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Abstract

A spontaneous mutation of the disrupted in schizophrenia 1 (Disc1) gene is carried by the 129S 

inbred mouse strain. Truncated DISC1 protein in 129S mouse synapses impairs the scaffolding of 

excitatory postsynaptic receptors and leads to progressive spine dysgenesis. In contrast, C57BL/6 

inbred mice carry the wild-type Disc1 gene and exhibit more typical cognitive performance in 

spatial exploration and executive behavioral tests. Because of the innate Disc1 mutation, adult 

129S inbred mice exhibit the behavioral phenotypes of outbred B6 Disc1 knockdown (Disc1−/−) 

or Disc1-L-100P mutant strains. Recent studies in Disc1−/− and L-100P mice have shown that 

impaired excitation-driven interneuron activity and low hippocampal theta power underlie the 

behavioral phenotypes that resemble human depression and schizophrenia. The current study 

compared the firing rate and connectivity profile of putative neurons in the CA1 of freely 

behaving inbred 129S and B6 mice, which have mutant and wild-type Disc1 genes, respectively. 

In cognitive behavioral tests, 129S mice had lower exploration scores than B6 mice. Furthermore, 

the mean firing rate (FR) for 129S putative pyramidal (pyr) cells and interneurons (int) was 

significantly lower than that for B6 CA1 neurons sampled during similar tasks. Analysis of pyr/int 

connectivity revealed a significant delay in synaptic transmission for 129S putative pairs. Sampled 

129S pyr/int pairs also had lower detectability index scores than B6 putative pairs. Therefore, the 

spontaneous Disc1 mutation in the 129S strain attenuates the firing of putative pyr CA1 neurons 

and impairs spike timing fidelity during cognitive tasks.
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INTRODUCTION

The hippocampus is the brain region responsible for the processing of instantaneous memory 

during active recollection (Cho et al., 2012; Godsil et al., 2013; Li et al., 2015; Peyrache et 

al., 2012; Terada et al., 2017). In the CA1, excitatory synapses are formed on the dendritic 

spines of pyramidal (pyr) cells, and their plasticity is required for memory formation and 

retrieval (Bosch et al., 2014; Chazeau and Giannone, 2016; Hlushchenko et al., 2016; Lai 

and Ip, 2013; Nakahata and Yasuda, 2018; Penny and Gold, 2018; Penzes et al., 2011; 

Phillips and Pozzo-Miller, 2015; Stein et al., 2015). Therefore, genetic mutations or factors 

(environmental and chemical) that lead to spine dysgenesis in the CA1 produce significant 

cognitive symptoms that are associated with several developmental neuropsychiatric and 

degenerative neurological disorders.

The 129S and C57BL/6 mouse strains are among the most commonly used inbred strains 

in neuroscience research. Several transgenic mouse lines outbred from these parent strains 

are used to study synaptic plasticity, cognition, and neural circuits in the hippocampus-

cortical circuits (and other circuits). Although these two strains have distinct genotypes 

and phenotypes, the 129S strain carries mutations that have profound effects on synaptic 

structure, plasticity, and cognitive performance. Notably, spontaneous mutation of the 

disrupted in schizophrenia 1 (Disc1) gene—which encodes DISC1, a structural protein at the 

excitatory postsynaptic density—results in behavioral phenotypes that recapitulate human 

schizophrenia and depression symptoms. In contrast, C57BL/6 mice carry the wild-type 

Disc1 gene and have typical (wild-type) behavioral phenotypes.

Spontaneous mutation of the Disc1 gene in 129S mice or engineered Disc1 knockout in 

the C57BL/6 strain (B6:Disc1 mut) truncates the primary structure of the DISC1 protein, 

thus significantly impairing excitatory ionotropic and metabotropic glutamate receptor 

scaffolding at the postsynaptic density in the cognitive centers (Gomez-Sintes et al., 2014; 

Koike et al., 2006; Malavasi et al., 2018; Teng et al., 2018; Tomoda et al., 2016; Tropea et 

al., 2018; Tropea et al., 2016; Wang et al., 2011; Wexler and Geschwind, 2011; Zheng et 

al., 2011). Therefore, Disc1 innate mutation in the 129S strain or induced mutation in B6 

outbred strains (Disc1 knock-in, knockdown, L100P) leads to a progressive loss of excitation 

and spine dysgenesis in the cognitive centers (Gomez-Sintes et al., 2014; Koike et al., 2006; 

Kvajo et al., 2008; Lee et al., 2011; Malavasi et al., 2018; Shao et al., 2017; Wu et al., 2013).

Although Disc1 mutation primarily affects excitatory synapses, evidence suggests that 

the connectivity and firing rate of inhibitory γ-aminobutyric acid (GABA) neurons are 

influenced by abnormal DISC1 protein signaling. Genetic ablation of the Disc1 gene in B6 

mice leads to mossy fiber axonal mistargeting in the CA1, impaired GABAergic signaling, 

diminished counts of fast-spiking interneurons, and impaired inhibitory postsynaptic current 

in the hippocampus (Mesbah-Oskui et al., 2015; Sauer et al., 2015). Because of the broad 

effects of DISC1 protein on excitatory and inhibitory synaptic activity, various types of 

Disc1 loss of function have been associated with the dysregulation of local hippocampal 

excitation, place cell function, and other related cognitive processes. Specifically, decreased 

resolution of the place field of CA1 place cells, suppressed hippocampal theta power, and 

erroneous gamma oscillations have been identified in other Disc1 mutants but not the 
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129S strain (Mesbah-Oskui et al., 2015; Sauer et al., 2015). Together, the dysregulation of 

hippocampal (pyramidal) place cell firing and brain oscillations indicate a possible change in 

the pyramidal cell activation of interneurons in CA1 cognitive processes (Brown et al., 2020; 

Rebollo et al., 2018; Scheffer-Teixeira and Tort, 2016; Tiesinga et al., 2001).

Although the 129S inbred strain (with spontaneous Disc1 mutation) and outbred B6 

Disc1 mutant strains show similar behavioral/synaptic phenotypes, previous studies on 

hippocampal function have focused on outbred B6 Disc1 mutants. This research focus has 

created a major gap in the interpretation of neural circuit and computational outcomes of 

studies involving 129S mice and associated outbred strains (Clapcote and Roder, 2006; 

Gomez-Sintes et al., 2014). The current study provides evidence of the dysregulation of 

putative pyr cell firing and excitation-driven interneuron (int) activity in the CA1 in freely 

behaving 129S mice. Suppression of the putative pyramidal firing rate occurred across the 

intervals of hippocampal-dependent spatial exploration tasks and cortex-linked executive 

tasks (object exploration and sociability tasks). The mean firing rates of putative pyr cells 

in 129S CA1 ensembles were markedly lower than those of C57BL/6 pyramidal cells in 

similar tasks. Ultimately, analysis of pyr cell-interneuron pairs in 129S and C57BL/6 CA1 

revealed a lower fidelity of spike timing for 129S putative pairs. These network changes 

were accompanied by lower exploratory propensity and sociocognitive decline in the 129S 

inbred strain.

METHODS

Experimental animals

C57BL/6 (JAX:000664) and 129S (JAX:002448) breeding pairs were acquired from 

Jackson Laboratories (Bar Harbor, ME, United States). Mice were housed in a temperature-

controlled environment at 22 ± 1°C with alternating 12-hour light and dark cycles. Food 

and water were provided ad libitum. Mice without implants were housed in groups of five 

per cage. Animals with neural implants were housed individually to prevent damage to the 

neural probes. Occasionally (two or three times per week), the animals interacted with other 

mice in laboratory settings to mitigate social isolation. All procedures performed in this 

study were approved by the Institutional Animal Care and Use Committee of the Louisiana 

State University School of Veterinary Medicine.

