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Highlights 

What are the main findings? 

• Sharp wave–ripples (SWRs) exhibit sex- and region-dependent differences along the 
hippocampal dorsoventral axis. 

• Females show higher SWR recurrence in dorsal hippocampus, whereas males display stronger 
SWR-locked neuronal firing in both dorsal and ventral segments, with reduced ripple power in 
ventral CA1. 

What are the implications of the main findings? 

• Sex-dependent tuning of SWR initiation and neuronal recruitment suggests distinct excitation–
inhibition regimes in male and female hippocampal circuits. 

• These network-level differences provide a mechanistic framework linking hippocampal 
oscillations to sex-biased patterns in cognition, stress processing, and affective disorders. 

Abstract 

Sharp wave-ripples (SWRs) are transient hippocampal population events that coordinate neuronal 
ensemble activity and play a central role in memory consolidation and affective processing. Although 
SWRs exhibit marked functional specialization along the dorsoventral axis of the hippocampus, and 
many of the cellular mechanisms underlying SWRs are sex sensitive, systematic comparisons of SWR 
properties between females and males are lacking. Here, we examined sex- and region-dependent 
differences in SWRs and associated multiunit activity (MUA) in acute hippocampal slices from adult 
female and male rats. Spontaneous SWRs were recorded from the CA1 stratum pyramidale of dorsal 
and ventral hippocampus, and SWR amplitude, frequency, ripple oscillation properties, and SWR-
locked neuronal firing were quantified. In the dorsal hippocampus, females exhibited a significantly 
higher SWR occurrence rate than males, whereas SWR amplitude was similar between sexes. In 
contrast, SWR-locked MUA was significantly higher in males, despite their lower SWR frequency. In 
the ventral hippocampus, females and males showed comparable SWR amplitude and frequency; 
however, males again displayed enhanced SWR-locked MUA, accompanied by reduced ripple 
power. Baseline MUA did not differ between sexes in either hippocampal region, indicating that sex-
related effects were specific to the SWR state. These findings demonstrate that SWRs are regulated in 
a sex- and region-dependent manner, with dissociable effects on event recurrence, oscillatory 
structure, and neuronal recruitment. We propose that sex-sensitive mechanisms, including 
GABAergic interneuron function, steroid hormone signaling, and intrinsic and synaptic excitability, 
differentially tune SWR initiation and pyramidal cell recruitment along the dorsoventral axis. Our 
results reveal previously unrecognized dimensions of hippocampal network organization providing 
a mechanistic framework for understanding how sex-dependent circuit properties may shape 
hippocampal contributions to cognition and affective regulation and highlight the importance of 
incorporating sex as a fundamental biological variable in studies of hippocampal network dynamics.  
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1. Introduction 

Sharp wave–ripples (SWRs) are transient, population events generated by the coordinated 
activity of hippocampal neuronal ensembles, and they consist of a large-amplitude sharp wave 
originating primarily in CA3 recurrent circuitry and a superimposed ripple oscillation (∼120–200 Hz) 
in CA1 [1]. Their excitatory output influences widespread cortical and subcortical targets and is 
thought to support key operations of episodic memory, systems consolidation, planning, and 
decision making, by supporting the reactivation of experience-dependent neuronal assemblies 
during sleep and awake immobility [1–3]. Disrupting SWRs impairs learning and adaptive behavior, 
underscoring their central role in hippocampal information processing. Mechanistically, generation 
of SWRs depends on the interaction of strong CA3 recurrent excitation, fast perisomatic inhibition by 
parvalbumin (PV)-containing interneurons, and additional synchronizing factors such as gap 
junctions [4,5]. Despite this rich literature, the overwhelming majority of SWR studies have used male 
rodents, and there is, to our knowledge, a complete absence of systematic comparisons of SWR 
properties between females and males in dorsal versus ventral hippocampus, either in vivo or in 
vitro.  

