3.4. Effects of Vehicle (DMSO) on SWRs and Neuronal Activity 

Because CBD was dissolved in DMSO, we first assessed whether the vehicle itself affects 
spontaneous network activity. Application of DMSO did not significantly alter any of the examined 
SWR or MUA parameters (Figures 6 and 7). No significant main effects of condition were observed 
for IEI, cluster probability, amplitude, ripple frequency, ripple power, MUA-Base, MUA-SWR, or 
MUA-Delay (all p > 0.25), and no condition × region interactions were detected. In contrast, significant 
dorsoventral differences persisted for several parameters, including IEI, cluster probability, ripple 
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power, and MUA-SWR (all p < 0.05), confirming that vehicle application does not interfere with the 
intrinsic organization of hippocampal network activity. 

 

Figure 5. Effects of the cannabinoid receptor agonist WIN55,212-2 on SWRs and MUA in ventral hippocampus. 
(A) Representative extracellular recordings from CA1 stratum pyramidale under control conditions (top), during 
WIN55,212-2 application (middle), and after washout (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) 
Quantification of SWR properties across conditions. (B) Inter-event interval (IEI). (C) Sharp wave amplitude. No 
significant effects of WIN55,212-2 were observed. (D) Peri-event time histograms of multiunit activity (MUA) 
aligned to SWR peak under control (left), WIN55,212-2 (middle), and washout (right) conditions. (E–G) 
Quantification of MUA parameters. (E) Baseline firing rate (MUA-Base). (F) SWR-associated firing rate (MUA-
SWR). (G) MUA delay relative to SWR peak (MUA-Delay). No significant effects of WIN55,212-2 were detected 
for any parameter. Statistical analysis was performed using LMM (Control vs WIN55,212-2). Washout data were 
not included in statistical comparisons. 

3.5. Effects of Cannabidiol (CBD) on Hippocampal Sharp Wave–Ripples 

We next examined whether the CBD influences hippocampal network oscillations associated 
with SWRs. CBD did not significantly affect SWR dynamics or neuronal activity when compared with 
vehicle (DMSO). LMM analysis revealed no significant effect of condition on IEI, cluster probability, 
amplitude, ripple frequency, ripple power, MUA-Base, MUA-SWR, or MUA-Delay (all p > 0.08) 
(Figures 6 and 7). No significant condition × region interactions were observed for any parameter, 
indicating that CBD did not differentially influence dorsal and ventral hippocampal activity (Figures 
6 and 7). These findings indicate that CBD does not modulate spontaneous SWRs or associated 
neuronal firing under the present experimental conditions. 

3.6. Effects of TPN-Q on SWR and Neuronal Activity 

To assess the contribution of GIRK-dependent conductances to hippocampal network dynamics, 
TPN-Q was applied prior to cannabinoid receptor activation. TPN-Q did not significantly affect IEI, 
SWR amplitude, ripple frequency, MUA-Base, MUA-SWR, or MUA-Delay (all p > 0.5) (Figures 8 and 
9), and no condition × region interactions were observed. In contrast, TPN-Q significantly increased 
ripple power (p = 0.003), indicating a selective effect on the high-frequency oscillatory component of 
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SWRs. These results suggest that GIRK channel activity contributes to the modulation of ripple 
oscillations without significantly affecting SWR occurrence or neuronal recruitment. 

 

Figure 6. Effects of vehicle (DMSO) and cannabidiol (CBD) on SWRs and MUA in dorsal hippocampus. (A) 
Representative extracellular recordings from CA1 stratum pyramidale under control conditions (top), during 
application of DMSO (second trace), CBD (third trace), and after washout (bottom). Calibration bars: 50 µV, 0.5 
s. (B–C) Quantification of SWR properties across conditions. (B) Inter-event interval (IEI). (C) Sharp wave 
amplitude. Neither DMSO nor CBD produced significant effects. (D) Peri-event time histograms of multiunit 
activity (MUA) aligned to SWR peak under control, DMSO, CBD, and washout conditions. (E–G) Quantification 
of neuronal activity parameters. (E) Baseline firing rate (MUA-Base). (F) SWR-associated firing rate (MUA-SWR). 
(G) MUA delay relative to SWR peak (MUA-Delay). No significant effects of DMSO or CBD were detected for 
any parameter. Statistical analysis was performed using LMM (Control vs DMSO and Control vs CBD); washout 
data were not included in statistical comparisons. 