Genotyping of the Disc1 mutation in the 129S strain

Tail tissue (2 mm) was collected from postnatal day 15 mice (129S and C57BL/6) and 

lysed with DirectPCR lysis reagent (#101-T, Viagen biotech). 1 μg of DNA in crude lysate 

containing Dreamtaq green PCR master mix (#K1081, Thermo Scientific) was amplified in 

a thermocycler. Subsequently, 10 μL of the PCR product was electrophoresed at a constant 

voltage of 100 V for 30 mins through ethidium bromide-stained 1% agarose gel. The 

incubation reaction conditions for the Disc1 primers, 5′-TAG CCA CTC TCA TTG TCA 

GC-3′ (forward) and 3′-CTC CAT CCC TTC CAC TCA GC-5′(reverse) were obtained 

from the literature (Gomez-Sintes et al., 2014). A 25-bp deletion mutant allele (129S) 

and the wild-type allele (C57BL/6) were distinguished by bands at 179 bp and 196 bp, 

respectively (Figure 1A).
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Spine dysgenesis and transmission electron microscopy (TEM)

Spine dysgenesis, a notable phenotype in 129S CA1 synapses, was visible by TEM on 

postnatal day 60 (Figure 1B). Tissue processing and imaging for TEM were as previously 

described (Ogundele and Lee, 2018; Shrestha et al., 2019). In brief, microdissected 

hippocampus tissue was fixed in a mixture of 1.6% paraformaldehyde, 2.5% glutaraldehyde, 

and 0.03% CaCl2 in 0.05 M cacodylate buffer (pH 7.4). Rapid fixation was performed for 

2 h at room temperature and thereafter at 4°C. In-block staining of the hippocampus was 

performed with 2% uranyl acetate. Subsequently, the tissue was dehydrated in alcohol and 

polymerized for 24 h at 60°C. Images were acquired with a JEOL 1400 TEM microscope 

equipped with a GATAN digital camera. Typical synapses were identified by the presence of 

presynaptic vesicles, postsynaptic density, and postsynaptic mitochondria.

Electrode implantation

Adult 129S (n=4) and C57BL/6 mice (n=4) weighing ~25 gm were used for this study. 

Mice were anesthetized through intraperitoneal injection of a ketamine/xylazine cocktail 

(100 mg/kg and 10 mg/kg, respectively). After the plane of anesthesia was established, a 

toe pinch test was performed to verify the absence of sensation. Mice were fixed on a 

multi-rail stereotactic frame (Kopf Instruments, CA) for craniotomy procedures. The AP 

(−1.94 mm) and ML (1.2 mm) coordinates of the hippocampus were determined with 

an ultrafine hydraulic micromanipulator (1 μm resolution, Narishige, Japan). A 2 mm 

× 2 mm craniotomy was performed on the skull at this location. A ground screw was 

positioned in the occipital bone and connected to a ground wire. With a probe holder 

mounted on a hydraulic micromanipulator, four-channel microelectrode arrays (Microprobes 

Life Sciences, MD) or four-channel silicon probes (Neuronexus, MI) were positioned 

dorsoventrally in the CA1 pyramidal layer at 1.1 mm depth (DV) from the pial surface 

of the brain. Before the implantation, neural probes were connected to a pre-amplifier head 

stage tethered to a recording controller (Intantech, USA). This allowed for the detection of 

spontaneously evoked neural spikes in the CA1 with the upper and lower cut-off frequencies 

set at 300 Hz and 5,000 Hz, respectively. After the final depth was established, the location 

of the electrode contact site was adjusted by ±50 μm, along the DV axis to optimize 

the detection of extracellular spikes. With the probes in position, the ground wire and 

craniotomy were covered with orthodontic resin. Adequate postoperative care was given. 

After 7 days of recovery, the fidelity of the electrode channels was determined through 

sample recordings and impedance measurements. For all viable channels, the impedance 

ranged from 0.5 to 5 megΩ. On average, the implanted electrodes were structurally stable 

and recorded reliable impedance scores for ~6 months (Figure 1C). For this experiment, we 

used recordings obtained no more than 4 months after the electrode implantation. At the end 

of the experiments, the electrode implantation tract (recording site) was verified with DAPI 

fluorescence (Figure 1D–E).

Behavioral tasks with in vivo electrophysiology—Mice were acclimated to the 

behavioral testing room and an open field chamber for 5 days before the behavioral tests. 

Behavioral testing session data were acquired and analyzed in Ethnovision XT15 (Noldus) 

software. Baseline cognitive performance was determined in a set of naïve B6 (n=7) and 

129S (n=6) mice without cranial implants. A separate set of B6 (n=4) and 129S (n=4) 
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mice with long-term implants were tethered for neural recording during modified behavioral 

tasks. For all behavioral tasks, mice with implants were acclimated to the testing chamber 

with tethers and head stage connections (Figure 1C).

Spatial exploration of an open field:  Mice were placed in an open field and explored the 

chamber for 5 minutes. During the exploration task, the velocity (cm/s) and distance covered 

(cm) by the mice were detected with behavioral tracking software (Ethovision XT15, 

Noldus). For mice with neural implants, extracellular spikes were recorded throughout the 

300-sec duration of the test. Because 129S mice are generally less active than B6 mice, 

behavioral parameters for the test duration were rendered in 30-sec bins to detect the periods 

of exploratory activity. In subsequent analysis, three 30-sec bins with exploratory events 

were selected for the 129S mice. Analysis of the putative unit change in firing rate (ΔFR, 

spikes/sec) during exploration of an open field was performed with neural spikes sampled 

around the selected active periods (90 sec). To determine the mean firing rate (Hz) of 

putative neurons in spatial exploration events, we sampled neural spikes for intervals with 

>10 sec of continuous movement at a speed of ~1.5 cm/s, over a 15-sec duration.

Novel object recognition test and object exploration:  B6 and 129S mice without neural 

implants explored an open field chamber (5 mins) with similar objects (x1 and x2) located at 

two separate positions (A, B). After a 25 minute intertrial time, a novel object (y) replaced 

the familiar object (x2) at position (B) for the acquisition trial (5 minutes). Here, we 

determined the count of object contacts for x1/A and y/B. For executive memory function 

(object recognition), we expected that the mice would show a preference for the novel 

object. For mice with neural implants/tethers, 30-sec bins with an exploratory speed of 

~1.5 cm/s were selected for the analysis of putative unit ΔFR (spikes/sec). Furthermore, the 

mean FR (Hz) of putative units was determined from spike events sampled during intervals 

with at least four object exploration events. An object exploration event was defined as 

a combination of a 5-sec interval before object contact, nose-point reaching for an object 

(~3–5 sec), and a 5 sec interval sec after withdrawal of the noise-point.

Sociability test:  A three-chambered test was used to assess social interaction behavior 

in B6 and 129S mice without neural implants. After each mouse acclimated to the test 

chamber, a stranger mouse (S1) was placed in one of the holding compartments. For 

sociability tests, we expected that normal mice would show a preference for the stranger 

mouse rather than the empty chamber (E).

CA1 extracellular voltage recording in mice with implants was performed in a modified 

sociability test. A single holding compartment containing a stranger mouse (S1) was 

positioned in the middle of the test chamber. As described above, social interaction 

was defined as nose-point reaching for the stranger mouse in the holding compartment. 

Neural recording and sociability tests for B6 and 129S mice were performed for 300 sec. 