The hippocampus is functionally and anatomically organized along its longitudinal 
(dorsoventral) axis. The dorsal (septal/posterior in human) segment of the hippocampus 
preferentially supports spatial and cognitive aspects of memory, whereas the ventral (temporal, 
anterior in human) hippocampus is more engaged in affective processing, stress regulation, and 
anxiety through its strong connectivity with the amygdala, hypothalamus, and medial prefrontal 
cortex [6–10]. Importantly, several studies indicate that ventral hippocampal manipulations affect 
anxiety-like behavior in a sex-dependent manner: ventral hippocampal inhibition or lesions 
modulate anxiety-like responses in male, but not necessarily female, mice, and androgen-dependent 
mechanisms shape excitability in ventral hippocampus-nucleus accumbens circuits [11,12].  

Importantly, this functional gradient is reflected at the level of network physiology. Both in vivo 
[13–16] and in vitro [17–21] studies support dorsoventral specialization of SWRs. Dorsal SWRs are 
tightly linked to spatial memory replay and interactions with neocortical networks, whereas ventral 
SWRs show preferential coupling with limbic targets such as the amygdala and nucleus accumbens, 
consistent with a role in emotional and motivational processing [13,22]. Notably, recent work has 
demonstrated that ventral hippocampal SWRs can selectively reactivate stress-associated neuronal 
ensembles after aversive experience and causally influence stress susceptibility, highlighting ventral 
SWRs as key physiological substrates for affective regulation [22]. Together, these data establish 
dorsoventral differences in SWR properties function as a fundamental organizing principle of 
hippocampal network activity, indicating that SWR-generating circuits operate under distinct 
regimes along the hippocampal axis. Given that SWRs constitute the main offline population pattern 
through which hippocampal networks communicate with these downstream targets [1], it is highly 
plausible that SWR dynamics in dorsal and ventral hippocampus differ between sexes, yet this has 
not been tested. At the circuit level, SWR generation critically depends on precise inhibitory control, 
particularly from parvalbumin-positive (PV) and somatostatin-positive (SST) interneurons that 
synchronize pyramidal cell firing during ripple oscillations [5]. Variations in interneuron 
composition, intrinsic excitability, and receptor expression along the dorsoventral axis are therefore 
expected to profoundly shape SWR dynamics. Crucially, many of the cellular and synaptic 
mechanisms that govern SWRs are sex-sensitive.  

Gonadal steroids, particularly estrogens, modulate hippocampal excitability, and inhibitory 
transmission. Estrogen receptors are expressed in hippocampal pyramidal cells and interneurons, 
and estradiol has been shown to regulate PV interneuron function, perineuronal net integrity, and 
high-frequency network oscillations such as gamma rhythms [23,24]. In mice, the adolescent 
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trajectory of PV and GAD67 expression in hippocampal CA1/CA3 is steeper in females than males, 
with PV levels correlating positively with circulating estradiol; ovariectomy blunts this 
developmental increase, whereas estradiol replacement restores it [25,26]. Recent work demonstrates 
that gephyrin phosphorylation is crucial for the sexually dimorphic development and function of PV 
interneurons in hippocampus, with disruption of gephyrin signaling abolishing normal sex 
differences in PV cell density and leading to sex-specific cognitive impairments [27]. At the same 
time, estrogens exert rapid and long-term effects on hippocampal GABAergic inhibition and 
structural plasticity. Reviews and experimental work show that estradiol modulates inhibitory 
synapse density, GABAA receptor function, and the balance between excitation and inhibition in a 
sex- and region-dependent manner [28–30]. Structural plasticity studies further demonstrate estrous-
cycle–linked fluctuations in dendritic spines and neurogenesis in hippocampus, with clear sex 
differences in the magnitude and direction of estrogen effects [31,32]. Because SWR initiation and 
ripple timing depend critically on interneuron-mediated inhibition and the fine-tuning of E/I balance, 
these sexually dimorphic GABAergic and estrogen-sensitive processes are a strong mechanistic 
reason to expect sex-related differences in SWRs along the dorsoventral axis.  