3.7. Effects of WIN on SWR and Neuronal Activity in the Presence of TPN-Q 

To determine whether GIRK channel blockade modifies the effects of cannabinoid receptor 
activation, WIN 55,212-2 was applied in the presence of TPN-Q. Under these conditions, WIN did 
not significantly affect any of the examined properties of spontaneous SWRs or associated neuronal 
activity. LMM analysis revealed no significant effect of condition on inter-event interval (IEI), sharp 
wave amplitude, ripple frequency, or ripple power (all p > 0.5) (Figures 8 and 9). Similarly, WIN did 
not alter baseline multiunit activity (MUA-Base), SWR-associated neuronal firing (MUA-SWR), or 
the temporal delay of neuronal firing relative to SWR peaks (MUA-Delay) (all p > 0.4) (Figures 8 and 
9). No significant condition × region interactions were observed for any parameter, indicating that 
GIRK channel blockade does not unmask or modify the effects of WIN in either dorsal or ventral 
hippocampus. In contrast, significant main effects of hippocampal segment persisted for several 
parameters, including SWR amplitude, ripple power, and MUA-SWR (all p < 0.05), confirming robust 
dorsoventral differences in network activity that were not influenced by the combined application of 
TPN-Q and WIN. 
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Figure 7. Effects of vehicle (DMSO) and cannabidiol (CBD) on SWRs and associated neuronal activity in ventral 
hippocampus. (A) Representative extracellular recordings from CA1 stratum pyramidale under control 
conditions (top), during application of DMSO (second trace), CBD (third trace), and after washout (bottom). 
Calibration bars: 50 µV, 0.5 s. (B–C) Quantification of SWR properties across conditions. (B) Inter-event interval 
(IEI). (C) Sharp wave amplitude. Neither DMSO nor CBD produced significant effects. (D) Peri-event time 
histograms of multiunit activity (MUA) aligned to SWR peak under control, DMSO, CBD, and washout 
conditions. (E–G) Quantification of neuronal activity parameters. (E) Baseline firing rate (MUA-Base). (F) SWR-
associated firing rate (MUA-SWR). (G) MUA delay relative to SWR peak (MUA-Delay). No significant effects of 
DMSO or CBD were detected for any parameter. Statistical analysis was performed using LMM (Control vs 
DMSO and Control vs CBD). Washout data were not included in statistical comparisons. 
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Figure 8. Effects of GIRK channel blockade with TPN-Q and subsequent application of WIN55,212-2 on SWRs 
and associated neuronal activity in dorsal hippocampus. (A) Representative extracellular recordings from CA1 
stratum pyramidale under control conditions (top), during TPN-Q application (middle), and after subsequent 
application of WIN55,212-2 (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) Quantification of SWR properties 
across conditions. (B) Inter-event interval (IEI). (C) Sharp wave amplitude. TPN-Q produced no significant 
effects on SWR properties, and subsequent application of WIN55,212-2 did not alter these parameters. (D) Peri-
event time histograms of MUA aligned to SWR peak under control (left), TPN-Q (middle), and WIN55,212-2 
(right) conditions. (E–G) Quantification of neuronal activity parameters. (E) Baseline firing rate (MUA-Base). (F) 
SWR-associated firing rate (MUA-SWR). (G) MUA delay relative to SWR peak (MUA-Delay). TPN-Q produced 
only minor, non-significant changes, and no additional effects were observed following WIN55,212-2 
application. Statistical analysis was performed using LMM (Control vs TPN-Q and TPN-Q vs WIN55,212-2). 

3.8. CB1 Receptor Expression is Comparable Between Dorsal and Ventral Hippocampus 

Notably, the lack of detectable effects of CB1 receptor agonists on SWR activity, despite 
comparable receptor expression, further suggests that CB1-mediated signaling does not play a major 
role in the regulation of spontaneous SWRs under these conditions. To this end, we performed 
Western blot analysis to compare CB1 receptor levels in dorsal and ventral hippocampus. 
Quantitative analysis revealed no significant difference in CB1 receptor expression between dorsal 
and ventral hippocampal samples (paired t-test, t = −0.31, p = 0.772; Figure 10). These findings indicate 
that the functional differences in SWR dynamics along the dorsoventral axis are unlikely to arise from 
differences in the overall abundance of CB1 receptors. Instead, they may reflect region-specific 
variations in receptor localization, circuit organization, or downstream signaling mechanisms. 