The velocity of movement was also assessed in 30-sec bins to determine intervals with 

exploratory activity for 129S mice. For subsequent analysis of ΔFR for putative units, 30-sec 

bins with a ~1.5 cm/s velocity were selected for the less active 129S mice. However, for 

the assessment of the mean FR of putative units, a social contact event was determined as 

follows: 5 sec before social contact, social contact period (~3–5 sec), and 5 sec after social 
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contact (~15 sec). For a 300 sec test, intervals with at least four social contact events were 

used to determine the mean FR scores.

Summary of experimental sessions:  The combined behavioral task and in vivo 
electrophysiology sessions used in this study were as follows: 129S_mouse 1 (spatial: 

4, object exploration: 3, sociability: 3), 129S_mouse 2 (spatial: 2, object exploration: 3, 

sociability: 3), 129S_mouse 3 (spatial: 2, object exploration: 3, sociability: 2), 129S_mouse 

4 (spatial: 3, object exploration: 5, sociability: 4), C57BL/6_mouse 1 (spatial: 2, object 

exploration: 4, sociability: 0), C57BL/6_mouse 2 (spatial: 2, object exploration: 7, 

sociability: 2), C57BL/6_mouse 3 (spatial: 3, object exploration: 6, sociability: 3), and 

C57BL/6_mouse 4 (spatial: 3, object exploration: 0, sociability: 3).

Spike sorting and single unit detection—Extracellular spikes (μV) were continuously 

sampled from the CA1 of B6 and 129S mice during behavioral tasks. In Plexon Offline 

Spike Sorter (OFSS), extracellular spikes were pre-processed with a Butterworth filter 

(300–5,000 Hz) to remove anatomical drift and local field potential artifacts. Single unit 

clustering of the recorded spike was performed with principal component analysis (PCA) 

to detect putative neurons (single units). To improve the signal-to-noise ratio, we used an 

amplitude discrimination step in the OFSS. A lower peak crossing threshold of 5× the 

root mean square was set for each electrode channel to eliminate noise and cross-channel 

artifact spikes (Chung et al., 2017; Quiroga, 2012; Swindale et al., 2017). Where necessary, 

unsorted spikes were manually invalidated in the OFSS. Because more than one putative 

unit was detected on each electrode channel, spikes were further discriminated against based 

on the interspike interval (ISI). Thus, for two spikes to be assigned to the same putative 

unit, an ISI >1 ms was necessary. This step accounted for the refractory period in action 

potential and prevented ISI violation (Chung et al., 2017; Quiroga, 2012). Post-processing 

overlap analysis (splitting and merging) was performed in Spikesorter software (Swindale et 

al., 2017). Subsequently, waveforms of clustered units were inspected across all channels. 

Viable units were accepted based on the autocorrelogram and crosscorrelogram plots, firing 

rate, and ISI distribution. Putative pyr cells had peaked autocorrelograms, whereas int had 

troughed autocorrelograms in plots of the number of events per unit time with 0.5 ms 

bin resolution. Through ISI characterization methods, extracellular action potentials were 

characterized as spikes (two spikes in >7 ms) or bursts (two or three spikes in <7 ms).

Statistics

Statistical analyses were performed in Neuroexplorer and OriginPro 2021b software. 

Kolmogorov-Smirnov tests were performed to determine the normality of the data set 

(α=0.05). Mann-Whitney U tests or T-tests were used to compare behavioral task 

performance or electrophysiological outcomes for B6 and 129S mice. Kruskal-Wallis 

ANOVA or one-way ANOVA was performed to compare the putative unit mean firing 

rate and CCH connectivity lag across the three behavioral tasks. Repeated measures 

ANOVA and chi-square (chi-sq) tests were performed to determine whether the change in 

firing rate (ΔFR) and the velocity (Δcm/s) were significant for consecutive experimental 

intervals (bins). Correlations between electrophysiological parameters were determined 
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with Pearson’s (r) method. A two-tailed test of significance (α=0.05) was used. Pearson’s 

correlation outcomes are presented as marginal histograms.

RESULTS

Experimental intervals for CA1 recording in freely behaving mice

The putative neuron firing rate was determined in two ways for each behavioral task. First, 

a change in firing rate (ΔFR, spikes/sec) was determined for putative neurons during the 

exploratory behavior associated with each task. Second, task-specific events such as object 

or social contact were used as references for determining the mean FR (Hz) of putative 

units. A 300-sec task duration is standard in rodent cognitive-behavioral tests (Brown et al., 

2020; Kaidanovich-Beilin et al., 2011; Wolf et al., 2016). Although the B6 mice routinely 

performed behavioral tasks and explored the test chambers, the 129S mice were less 

active. Thus, to assess the exploration propensity and ΔFR of putative units during spatial 

exploration, object exploration, and social interaction tests, we assessed task performance in 

30-sec bins to detect the periods of behavioral activity for 129S mice (ten bins). For 129S 

mice, three bins (90 sec) with ~1.5 cm/s exploration velocity were selected. To determine the 

ΔFR, we further segmented selected bins with exploratory activity (three bins or 90 sec) into 

six 15-sec bins.

Because of the irregular exploratory behavior of 129S mice, the mean FR (Hz) of putative 

neurons was determined from intervals that contained at least four task-specific events. 

The following events were considered for the behavioral tasks: (i) Spatial exploration: 
continuous movement at a velocity ~1.5 cm/s for ~10 sec over a 15-sec duration. At least 

four events were detected for a typical 129S mouse in an open field test session. (ii) 

Object exploration: the time of nose-point exploration of an object (T0) was used as the 

reference with 5 sec before and 5 sec after the reference event. (iii) Social contact: the 

time of nose-point exploration of stranger mouse holding compartment (T0) was taken as 

the reference with 5 sec before and 5 sec after the reference event. Movie 1 and Movie 2 

demonstrate chronic neural recording in a freely behaving mouse during spatial and object 

exploration tasks. Here, center-body tracking was used to plot the animal trail (time lag, 10 

sec).

Characterization of B6 and 129S CA1 putative pyr and int units

The viability of electrode channels positioned in the CA1 was determined with impedance 

measurements and the identification of neuronal ensembles detected on electrode channels 

(Figure 2A). Single unit clusters were detected with PCA of continuously recorded CA1 

extracellular spikes. Figure 2A shows samples of putative unit clusters detected in a mouse 

CA1 10 days and 30 days after electrode implantation (day 0). To distinguish between 

putative pyr cells and int, the shape of the autocorrelogram (ACG, 0.5 ms bin), firing rate 

(Hz) distribution of the putative units, ISI range scores, and waveform shapes were used. 

Putative units with distinct ACG peaks at 0 ms followed by a rapid decay (50 ms) were 

characterized as putative pyr cells (Figure 2B). Int ACGs showed a distinct trough at 0 ms, 

with sustained activity (Figure 2C). Interneurons were further distinguished from pyramidal 

cells by higher FR scores and the absence of complex spiking (Figure 2D; p<0.0001). 
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Putative units identified as pyr cells (B6: n=332, 129S: n=194) exhibited a mean FR of ~5 

Hz, whereas the int FR ranged from 8 to 40 Hz (B6: n=590, 129S: n=495). In addition, 

putative int exhibited significantly lower ISI than the pyr cells in B6 (Figure 2E, p<0.0001) 

and 129S (Figure 2F, p<0.0001) CA1 neuronal ensembles. Notably, the 129S pyr and int 

mean ISI scores were also significantly higher than those of B6 pyr (Figure 2G, p<0.0001) 

and int (Figure 2H, p<0.0001) units. PCA clustering of waveforms demonstrated a distinct 

energy distribution for putative pyr and int units in three-dimensional space (Figure 2I). 