Despite this strong mechanistic rationale, direct comparative evidence on SWRs in males and 
females is remarkably sparse. The vast majority of SWR studies have been conducted in male animals, 
and sex is often unreported or unexamined as a biological variable. To date, no study has 
systematically compared SWR properties between males and females, and none have done so with 
explicit dorsoventral resolution. This absence of data is particularly striking in light of the robust 
dorsoventral differences in SWR dynamics and the well-established sex differences in hippocampal 
circuitry and neuromodulatory systems. The lack of sex-comparative SWR data is especially 
consequential given pronounced sex differences in behavior and psychopathology linked to ventral 
hippocampal function. Anxiety disorders, post-traumatic stress disorder, and major depression are 
more prevalent in women than in men, with differences in symptom profiles, stress sensitivity, and 
disease trajectory [33–35]. Experimental studies further demonstrate sex-dependent differences in 
fear learning, fear generalization, and stress-induced hippocampal plasticity—processes that 
critically involve ventral hippocampal-amygdala circuits [36,37]. Recent rodent studies have also 
examined sex differences in limbic oscillatory activity in anxiety paradigms: for example, sex-
dependent patterns of amygdalo–hippocampal oscillations and neuronal recruitment are seen in 
elevated plus maze and following infralimbic deep brain stimulation, suggesting that limbic network 
synchronization differs between males and females during anxiogenic conditions [38]. Human 
MEG/EEG studies report gender differences in hippocampal–parietal theta and gamma modulation 
during navigation and memory tasks, consistent with the idea that large scale hippocampal network 
dynamics are sexually differentiated [39,40]. Because ventral SWRs have been causally implicated in 
stress-related ensemble reactivation and affective regulation, sex differences in SWR dynamics 
represent a reasonable, yet unexplored, neurophysiological substrate for these behavioral biases.  

In summary, converging lines of evidence demonstrate that SWRs differ fundamentally between 
dorsal and ventral hippocampus, the cellular and synaptic mechanisms underlying SWRs are 
strongly modulated by sex-dependent factors, and the behavioral domains linked to ventral 
hippocampal function exhibit pronounced sex differences in both physiology and pathology. Yet, 
comparative analyses of SWRs across sex and hippocampal axis are essentially absent. Addressing 
this gap is necessary to achieve a comprehensive understanding of hippocampal network function 
and may provide critical insights into the circuit-level mechanisms underlying sex-biased 
vulnerability to stress-related disorders. A systematic, sex-informed characterization of SWRs in 
dorsal and ventral hippocampus would therefore fill a critical gap in our understanding of 
hippocampal network physiology. It would also provide a much-needed mechanistic framework 
connecting sex differences in inhibitory circuitry, neuromodulation, synaptic plasticity, and affective 
behavior to the population events that regulate hippocampal output. This, in turn, could help explain 
sex-biased vulnerability and resilience to psychiatric disorders and inform the development of sex-
specific biomarkers and interventions grounded in hippocampal network dynamics. 
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2. Materials and Methods 

2.1. Animals and Hippocampal Slice Preparation 

Transverse hippocampal slices (550 µm thick) were obtained from 3–4-month-old female and 
male Wistar rats housed in the Laboratory of Experimental Animals, Department of Medicine, 
University of Patras. Animals were maintained under stable temperature (20–22 °C) and a 12:12 h 
light-dark cycle with ad libitum access to food and water. All procedures complied with EU Directive 
2010/63/EU and were approved by institutional and regional authorities (reg. no. 187531/626, 
26/06/2018). Following deep anaesthesia with diethyl ether and decapitation, brains were quickly 
removed and placed in ice-cold oxygenated artificial cerebrospinal fluid (ACSF). Slices were prepared 
from the dorsal and ventral hippocampus (0.5–3.5 mm from each end) and transferred to an interface 
chamber perfused with ACSF (containing, in mM: 124 NaCl, 4 KCl, 2 CaCl2, 2 MgSO4, 26 NaHCO3, 
1.25 NaH2PO4 and 10 glucose, equilibrated with 95% O2 and 5% CO2 gas mixture at pH=7.4) at 
30 ± 0.5 °C. Slices were continuously humidified with a mixed gas consisting of 95% O2 and 5% CO2. 
After at least 90 minutes of recovery, electrophysiological recordings were initiated. 