 

Figure 9. Effects of GIRK channel blockade with TPN-Q and subsequent application of WIN55,212-2 on SWRs 
and MUA in ventral hippocampus. (A) Representative extracellular recordings from CA1 stratum pyramidale 
under control conditions (top), during TPN-Q application (middle), and after subsequent application of 
WIN55,212-2 (bottom). Calibration bars: 50 µV, 0.5 s. (B–C) Quantification of SWR properties across conditions. 
(B) Inter-event interval (IEI). (C) Sharp wave amplitude. TPN-Q produced no significant effects on SWR 
properties, and subsequent application of WIN55,212-2 did not alter these parameters. (D) Peri-event time 
histograms of MUA aligned to SWR peak under control (left), TPN-Q (middle), and WIN55,212-2 (right) 
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conditions. (E–G) Quantification of MUA parameters. (E) Baseline firing rate (MUA-Base). (F) SWR-associated 
firing rate (MUA-SWR). (G) MUA delay relative to SWR peak (MUA-Delay). TPN-Q produced only limited, 
non-significant effects, and no additional effects were observed following WIN55,212-2 application. Statistical 
analysis was performed using LMM (Control vs TPN-Q and TPN-Q vs WIN55,212-2). 

 

Figure 10. Comparable CB1 receptor expression in CA3 dorsal and ventral hippocampal region. Representative 
Western blot showing CB1 receptor immunoreactivity (~50 kDa) in dorsal (D) and ventral (V) hippocampal 
samples, with β-actin (~46 kDa) used as loading control (top). Lane labels indicate individual samples from 
dorsal and ventral hippocampus. Quantification of CB1 protein levels (normalized to β-actin) revealed no 
significant difference between dorsal and ventral hippocampus. Data are presented as individual samples from 
corresponding rats, with distributions illustrated using box plots. 

4. Discussion 

The present study demonstrates that spontaneous SWR activity in hippocampal slices exhibits 
pronounced dorsoventral differences but is largely resistant to acute pharmacological manipulation 
of the endocannabinoid system. Across all tested conditions, including selective CB1 receptor 
activation (ACEA), non-selective cannabinoid receptor activation (WIN 55,212-2), CBD, and GIRK 
channel blockade, no significant changes were observed in SWR occurrence, waveform properties, or 
associated neuronal firing. In contrast, robust and consistent differences between dorsal and ventral 
hippocampus were evident across multiple parameters, including SWR rate, amplitude, ripple 
characteristics, and MUA recruitment. These findings indicate that, under baseline in vitro 
conditions, SWR-generating circuits operate largely independently of acute cannabinoid modulation, 
while their intrinsic dorsoventral organization remains a dominant determinant of network 
dynamics. 

Previous studies have reported that cannabinoid receptor activation suppresses hippocampal 
oscillations and disrupts SWRs, reducing their incidence, ripple power, and associated neuronal 
recruitment (Robbe et al., 2006; Maier et al., 2012; Sun et al., 2012; Kim et al., 2024). In contrast, the 
present study did not detect significant effects of CB1 receptor activation or CBD on SWR properties. 
This apparent discrepancy may reflect, at least in part, differences in analytical approaches and 
pharmacological specificity. In several previous reports, the observed cannabinoid-induced changes 
appear relatively modest in magnitude and may depend on statistical sensitivity, as paired 
comparisons can enhance detection of small within-slice effects compared to more conservative 
models such as the linear mixed approach used here, which explicitly accounts for between-slice 
variability. In addition, studies employing endogenous cannabinoids such as anandamide may 
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involve activation of multiple targets beyond CB1 receptors, including TRPV1 channels (Sun-2012), 
leading to more complex and variable network effects. Thus, previously reported alterations in SWR 
dynamics may arise from a combination of CB1-dependent and non-canonical mechanisms, as well 
as from differences in analytical sensitivity. Overall, the present findings suggest that intrinsic SWR-
generating circuits are relatively resistant to acute cannabinoid modulation. 