Clustered spikes for putative interneurons had a shorter duration of action potentials (spike 

width, μsec) than the pyr cell waveforms (Figure 2J). Fewer viable pyramidal neurons were 

detected in 129S than B6 CA1 across all experimental sessions (Figure 2D). Ultimately, 

neurons with ambiguous or overlapping pyr/int features were excluded from the analysis.

Comparative cognitive performance of B6 and 129S mice

The hippocampus encodes working and spatial memory for instantaneous recollection. 

Neural circuits between the hippocampus and prefrontal cortex govern executive behavior 

such as object discrimination and social memory (Basu and Siegelbaum, 2015; Funahashi, 

2017; Funahashi and Andreau, 2013; Jin and Maren, 2015; Li et al., 2015; Lueptow, 2017; 

Nadel and Hardt, 2011; Ranganath et al., 2005; Spellman et al., 2015; Wolf et al., 2016). 

Here, we compared the CA1 putative neuron firing rate and pyr/int connectivity profile for 

inbred B6 and 129S mice during cognitive tasks.

Open field and spatial exploration tasks

Because the 129S strain has a lower exploratory propensity than the B6 strain, we assessed 

how the neural implants/tethers affected exploratory behavior in both strains. To determine 

the effects of the implants/tethers on movement, we examined the mean velocity (cm/s) 

and distance (cm) for the B6 and 129S groups in open field tasks. The results indicated 

significantly lower mean distance (Figure 3A; p<0.0001) and velocity (Figure 3B; p<0.0001) 

for B6 mice with implants/tethers (n=4) than without implants (n=10). B6 mice without 

neural implants/tethers had a mean velocity score of ~7 cm/s, compared with a ~3.5 cm/s 

score for B6 mice with implants/tethers. Similarly, the mean distance for B6 mice was 

170 cm without neural implants and ~105 cm with implants/tethers. Interestingly, the mean 

distance (Figure 3C; p=0.13) and velocity (Figure 3D; p=0.21) did not change significantly 

for 129S mice with and without implants/tethers (~60 cm and ~1.5 cm/s, respectively). 

From these results, we concluded that the lower exploration propensity in 129S mice was 

phenotypic, such that the mean distance and velocity were at least 2-fold lower than those 

in the B6 strain. In support of this outcome, a comparison of the mean distance (cm) 

and velocity (cm/s) for mice with implants (B6 and 129S; Figure 3E) during open field 

tasks revealed significantly lower scores for the 129S group (Figure 3F and G; p<0.0001). 

Similarly, the mean velocity for the 129S mice was significantly lower than that for the B6 

mice with implants/tethers (Figure 3H; p<0.0001).

The tracking of mouse body movement showed that 129S mice, compared with B6 mice, 

were less active. This was evident as a shorter duration of body movement (Figure 3I; 

p=0.002), and prolonged duration of inactivity (Figure 3J; p<0.0001) in open field tasks 

(Figure 3K). 129S mice also had significantly lower mobile states than the B6 mice (Figure 
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3L; p<0.0001). Notably, 129S mice avoided the center square of the open field chamber and 

were active mostly around the edges (Figure 3G and 3K). In contrast, B6 mice routinely 

explored the central area and edges of the chamber. This finding is likely to indicate anxiety 

in the 129S strain, although that topic is beyond the scope of the current study.

Assessment of the change in velocity (Δcm/s) across 30-sec bins of the open field task 

indicated that the velocity of exploration did not change significantly for the B6 group 

(Figure 3M, chi-sq=0.43; p=0.6). In contrast, 129S mice had lower velocity scores during 

the intervals (bins) of open field tasks (chi-sq=4.2; p=0.04). Furthermore, the 129S Δcm/s 

scores per 30-sec bins were also significantly lower than the B6 scores (p<0.0001).

The putative CA1 unit FR (mean) in spatial exploration events was considered for intervals 

with ~1.5 cm/s velocities that were sustained for ~10 sec over a 15 sec period (Figure 3N–

O). The mean FR (Figure 3P; p<0.0001) and burst discharge rate (Figure 3Q; p<0.0001) for 

129S putative pyr cells (n=64) were significantly lower than those for B6 pyr cells (n=79). 

Because putative pyr FR is strongly correlated with the exploration speed, the low velocity 

scores for 129S mice were accompanied by significantly lower FR scores for the intervals of 

the task (two-way ANOVA, p<0.0001). For the selected 90-sec bin with exploratory activity, 

the ΔFR was not significant for B6 (Figure 3R; chi-sq=0.162; p=0.69) or 129S (chi-sq=0.16; 

p=0.67) pyr cells.

The mean FR of 129S putative int (n=123) was significantly lower than the B6 int FR 

scores (n=126) (Figure 3S; p=0.02). As observed for pyr cells, the ΔFR spread (spikes/sec) 

for B6 (chi-sq=0.28; p=0.59) or 129S (chi-sq=0.04; p=0.84) putative int did not change 

significantly for the intervals of open-field exploration tasks. Likewise, no significant 

difference was observed in firing rate change for B6 and 129S putative int across the 

intervals of the spatial exploration tasks (Figure 3T). Together, the results showed that 

129S putative pyr cells and interneurons had lower firing rates (Hz) than B6 neurons in a 

hippocampus-dependent spatial exploration task.

Object recognition and exploration

Executive cognitive performance was first determined for mice without neural implants 

(B6, n=5; 129S, n=4) through a novel object recognition test. Compared with the B6 mice, 

the 129S mice showed minimal object exploration propensity, as evidenced by a lower 

frequency of object contact (Figure 4A–B; p=0.02). Because the frequency of total object 

contact was significantly lower (<5 events) in the 129S group, the memory index (object 

discrimination) could not be computed. With low object exploration propensity, animals 

are unlikely to learn tasks sufficiently to discriminate between objects. This was evident 

as significantly lower distance (Figure 4C, p<0.0001) and velocity (Figure 4D, p<0.0001) 

scores for naïve 129S mice in object recognition tests.

B6 mice with neural implants (Figure 4E) exhibited lower exploration velocity and distance 

than mice without implants (Figure 4F; p<0.0001, p<0.0001) in object exploration tests. 

Similarly, no significant change was observed in exploration velocity and distance for 129S 

mice with or without implants in object exploration tasks (Figure 4G; p=0.23, p=0.23). 

Although 129S mice with implants had lower exploration propensity than B6 mice (Figure 
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4H), object exploration occurred during some of the active intervals, such that the frequency 

of object contacts per active 30-sec bins was not significantly different from the B6 

scores (Figure 4I; p=0.33). Because of their lower exploration propensity, 129S mice were 

intermittently immobile around the object zone (cm radius around the object edge) and thus 

had a significantly higher duration around objects (Figure 4J–K, p=0.01). The exploration 

distance (Figure 4L; p<0.0001) and velocity (Figure 4M; p<0.0001) were significantly lower 

for 129S mice in object exploration tasks.