2.2. Electrophysiology and Data Acquisition 

Spontaneous field potentials were recorded from the stratum pyramidale of the CA1 
hippocampal field, using carbon fiber electrodes 7 µm-thick (Kation Scientific, Minneapolis, USA). 
Signal was acquired and amplified X500 and then filtered at 0.5 Hz–2 kHz using Neurolog systems 
(Digitimer Ltd, UK), consisting of AC preamplifier (NL 104A with NL 100AK headstage), AC/DC 
amplifier (NL 106) and band pass filter (NL 125/6). Analog signal was digitized at 10 kHz using a 
CED 1401-plus interface and the Spike software (Cambridge Electronic Design, Cambridge, UK), 
then, stored on a computer disk for off-line analysis using the same software. Activity consisted of 
sharp waves ridden by multiunit activity (MUA) (Figure 1). Events of SWRs were quantified by 1) 
their amplitude measured as the voltage difference between the positive peak and the baseline. 2) the 
duration of single SWR events measured as the time interval between the two points of the positive 
phase that intersect the baseline. 3) the inter-event interval (IEI) measured as the time between 
successive individual SWRs. Measures of SWRs were performed after original records were down 
sampled (at 1 kHz) and low-pass filtered at 35 Hz. Then, individual events were detected after setting 
a threshold at a level where all putative events were identified as verified by visual inspection as 
previously described [17]. Multiunit activity (MUA) was revealed in band-pass filtered records (at 
400 Hz-1.5 kHz) and was detected by setting a threshold level at a value that all putative events (i.e., 
negative spikes) were identified as verified by visual inspection, as previously described [17]. MUA 
occurred between events of SWRs SWRs is called MUA-Base, and during SWRs SWRs called MUA-
SWR. We quantified both MUA-Base and MUA-SWR by its frequency of occurrence (Hz). MUA-Base 
was measured by the frequency of MUA at steady state between consecutive events of SWRs. We 
measured MUA-SWR by the maximum frequency of MUA in peri-event histograms between SWRs 
and MUA, where we used the positive peaks of low-pass filtered SWRs SWRs as reference events 
(Figure 1D).  
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Figure 1. Representative sharp wave–ripples (SWRs) recorded from the stratum pyramidale of the CA1 
hippocampal region. A. Raw local field potential (LFP) recording showing multiple SWR events (upper trace). 
The middle trace shows the same signal band-pass filtered in the ripple range (90–200 Hz), revealing the ripple 
oscillations. The lower trace shows the signal band-pass filtered (0.4 – 1.5 kHz), revealing multiunit activity 
(MUA). B. Example of a single SWR event. The raw signal was low-pass filtered (<30 Hz) to isolate the sharp 
wave component (upper trace), band-pass filtered (100–200 Hz) to reveal the ripple oscillation (middle trace), 
and high-pass filtered (0.4 – 1.5 kHz) to extract the associated MUA (bottom trace). C. Power spectrum (Fourier 
transform) of the LFP signal showing the characteristic ripple-band peak around ~150 Hz. An example of a ripple 
oscillation is shown in the inset. D. Peri-event time histogram of MUA aligned to the sharp wave peak. 
Horizontal lines indicate the time windows used to quantify MUA during SWRs (MUA-SWR) and baseline MUA 
occurring outside SWRs (MUA-Base). 