A central finding of this study is the persistence of strong dorsoventral differences in SWR 
dynamics across all experimental conditions. Ventral hippocampus exhibited higher SWR rates, 
larger amplitudes, and stronger neuronal recruitment, consistent with previous in vitro work [23–
26]. These differences likely reflect intrinsic variations in circuit organization, synaptic dynamics, and 
excitation–inhibition balance along the hippocampal axis. Importantly, these regional characteristics 
were not modified by cannabinoid receptor activation or GIRK channel blockade, suggesting that the 
mechanisms underlying dorsoventral specialization operate independently of acute 
endocannabinoid signaling. This reinforces the view that SWR dynamics are primarily governed by 
structural and synaptic properties of local circuits, rather than by fast neuromodulatory control. 

Blockade of GIRK channels with TPN-Q produced only limited effects on SWR dynamics, with 
the exception of a selective modulation of ripple power. This finding suggests that GIRK-dependent 
conductances may contribute to the fine-tuning of high-frequency oscillatory synchronization, 
without playing a major role in SWR generation or neuronal recruitment. Notably, in a previous 
study (Trompoukis et al., 2020), GIRK blockade increased SWR rate in the dorsal hippocampus and 
enhanced the probability of clustered events, indicating a role in the temporal organization of 
network activity. The absence of such effects in the present dataset may reflect differences in 
analytical approach, as well as the lack of cluster analysis, which was previously identified as a 
sensitive parameter for GIRK-dependent modulation. Interestingly, GIRK blockade did not reveal 
any latent sensitivity of SWRs to cannabinoid receptor activation, as combined application of TPN-Q 
and WIN also failed to alter SWR or MUA parameters. This indicates that the lack of cannabinoid 
effects observed in this study is not simply due to masking by GIRK-mediated mechanisms. 

Western blot analysis showed comparable levels of CB1 receptor expression in dorsal and 
ventral hippocampal CA3, indicating that the observed dorsoventral differences in SWR dynamics 
are not attributable to differences in receptor abundance. Instead, they are more likely related to 
regional differences in circuit architecture, synaptic organization, or downstream signaling 
pathways. Notably, similar dissociation between receptor expression and functional output has been 
reported in CA1 hippocampal circuits, where CB1 receptor levels were comparable between dorsal 
and ventral regions despite pronounced differences in network excitability and short-term neuronal 
dynamics (Tsotsokou et al., 2025), suggesting that dorsoventral functional specialization of 
cannabinoid signaling is primarily determined by circuit-level and intracellular mechanisms rather 
than receptor density per se. 

Taken together, these findings suggest that CB1 receptor expression alone is not sufficient to 
predict functional modulation of network activity, particularly in the context of intrinsically 
generated oscillations such as SWRs. SWRs are widely implicated in memory consolidation, replay, 
and hippocampal—cortical communication [1,34–36]. Disruption of SWRs by cannabinoids has been 
proposed as a mechanism underlying cannabinoid-induced memory impairment [12,14]. The present 
findings suggest that such effects may depend critically on network state and circuit context, and may 
not arise from direct suppression of intrinsic SWR-generating mechanisms. Instead, cannabinoid-
induced alterations in memory may involve modulation of input pathways, network coordination, 
or large-scale brain dynamics, rather than local SWR generation per se. This distinction is important 
for understanding how cannabinoids influence hippocampal function in vivo and for interpreting 
their cognitive and behavioral effects. 

5. Conclusions 

In summary, our results demonstrate that spontaneous SWRs in hippocampal slices are robust 
to acute cannabinoid modulation, despite clear dorsoventral differences in network dynamics and 
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comparable CB1 receptor expression. These findings highlight the resilience of intrinsic hippocampal 
circuits and suggest that cannabinoid effects on memory-related activity are likely mediated through 
mechanisms beyond local SWR generation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ACEA N-(2-Chloroethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide 
ACSF Artificial cerebrospinal fluid 
CBD Cannabidiol 
CB1 Cannabinoid receptor type 1 
E/I Excitation/Inhibition balance 
FFT Fast Fourier Transform 
GIRK G-protein-gated inwardly rectifying potassium channels 
IEI Inter-event interval 
LFP Local field potential 
LMM Linear mixed-effects model 
MUA Multiunit activity 
MUA-Base Baseline multiunit activity 
MUA-Delay Delay of multiunit activity relative to SWR peak 
MUA-SWR SWR-associated multiunit activity 
SWR Sharp wave–ripple 
TPN-Q Tertiapin-Q 

WIN 55,212-2 
[(3R)-2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-
1-naphthalenylmethanone 
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