In subsequent analyses, the mean firing rate was determined for B6 and 129S putative units 

for object contact events (Figure 4N). Intervals with at least four object contact events 

were considered for each B6 or 129S mouse in the analysis of putative neuron mean FR 

(Figure 4O). Although the velocity for B6 (chi-sq=1.7; p=0.19) and 129S mice (chi-sq=0.79; 

p=0.37) did not change significantly, the B6 scores were significantly higher than the 129S 

velocity for all intervals (Figure 4P; two-way ANOVA, p<0.0001). The lower exploration 

velocity in object recognition tasks for 129S mice was accompanied by significantly lower 

mean FR (Figure 4Q; p<0.0001) and burst rate scores for the pyr units (n=69) than those 

for B6 pyr (n=216) cells (Figure 4R; p<0.0001). ΔFR analysis of B6 pyr units revealed 

a significant decrease during the 90-sec intervals with exploratory activity (Figure 4S, 

chi-sq=4.66; p=0.03). Together with lower exploration Δcm/s (Figure 4P), the ΔFR for 

129S putative pyr cells significantly declined over the 90-sec interval (six 15-sec bins) 

with ~1.5 cm/s velocity (chi-sq=24.9; p<0.0001). However, the firing rate of 129S pyr cells 

was significantly lower than the B6 FR scores for all bins considered (Figure 4S; two-way 

ANOVA, p<0.0001).

The mean FR of 129S putative int was significantly lower than the B6 int scores (Figure 

4T; p=0.006). Interestingly, ΔFR analysis of B6 (n=359) and 129S (n=239) int units 

for intervals with exploratory activity revealed a similar firing rate spread. Both B6 (chi-

sq=0.34; p=0.89) and 129S (chi-sq=3.82; p=0.051) int exhibited steady firing rate ranges 

for the 90-sec duration of exploration (Figure 4U). Likewise, no significant difference was 

observed between B6 and 129S ΔFR scores for the six 15-sec bins with exploratory activity 

(two-way ANOVA, p=0.61). Together, the results showed that putative 129S putative pyr 

and int mean FR were significantly lower than B6 FR scores for object exploration events. 

However, similar patterns were observed for ΔFR across intervals with exploratory activity. 

Specifically, B6 and 129S pyr cells showed a decrease in firing rate with time, whereas 

putative int units had sustained FR scores.

Social interaction behavior

A three-chambered test was performed to assess social interaction in B6 and 129S mice 

without neural implants (Figure 5A). As expected, B6 mice showed a significant preference 

for the social mouse (S1) rather than the empty chamber E (Figure 5B, p=0.0017). In 

contrast, for 129S mice, no significant difference was observed between the time spent 

exploring E or S1 (Figure 5B, p=0.351). Together, the sociability index, i.e., the percentage 

of time spent exploring the social mouse [S1/(S1+E)], was significantly lower for the 129S 

than the B6 group (Figure 5C, p=0.002). In agreement with this outcome, 129S mice showed 

lower chamber exploration propensity (Figure 5D), as evidenced by significantly lower 
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distance (Figure 5E; p<0.0001) and velocity (Figure 5F; p<0.0001) scores than those of the 

B6 mice.

To sample CA1 spikes during sociability tests, we used a modified setup with a single 

stranger mouse enclosure (Figure 5G). Similar to the findings in the open field and object 

exploration tasks, B6 mice with implants had lower distance (p<0.0001) and velocity 

(p<0.0001) scores than did mice without implants (Figure 5H). Likewise, the exploration 

distance (p=0.30) and velocity (p=0.38) did not differ in 129S mice with or without neural 

implants (Figure 5I). Similar to naive 129S mice (Figure 5C), tethered 129S mice had fewer 

social contacts with the stranger mouse than tethered B6 mice(Figure 5J–K; p=0.014). In 

support of these outcomes, the exploration distance (Figure 5L; p<0.0001) and velocity 

(Figure 5M; p<0.0001) for tethered 129S mice were significantly lower than those for 

tethered B6 mice in sociability behavioral task sessions with neural recording.

Based on the outcomes of behavioral tasks, we subsequently compared the mean FR and 

ΔFR for B6 (n=39) and 129S (n=61) putative pyr neurons for intervals with significant 

social contacts (Figure 5N–O) and exploration of the sociability test chamber (Figure 5P), 

respectively. For the duration of the task (300 sec), no significant change was observed in 

velocity for B6 (chi-sq=0.076; p=0.78) or 129S (chi-sq=1.22; p=0.27) mice. However, the 

129S velocity scores were significantly lower than those of the B6 group (two-way ANOVA, 

p<0.0001).

We observed that 129S pyr cells had a significantly lower mean FR (Figure 5Q; p=0.005) 

and burst rate (Figure 5R; p<0.0001) for social contact events than B6 pyr cells. B6 putative 

pyr cells showed a significant change in firing rate for the intervals with exploratory activity 

(Figure 5S, chi-sq=5.3; p=0.03). No significant change was observed in the firing rate for 

129S pyr cells (chi-sq=0.8; p=0.37). Of note, for all intervals with significant exploratory 

activity, the B6 pyr cell FR scores were significantly higher than the 129S pyr cell mean FR 

(two-way ANOVA, p<0.0001).

129S putative int (n=133) mean FR was significantly lower than the B6 (n=105) int scores 

(Figure 5T; p<0.0001). For the intervals with exploratory activity, the firing rate for 129S int 

was also significantly lower than the B6 firing rate scores for similar intervals (Figure 5U; 

two-way ANOVA, p<0.0001). A change in the 129S int firing rate spread was observed in 

the period of exploratory activity (ΔFR, chi-sq=5.1; p=0.023). In contrast, B6 putative int 

firing rate did not change significantly for the intervals with exploratory activity during the 

sociability tests (ΔFR, chi-sq=1.7; p=0.19).

Summary of firing rate analysis of behavioral tasks

Together, the outcomes of firing rate analysis in 129S and B6 CA1 ensembles indicated that 

a decrease in 129S mice exploratory activity was probably associated with the lower pyr 

cell and int firing rate. Interestingly, the change in firing rate for the period of exploration 

(90 sec) revealed task-specific alterations in the 129S group. In the hippocampus-dependent 

spatial exploration task (open field), B6 and 129S showed similar ΔFR patterns, such that 

no significant changes were found in FR spread for the period of exploratory activity (pyr; 

Figure 3R and int, Figure 3T). In the object exploration tasks, B6 and 129S putative units 
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also recorded similar ΔFR patterns. Both B6 and 129S putative neurons showed a significant 

decrease in firing rate (Figure 4S), whereas putative int units showed no significant change 

in FR during intervals with exploratory activity (Figure 4U). However, for exploration 

intervals during sociability tests, 129S pyr and int units showed ΔFR patterns that differed 

from those of B6 neurons sampled during similar tasks. The ΔFR of B6 pyr cells decreased 

significantly across sociability test intervals, whereas 129S ΔFR showed no change across 

similar intervals (Figure 5S). In contrast, B6 int ΔFR showed no significant change during 

exploratory events in sociability tasks, whereas the 129S int firing rate decreased across the 

same intervals of chamber exploration (Figure 5U).

Firing irregularity in 129S putative neurons

In addition to the characterization of putative units based on their FR (Hz), we further 

assessed the distribution of the units by plotting the mean FR and ISI scores. Through 

this method, previously characterized pyr and int units were clustered in edge histograms 

(Figure 6A–B). B6 and 129S putative pyr cells showed significant variability in mean ISI 

scores and a narrow range of mean FR (Hz). In contrast, putative int units had a narrow 

ISI range with significant FR variability (Figure 6A–B). Therefore, to compare the firing 

regularity for B6 and 129S putative pyr cells or interneurons, we considered both FR- and 

ISI-dependent indices. The firing regularity of putative neurons, which is dependent on the 

firing rate (n/t), was determined as the coefficient of variation (CV) of ISI (σISI/ISImean). 