2.3. Statistical Analysis 

Comparisons between two groups were performed using the independent t-test. The 
assumption of equal variances and normal distribution of data was evaluated using Levene’s test and 
the Shapiro–Wilk test, respectively. Each hippocampal slice was considered an independent 
experimental unit. Data are expressed as mean ± S.E.M. Diamond plots depict the median and 
interquartile range (25th to 75th percentiles; diamond-shaped box), mean (thick line), 5th and 95th 
percentiles (whiskers), and individual data points (superimposed). The number of slices is reported 
throughout the text. Statistical analyses were performed based on the number of slices. All analyses 
were conducted using IBM SPSS Statistics version 27.  
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3. Results 

3.1. Higher Frequency of SWRs in Female than Male Dorsal Hippocampus  

We recorded spontaneously occurring SWRs and MUA from the CA1 stratum pyramidale of the 
dorsal and ventral female and male hippocampus. From these recordings, we quantified three types 
of activity: sharp waves, ripple oscillation, and multiunit activity occurring either during events of 
SWRs (SWR-MUA) or between events of SWRs (baseline MUA, Figure 1). Considering that SWRs 
display different organizational properties between the dorsal and the ventral hippocampus 
[17,18,20,21], we compared them between the two sexes separately for each segment of the 
hippocampus. In the dorsal hippocampus, we found that SWRs display similar amplitude in females 
and males (Figure 2A,B,C). However, SWRs occurred with significantly higher frequency in female 
than male dorsal hippocampus (Figure 1A,D,E), suggesting a sex-related difference in the 
mechanisms that control the recurrency of SRW activity.  

 

Figure 2. Comparison of sharp wave–ripples (SWRs) between female and male dorsal hippocampus. A. 
Representative local field potential recordings from dorsal hippocampal slices obtained from a female (left) and 
a male (right) rat. B. Five-minute time course showing the amplitude of SWRs recorded from the dorsal 
hippocampus of female (pink) and male (blue) rats, demonstrating comparable SWR amplitudes between sexes. 
C. Diamond plots (left) and distribution histograms (right) of SWR amplitudes recorded from the dorsal 
hippocampus of female and male rats. D. Five-minute time course of inter-event interval (IEI), showing that 
SWRs occur at a higher rate (shorter IEI) in the dorsal hippocampus of female rats compared with males. E. 
Diamond plots (left) and distribution histograms (right) of IEI values from the dorsal hippocampus of female 
and male rats. The asterisk indicates a statistically significant sex-related difference in IEI (Mann–Whitney test, 
p < 0.05). Data are shown as mean ± SEM in time-course plots; individual data points are overlaid in diamond 
plots. 

3.2. Higher SWR-Locked Multiunit Firing in Male than Female Dorsal Hippocampus  

To determine whether sex-related differences extend beyond SWR occurrence to neuronal 
recruitment during SWRs, we compared MUA recorded during SWRs (MUA-SWR) and during inter-
event periods (baseline MUA; MUA-Base) in the dorsal hippocampus of females and males. Peri-
event time histograms revealed robust increases in MUA time-locked to the sharp wave peak in both 
sexes (Figure 3A). Quantitative analysis showed that baseline MUA frequency did not differ 
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significantly between females and males (Figure 3C, left panel). In contrast, MUA-SWR frequency 
was significantly higher in males than in females (Figure 3C, right panel; Mann–Whitney test, p < 
0.05), indicating a sex-related difference in the degree of neuronal firing recruited during SWRs in the 
dorsal hippocampus. Analysis of ripple oscillation parameters showed no significant sex differences 
in ripple peak frequency or ripple power in the dorsal hippocampus (Figure 3D). Thus, in dorsal 
hippocampus, males exhibit enhanced SWR-locked neuronal firing without accompanying changes 
in ripple frequency or power. 