ISI-dependent firing regularity was assessed with the more stringent CV2 score. Thus, we 

expected that ISI variability in putative pyr cells would lead to a change in CV2, and 

the firing rate variability of putative interneurons would be likely to alter the CV score 

(Arancillo et al., 2015; Brischoux et al., 2009; Ponce-Alvarez et al., 2009; Ponce-Alvarez 

et al., 2010; Prescott and Sejnowski, 2008; Suresh et al., 2016). However, for putative units 

with extreme firing irregularity, both the CV and CV2 scores might be affected.

In the hippocampus-dependent spatial exploration task (open field), 129S putative pyr 

cells exhibited significantly higher CV2 scores than those for B6. This outcome suggested 

significant variability in ISI, but not FR, and decreased firing regularity for 129S putative 

pyr cells (Figure 6C; CV p=0.92, CV2 p<0.0001). In contrast, the FR variability was robust 

in putative int; thus, a comparison of 129S and B6 int units revealed a higher CV score for 

129 interneurons. For 129S int units, the significant FR variability appeared to underlie the 

lower firing regularity score (Figure 6D; CV p<0.0001, CV2 p=0.44).

It follows that executive behavioral tasks that involved cortical activation improved firing 

regularity for putative pyr cells and not int units in 129S CA1 ensembles. In object 

exploration tasks, the CV and CV2 scores did not significantly differ between 129S and 

B6 pyr cells (Figure 6E; CV p=0.11, CV2 p=0.053). However, 129S int showed significant 

FR variability, indicated by higher CV scores than those of B6 int in object exploration 

tasks (Figure 6F; CV p<0.0001, CV2 p=0.96). Similarly, in sociability tests, the CV and 

CV2 scores did not significantly differ between 129S and B6 pyr cells (Figure 6G; CV 

p=0.65, CV2 p=0.168). In sociability tasks, the FR and ISI variability were significant for 

129S putative interneurons. Therefore, the CV and CV2 scores were significantly higher 

for 129S int units than the B6 scores (Figure 6H: CV, p<0.0001; CV2, p=0.001). These 
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outcomes suggested that the ISI variations observed for 129S putative pyr cells during 

hippocampus-dependent tasks significantly normalized during executive behavioral tasks 

involving cortical activation. For cortex-dependent tasks, the pattern of putative CA1 int 

firing irregularity also varied in object exploration and sociability tasks. Although significant 

FR variability was recorded for 129S int in object exploration tasks, variability in both FR 

and ISI was observed in sociability tasks.

Putative CA1 pyr/int synaptic connections

Given that 129S putative pyr cells and int had significantly lower FR and firing regularity, 

we sought to ascertain the fidelity of pyramidal cell-driven interneuron activity in the CA1 

of 129S mice during the various behavioral tasks. This was important because of the role 

of pyr/int pairing on hippocampal oscillations, which is pertinent to information encoding 

and cognition. Anatomically, a diverse population of interneurons (GABA+) is in the oriens, 

pyramidal cell, and radiatum layers of the CA1. Figure 7A illustrates the distribution of 

VGAT+ interneurons in the hippocampus, and their anatomical dominance in the pyr cell 

layer, the recording site. As described previously, putative interneurons in CA1 ensembles 

were characterized by their firing rate, ISI, and waveform (Figure 2B–J). Putative pyr cells 

and interneurons detected on electrode contact sites carried on a single shank were used for 

subsequent analysis of pyr/int synaptic connections.

The decline in spatial exploration velocity, object exploration, and sociability contact for 

129S mice are indicative of cognitive decline potentially resulting from either decreased 

interneuron activation and (or) low pyr cell firing (Bohbot et al., 2017; Buzsaki, 2002; 

Godsil et al., 2013; Mizuseki and Buzsaki, 2014; Woldeit and Korz, 2010; Yamaguchi et 

al., 2004). To assess the fidelity of putative pyr/int pairs in CA1 ensembles, we combined 

putative neuron ACGs to create crosscorrelograms (CCH, 0.5 ms bins) for short-latency 

interactions. CCH peak lag (ms) was used to characterize synaptic connections for B6 and 

129S putative pyr/int pairs. Based on previously established methods (Bartho et al., 2004; 

Diba et al., 2014; Kobayashi et al., 2019; Pastore et al., 2018), reference pyr and target int 

pairs with positive CCH peak lag indicate pyr (excitation) activation of the int targets. In 

contrast, a negative or dual peak indicates feedback inhibition of a reference pyr cell after 

activation of the target interneuron (reverberating connection). Peaks aligned at 0 ms lag 

represent neurons with a common presynaptic input. Pairs with common presynaptic inputs 

were characterized by a peak lag of less than 1.4 ms. Monosynaptic pyr/int pairs showed 

CCH peaks with a lag time between 1.5 and 5 ms. Multi-synaptic connections had CCH 

peaks greater than 5 ms. We set the maximum time for multisynaptic connections to 30 ms 

because the maximum interelectrode distance is 50 μm within the CA1 pyr cell layer.

Although the B6 pyr mean FR was significantly higher than the 129S pyr scores, variations 

in FR also occurred between hippocampus-linked and cortex-dependent behavioral tasks. 

The mean FR for B6 putative pyr units in spatial exploration events was significantly higher 

than the FR score for object exploration (Figure 7B; p=0.02) and social interaction events 

(p=0.05). In contrast to the observation for B6 pyr cells, the FR for 129S pyr cells in spatial 

exploration events was either not significant or significantly lower than the FR for executive 

tasks (Figure 7C; obj: p=1, soc: p=0.01). Interestingly, for hippocampal and cortical tasks, 
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no significant difference was observed between the interneuron firing rates sampled in B6 

(Figure 7D) and 129S (Figure 7E) neuronal ensembles. Together, these results indicated that 

the dysregulation of excitability (i.e., low pyr FR score) in the 129S CA1 might underlie 

some of the observed behavioral and cognitive phenotypes in the 129S strain.

Given that pyr excitation is pertinent to int activation, we determined whether the low 

FR of 129S pyr cells might affect CA1 pyr/int putative connections. We compared the 

normalized distribution of connection types (%) for B6 and 129S CA1 ensembles during 

behavioral tasks (Figure 7F). The B6 pyr/int putative pairs sampled for CA1-dependent 

spatial exploration tasks (n=132 putative pairs) showed predominantly monosynaptic (< 5 

ms, 35.4%) and transsynaptic (5.1-14.5ms, 43.3%) connections (Figure 7G). Subsequent 

analysis of the connectivity profile for cortex-dependent executive tasks revealed a 

significant delay in pyr/int CCH peak lag. Consequently, the distribution of monosynaptic 

pairs in B6 CA1 ensembles decreased to 11.1% and 3.3% for the object (n=324 putative 

pairs) and sociability (n=96 putative pairs) tasks, respectively. In addition, the distribution 

of pyr/int pairs with transsynaptic and delayed CCH peak lag increased during object 

exploration and sociability tasks compared with spatial exploration tasks. The transsynaptic 

(5.1-14 ms) and delayed connections (>15ms) increased from spatial task scores of 43.3% 

and 4.7%, respectively, to (i) object exploration: 52.9% and 23.5%, respectively, and (ii) 

sociability: 50% and 34.8%, respectively.

Characterization of putative pyr/int connections based on CCH peak lag revealed similar 

outcomes for B6 and 129S CA1 ensembles. However, 129S ensembles contained a higher 

percentage of putative pairs with reverberating connections (Figure 7H–I; spt: n=94, obj: 

n=143, soc: n=119). The normalized distribution of monosynaptic pairs with positive 

CCH peak lag in 129S ensembles was significantly lower for the cortex-linked executive 

behavioral tasks (obj: 14.5%, soc: 4.4%) than the spatial task (29.2%). This distribution 

pattern was similar to the B6 pyr/int connectivity profile (spatial: 35.4%, obj: 11.1%, soc: 

3.3%) (Figure 7I). Together, the results indicated that cortex-dependent behavior involved a 

delay in CA1 pyr/int connection. Notably, the sociability test produced the most significant 

decrease in the distribution of monosynaptic pairs (<5 ms) in both strains (B6: 3.3%, 129S: 

4.4%). In agreement with these results, the distribution of putative pairs with transsynaptic 

(5.1-15 ms) and delayed connections (>15ms) increased during the object and social 

exploration tasks. The 129S CA1 ensembles contained 28.1% of transsynaptic pairs and 

25.8% of pairs with delayed connection during spatial exploration tasks. Interestingly, these 

connection types increased in 129S CA1 ensembles for object exploration (obj: 40.5%, soc: 

30.5%) and sociability (obj: 46.5%, soc: 42.1%) tasks, respectively.

Subsequent comparison of the mean CCH peak lag showed a significant delay in connection 

time for 129S pyr/int pairs during spatial exploration tasks, when compared with the B6 

score (Figure 7J; p=0.007). For cortex-linked object exploration tasks, the 129S CCH peak 

lag did not significantly differ with respect to that in the B6 pyr/int pairs (Figure 7K; 

p=0.34). In contrast, 129S putative pairs showed a significantly prolonged CCH peak lag 

when sampled during sociability tasks (Figure 7L; p=0.04).
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Comparison of the CCH peak lag for B6 putative pairs revealed variation in the mean 

lag across behavioral tasks. Specifically, putative pairs sampled in spatial exploration 

tasks had a mean lag significantly lower than those in the object exploration (Figure 

7M; p<0.0001) and sociability tasks (p<0.0001). These outcomes were consistent with 

the percentage distribution of pyr/int connection types. Specifically, the distribution of 

monosynaptic putative pairs was highest during the spatial exploration task and decreased 

for the object exploration and sociability task; with the latter having the least. Therefore, 

a comparison of CCH peak lag for B6 putative pairs during cortex-linked executive tasks 

indicated a significant delay in the sociability tasks compared with the object exploration 

tasks (Figure 7M, p=0.02). For 129S CA1 ensembles, no significant change in CCH peak lag 

was observed between spatial and object exploration tasks (Figure 7N; p=1). However, the 

peak lag increased significantly for the sociability task (p=0.02), compared with the outcome 

for spatial exploration.

Feedback inhibition

B6 CA1 ensembles contained a significant percentage of putative pairs with positive CCH 

peaks and fewer with negative peaks. As expected, some putative pairs also appeared 

to be driven by a common input (Figure 7F). However, for 129S CA1 ensembles, a 

significant percentage of putative pairs were characterized by negative or dual CCH peaks 

depicting anatomically dominant feedback inhibition of the reference pyr cells (Figure 

7H). These results suggested possible differences in 129S and B6 circuitry and might 

have indicated alterations in the interneuron innervation of pyr cells in the 129S CA1. 

B6 pyr/int pairs sampled during behavioral tasks involving cortical activation, compared 

with spatial exploration tasks, exhibited significant periods of inhibition (negative lags) for 

reverberating circuits (Figure 7O, obj p=0.0014; soc p<0.0001). Interestingly, no significant 

change was found in the negative CCH peak position for putative pairs in object exploration 

and sociability tasks (p=1). Similar to the CCH positive lags, behavior-specific alterations in 

the negative CCH lag time were observed in 129S pyr/int pairs. Here, the negative peaks for 

129S putative pairs in object exploration tasks demonstrated prolonged inhibition states with 

respect to those in spatial exploration tasks (Figure 7P; p=0.004). However, the negative 

peaks observed during social interaction behavior did not significantly differ with respect to 

spatial (p=0.3) or object exploration scores (p=0.2).

In subsequent analyses, we determined the detectability index for excitatory and 

reverberating connection types by analyzing the z-score of the CCH peak mean. For 

excitatory connections (positive CCH peak) our results showed significantly higher z-scores 

for B6 pyr/int pairs object (Figure 7Q; p<0.0001) and social exploration (Figure 7R; 

p<0.0001) tasks, compared with spatial tasks. Interestingly, no significant change was 

observed in the z-score for 129S putative pairs across all behavioral tasks. Likewise, the 

z-score for 129S putative pairs was significantly lower than the B6 scores for spatial 

exploration (p<0.0001), object exploration (p<0.0001), and sociability (p<0.0001) tasks. A 

similar outcome was observed for reverberating B6 pyr/int pairs, in which the CCH mean 

z-score was significantly higher in the object (Figure 7R; p<0.0001) and social exploration 

tasks (p=0.002) than the spatial task. Furthermore, reverberating 129S pyr/int pairs did not 

show significant changes in the CCH mean z-score across behavioral tasks. A subsequent 

Adeyelu et al. Page 15

Neuroscience. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparison of B6 and 129S pyr/int pairs revealed a higher z-score for B6 reverberating 

putative pyr pairs for spatial exploration (p=0.046), object exploration (p<0.0001), and 

sociability (p<0.0001) tasks.

DISCUSSION

129S and B6 mice are among the most commonly used inbred strains in neuroscience 

research. Several transgenic lines and outbred strains have been developed from these 

individual strains or a combination of 129S and B6 lines. Generally, the 129S inbred 

lines bear significant mutations that could impair neural and cognitive function. A notable 

mutation in the 129S strain alters the Disc1 gene and leads to the truncation of the DISC1 

primary protein structure. Among other defects, the loss of Disc1 function in the cognitive 

centers leads to incremental loss of excitation (N-methyl-D-aspartate receptor hypofunction) 

and spine dysgenesis (Arguello and Gogos, 2010; Clapcote and Roder, 2006; Malavasi et al., 

2018; Moyer et al., 2015; Nakazawa et al., 2017; Ross et al., 2006). These neural changes 

underlie the various behavioral phenotypes attributed to 129S mice and other Disc1 mutants 

used as schizophrenia and depression disease models (Arguello and Gogos, 2010; Ross 

et al., 2006; Wexler and Geschwind, 2011). Previous studies have shown that 129S and 

other Disc1 mutants appear to be depressed, have reduced social interaction, and potentially 

exhibit some form of cognitive decline. In contrast, the C57BL/6 strain carries the wild-type 

Disc1 gene and have typical behavioral phenotype (Brandon et al., 2009; Dittrich et al., 

2017; Gomez-Sintes et al., 2014; Koike et al., 2006; Sauer et al., 2015). Together, the 

positive and negative behavioral symptoms associated with spontaneous Disc1 mutation can 

lead to dysregulated excitatory and inhibitory function (Crabtree et al., 2017; Mesbah-Oskui 

et al., 2015; Sauer et al., 2015).

Although prior studies have emphasized excitatory neurons, recent studies have shown 

that firing patterns and distribution of fast-spiking interneurons in the hippocampus and 

prefrontal cortex are altered in Disc1 mutant strains (Mesbah-Oskui et al., 2015; Sauer 

et al., 2015). At the network level, a loss of excitatory pyr cell activity and changes in 

the int (inhibitory cell) count underlie abnormal brain oscillation patterns, which are now 

considered endophenotypic for Disc1-related and other schizophrenia disease models. The 

current study assessed the firing properties of putative pyr cells and int in the CA1 in freely 

behaving 129S and B6 inbred mice. By comparing CA1 putative neuron properties for 

hippocampus and cortex-linked tasks, our results elucidated the significance of the loss of 

excitability in 129S CA1 neuronal ensembles. Specifically, 129S pyr and int units had lower 

FR scores than B6 neurons. Therefore, firing rate supression in putative 129S pyr and int 

followed task-specific patterns. Whereas 129S and B6 putative neurons showed similar ΔFR 

patterns for hippocampus-dependent spatial exploration and cortex-linked object exploration 

tasks, the discordant ΔFR outcomes were notable in 129S CA1 ensembles in sociability 

tasks.