 
Figure 3. Comparison of ripple oscillations and multiunit activity (MUA) between female and male dorsal 
hippocampus. A. Peri-event time histograms of MUA aligned to the sharp wave peak from dorsal hippocampal 
slices of a female (left) and a male (right) rat. B. Power spectra of local field potentials recorded from the dorsal 
hippocampus of female (left) and male (right) rats, illustrating ripple-band activity. C. Diamond plots showing 
the frequency of baseline MUA (MUA-Base; left) and SWR-associated MUA (MUA-SWR; right) recorded from 
the dorsal hippocampus of female (pink) and male (blue) rats. D. Diamond plots summarizing ripple power 
(left) and ripple peak frequency (right) in the dorsal hippocampus of female and male rats. Asterisks indicate a 
statistically significant sex-related difference in MUA-SWR frequency (Mann–Whitney test, p < 0.05). Individual 
data points are overlaid in diamond plots. 

3.3. Similar Amplitude and Frequency of SWRs in Female and Male Ventral Hippocampus  

We next examined whether sex-related differences in SWR properties were also present in the 
ventral hippocampus. Spontaneously occurring SWRs were recorded from ventral hippocampal 
slices of female and male rats (Figure 4A). Analysis of sharp wave amplitude revealed no significant 
differences between females and males, as shown by both time-course plots and cumulative 
distributions (Figure 4B,C). Similarly, comparison of inter-event interval (IEI) demonstrated that 
SWR occurrence rate did not differ between sexes in the ventral hippocampus (Figure 4D,E). Thus, 
unlike the dorsal hippocampus, the ventral hippocampus exhibited no sex-related differences in 
either SWR amplitude or frequency, indicating comparable generation and recurrence of SWRs in 
females and males in this hippocampal segment. 
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Figure 4. Comparison of SWRs between female and male ventral hippocampus. A. Representative continuous 
local field potential recordings from ventral hippocampal slices obtained from a female (left) and a male (right) 
rat. B. Five-minute time course of SWR amplitude recorded from the ventral hippocampus of female (pink) and 
male (blue) rats, showing comparable amplitudes between sexes. C. Diamond plots (left) and distribution 
histograms (right) of SWR amplitudes from ventral hippocampal slices of female and male rats. D. Five-minute 
time course of inter-event interval (IEI), indicating similar SWR occurrence rates in the ventral hippocampus of 
female and male rats. E. Diamond plots (left) and distribution histograms (right) of IEI values from ventral 
hippocampal slices of female and male rats. Data indicate no significant sex-related differences in SWR 
amplitude or IEI in the ventral hippocampus. Data are shown as mean ± SEM in time-course plots; individual 
data points are overlaid in diamond plots. 

3.4. Higher SWR-Locked Multiunit Firing but Reduced Ripple Power in Male than Female Ventral 
Hippocampus  

Although SWR amplitude and frequency were similar between sexes in the ventral 
hippocampus, we next assessed whether neuronal recruitment and ripple properties differed. Peri-
event histograms showed prominent MUA increases time-locked to SWRs in both females and males 
(Figure 5A). Quantitative analysis revealed that baseline MUA frequency did not differ significantly 
between sexes (Figure 5C, left panel). In contrast, MUA-SWR frequency was significantly higher in 
males than in females (Figure 5C, right panel; Mann–Whitney test, p < 0.05), indicating enhanced 
SWR-associated neuronal firing in the male ventral hippocampus. Analysis of ripple oscillations 
revealed a significant reduction in ripple power in males compared with females (Figure 5D, left 
panel), whereas ripple peak frequency did not differ between sexes (Figure 5D, right panel). Thus, in 
the ventral hippocampus, males exhibit increased SWR-locked neuronal firing despite reduced ripple 
power. 
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Figure 5. Comparison of ripple oscillations and multiunit activity (MUA) between female and male ventral 
hippocampus. A. Peri-event time histograms of MUA aligned to the sharp wave peak from ventral hippocampal 
slices of a female (left) and a male (right) rat. B. Power spectra of local field potentials recorded from the ventral 
hippocampus of female (left) and male (right) rats, illustrating ripple-band activity. C. Diamond plots showing 
the frequency of baseline MUA (MUA-Base; left) and SWR-associated MUA (MUA-SWR; right) recorded from 
the ventral hippocampus of female (pink) and male (blue) rats. Asterisk indicates a statistically significant sex-
related difference in MUA-SWR frequency. D. Diamond plots summarizing ripple power (left) and ripple peak 
frequency (right) in the ventral hippocampus of female and male rats. Individual data points are overlaid. 
Statistical comparisons were performed using the Mann–Whitney test (p < 0.05). 

4. Discussion 

In the present study, we provide the first systematic comparison of SWRs and associated MUA 
between females and males along the dorsoventral axis of the hippocampus, and reveals pronounced, 
sex dependent differences that are themselves region specific along the dorsoventral axis of the adult 
rat hippocampus. Specifically, the principal findings are the following. In dorsal CA1, females 
showed a significantly higher frequency of SWRs than males, despite comparable sharp wave 
amplitude, whereas in ventral CA1 SWR amplitude and occurrence rate did not differ between sexes. 
In contrast, SWR locked MUA was higher in males than females in both dorsal and ventral 
hippocampus, while baseline MUA between SWRs showed smaller or no sex differences. Moreover, 
in ventral CA1, males combined stronger SWR locked MUA with reduced ripple power relative to 
females. Together, these results reveal a novel pattern: female dorsal hippocampus supports more 
frequent SWRs generated from apparently smaller neuronal populations, whereas male 
hippocampus, especially the ventral segment, generates fewer or similarly frequent SWRs that recruit 
more neurons with somewhat degraded ripple structure. These findings add a sex dimension to the 
well established dorsoventral specialization of SWR dynamics. 

4.1. Mechanisms Underlying Sex-Dependent SWR Differences 

The higher SWR frequency observed in the dorsal hippocampus of females suggests sex-related 
differences in the mechanisms underlying SWR initiation and recurrence. SWR generation depends 
critically on recurrent excitation in CA3 and the excitability of CA3–CA1 circuitry [1]. Sex differences 
in glutamatergic transmission and intrinsic neuronal excitability are well documented in 
hippocampus and are strongly modulated by gonadal steroids, particularly estrogens [28,41]. These 
effects could lower the threshold for SWR initiation or shorten the recovery period between 
successive events, leading to a higher event rate in females. The absence of sex differences in SWR 
amplitude indicates that once an SWR is generated, the magnitude of population depolarization is 
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comparable between sexes, suggesting that sex-dependent mechanisms primarily influence event 
recurrence rather than event strength. 

A central finding of this study is that males exhibit higher SWR-locked neuronal firing than 
females in both dorsal and ventral hippocampus, despite equal or lower SWR rates and, in ventral 
hippocampus, reduced ripple power. SWR-locked firing reflects the temporal precision and strength 
of neuronal recruitment during the ripple cycle and depends critically on fast perisomatic inhibition 
mediated by parvalbumin-positive (PV) interneurons [4,5]. Sex differences in PV interneuron 
development, density, and function have been reported in hippocampus and are shaped by gonadal 
steroids during adolescence [25,26]. More recently, gephyrin phosphorylation has been identified as 
a key organizer of sexually dimorphic PV interneuron development and function in CA1, with 
disruption of gephyrin signaling abolishing normal sex differences in PV cell density and producing 
sex- and task-specific cognitive deficits [31,32]. 

Within this framework, higher MUA-SWR in males may reflect tighter excitation–inhibition 
coupling during SWRs, promoting stronger spike synchronization even when ripple power is not 
increased. The lack of robust sex differences in baseline MUA supports the conclusion that these 
effects are specific to the SWR state and do not reflect global differences in excitability. In the ventral 
hippocampus, males exhibited higher SWR-locked firing together with reduced ripple power. 
Ventral hippocampal SWRs differ fundamentally from dorsal SWRs in their organization, intrinsic 
conductances, and neuromodulatory sensitivity [17,18,20,21]. Reduced ripple power in males may 
reflect altered synchronization of inhibitory networks or differences in dendritic current 
contributions, while preserved or enhanced MUA-SWR suggests efficient recruitment of spiking 
within a narrower temporal window. This dissociation highlights that ripple power and neuronal 
recruitment can be independently regulated and emphasizes the importance of analyzing multiple 
SWR features in parallel. 

4.2. Functional Implications 

SWRs constitute the primary population events through which hippocampal networks 
communicate with downstream cortical and subcortical targets [1]. Sex- and region-dependent 
differences in SWR rate, ripple structure, and SWR-locked firing are therefore expected to influence 
how information is transmitted to neocortical and limbic circuits. In the dorsal hippocampus, higher 
SWR frequency in females may support more frequent replay of spatial or contextual information, 
whereas stronger SWR-locked firing in males may enhance the impact or precision of individual 
replay events. These network-level differences may relate to reported sex biases in spatial strategies, 
pattern separation, and contextual memory, which have been linked to sex-specific plasticity and 
neurogenesis along the dorsoventral axis [42]. 

In the ventral hippocampus, SWRs have been causally linked to stress-related ensemble 
reactivation and affective regulation [13,22]. Sex differences in SWR-associated firing and ripple 
organization may therefore contribute to sex-biased vulnerability to anxiety and mood disorders. 
Epidemiological studies consistently report higher prevalence of anxiety and depression in women 
[33,34], and experimental work demonstrates sex-dependent hippocampal–amygdala network 
dynamics during stress and anxiety [8,38]. Although the present study was conducted in vitro, the 
observed sex-specific SWR signatures provide a plausible circuit-level substrate for these behavioral 
differences. 

4.3. Limitations and Future Directions 

This study was conducted in hippocampal slices, allowing precise dissection of intrinsic circuit 
mechanisms but excluding long-range inputs and acute hormonal fluctuations. Future in vivo 
approaches are required to determine whether the sex-dependent SWR differences observed here 
generalize to freely behaving animals across sleep-wake states. Also, future work should explicitly 
examine hormonal modulation of SWRs across the cycle to distinguish organizational from 
activational effects of sex steroids [28–30]. Mechanistically, future studies should combine SWR 
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recordings with targeted manipulation of PV and SST interneurons, intrinsic conductances, and 
NMDA receptor signaling, which exhibits sex-dependent features in hippocampus [28–30,43]. 
Extending sex- and region-resolved SWR analyses to disease models characterized by sex-biased 
prevalence, such as anxiety disorders, depression, schizophrenia, fragile X syndrome, and 
Alzheimer’s disease, may also reveal whether pathological processes selectively disrupt SWR 
dynamics in one sex or hippocampal segment [20,44]. 

5. Conclusions 

In conclusion, our findings demonstrate that SWRs are regulated in a sex- and region-dependent 
manner along the hippocampal dorsoventral axis. Females exhibit higher SWR recurrence in dorsal 
hippocampus, whereas males show enhanced SWR-locked neuronal firing in both dorsal and ventral 
hippocampus, accompanied by reduced ripple power in ventral circuits. These results reveal 
previously unrecognized dimensions of hippocampal network organization and underscore the 
necessity of incorporating sex as a biological variable in studies of hippocampal population 
dynamics. By linking sex-dependent circuit mechanisms to SWR physiology, this work provides a 
foundation for understanding sex-biased differences in cognition and affective behavior. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

SWR sharp wave-ripple 
MUA multiunit activity 
MUA-SWR SWR-associated multiunit activity 
MUA-Base Baseline multiunit activity (outside SWRs) 
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IEI inter-event interval 
LFP local field potential 
PV parvalbumin (interneurons) 
SST somatostatin (interneurons) 
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