Our results further demonstrated that the dysregulation of the pyr and int firing rate in 129S 

CA1 ensembles translated to delayed connection for putative pyr/int pairs in some cognitive 

tasks. Notably, significant delays were recorded in spatial exploration and sociability tasks, 

and an empirical increase in connection time was observed during object exploration 
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tasks. Generally, 129S putative pyr/int pairs were characterized by a significantly lower 

detectability index across all behavioral tasks. For the B6 pyr/int pair, the detectability index 

was significantly higher for cortex-linked executive tasks than the CA1-dependent spatial 

exploration task. In contrast, no significant change was observed for 129S pyr/int z-score 

mean (index). Together, our findings indicated that 129S mice exhibited significant cognitive 

decline attributable to a change in pyr cell excitability, and spike timing fidelity for pyr 

cell-driven int activity.

129S mice exhibit lower cognitive performance

Given that CA1 pyr cells’ FR is strongly associated with the velocity of movement, we 

inferred that lower FR scores for 129S pyr cells in spatial exploration, object exploration, 

and sociability tests might have been a result of lower velocity and chamber exploration 

scores. Similar results were obtained for naive 129S mice without neural implants and 129S 

mice with neural implants (tethers). Of note, in spatial exploration tasks, the 129S mice 

explored the edges of the open field while avoiding the central area of the testing chamber 

(Figure 3K). This result likely indicates anxiety in the 129S inbred strain and was further 

evident during the object exploration (Figure 4H) and sociability tasks (Figure 5J). We 

observed that the 129S mice showed some level of activity at the beginning of a 300 sec task 

(Brown et al., 2004; Wolf et al., 2016), which was followed by periods of alternating activity 

and inactivity. Comparatively, B6 mice showed robust activity for the duration of these tasks. 

The decreased mobility and active time in 129S mice were consistent with findings from 

previous studies examining depression behavior in another Disc1 mutant (LP100) strain 

(Sauer et al., 2015).

Decreased firing rate of putative pyr cells in the CA1 of Disc1 mice

DISC1 protein is directly associated with excitatory receptor function in hippocampal and 

cortical postsynaptic density. Our results indicated a spontaneous loss of DISC1 function 

in the brain of adult 129S mice, which was accompanied by significant suppression of pyr 

cell firing rate during learning. Thus, the mean FR (Hz) of putative pyr cells in the 129S 

CA1 ensemble was significantly lower than the FR of B6 pyr cells for all behavioral tasks. 

Furthermore, we observed variations in the mean FR for spatial exploration and executive 

behavioral tasks. B6 pyr cells showed significantly higher FR scores in CA1-dependent 

spatial exploration tasks than those for cortical executive functions (novel object and 

sociability tasks). However, for 129S pyr cells, we found that the mean FR was either 

not significantly different or lower when comparing FR scores for spatial exploration and 

executive cognitive tasks. Together, these results showed that local hippocampal activation 

of 129S pyr cells in spatial exploration tasks was significantly impaired, whereas the indirect 

cortical activation mechanism was dominant during executive cognitive tasks. Because 

putative pyr cells were characterized by ISI variability, regularity of firing for the pyr 

neurons was determined as the CV2 score. Given the low FR score for 129S pyr cells in 

CA1-dependent spatial exploration tasks, these cells exhibited significant ISI variability. 

Interestingly, for cortex-linked executive function, ISI variability was attenuated and was 

not significantly different from the B6 CV2 scores. This result supports the possible 

dominance of cortical activation over local hippocampal excitation mechanisms in 129S 

CA1 ensembles.
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Since pyr cell firing is pertinent to int activation, the lower int FR scores for 129S int 

were likely to be associated with the diminished excitability of the pyr cells. As described 

previously for 129S pyr cells, the FR of 129S int units was also significantly lower than the 

B6 int FR scores (Figure 6). Impairment of pyr cell-driven int activation in 129S neuronal 

ensembles is further evident as significant variability in 129S int FR, which underscores 

the firing irregularity, derived as the CV score. In all behavioral tasks, 129S putative units 

showed significant FR and (or) ISI variability in comparison with B6 int units. Decreased 

pyr cell firing rate and a loss of excitability in the 129S CA1 was consistent with findings 

from previous studies demonstrating place cell abnormalities in the hippocampus in other 

Disc1 mutant strains (Mesbah-Oskui et al., 2015). Therefore, a decrease in the pyr cell 

activation of int may underlie the decrease in int FR and firing irregularity in 129S CA1 

neuronal ensembles.

Decreased fidelity of pyr cell-int monosynaptic pairing in 129S CA1

Hippocampal theta power is regulated by pyr cell-int monosynaptic pairing (Bender et al., 

2015; Herweg et al., 2016; Mizuseki and Buzsaki, 2014; Soltesz and Deschenes, 1993; Tort 

et al., 2013). Consequently, the delayed pairing of putative CA1 pyr and int leads to the 

dysregulation of theta power, which is pertinent to hippocampal-cortical activity. Our results 

showed that the low FR scores for 129S putative pyr and int units caused a significant 

delay in pyr/int CCH peak lag for most cognitive tasks. Therefore, a lower fidelity of 

pyr/int pairing, on a millisecond time scale, for 129S pyr/int pairs was consistent with 

previous reports of abnormal gamma oscillations in a Disc1 mutant strain that recapitulates 

depression and defective working memory (Sauer et al., 2015). Defective pyr/int pairing has 

also been shown to impair the place cell firing rate resolution in freely moving mice with 

Disc1 mutations (Mesbah-Oskui et al., 2015).

Analysis of neuronal connectivity and synaptic profiles revealed a predominant distribution 

of putative pairs with positive CCH peaks in B6 ensembles (Figure 7F) and reverberating 

(dual or negative) peaks for 129S ensembles (Figure 7H). Interestingly, based on CCH peak 

lag (synaptic profile) a similar distribution pattern was observed in B6 and 129S ensembles 

across behavioral tasks. The distribution of putative pairs with monosynaptic inputs (1.5–5 

ms) decreased for cortical executive tasks, which were further characterized by an increase 

in pairs with transsynaptic (5.1–15 ms) or delayed connections (15.1–30 ms) (Figure 7G and 

7I). Interestingly, the detectability index (z-score) for these putative pairs was significantly 

lower for 129S putative pairs than the B6 scores.

Analysis of B6 pyr/int pairs showed that the detectability index (z-score of the CCH peak) 

was higher for cortex-linked executive tasks than the CA1-dependent spatial exploration 

task. This finding was the case for putative pairs with positive (Figure 7Q) and negative 

peaks (Figure 7R), thus suggesting that cortical activation of CA1 putative pairs, compared 

with local hippocampal activation mechanisms, increases the detectability index. In contrast, 

the detectability index of the CCH did not significantly differ for 129S putative pairs 

for hippocampus or cortex-linked tasks. This finding illustrated poor pyr/int connectivity 

detection in 129S CA1 ensembles and might have resulted from suppressed excitability 

(burst) of the reference CA1 pyramidal cells during cognitive tasks (Figures 3Q, 4R, and 
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5R). This decreased FR and burst discharge for 129S pyr cells further underscores the 

delayed CCH peak lag for 129S pyr/int CCHs, because burst firing in pyr cells would 

increase int postsynaptic targeting and the probability of eliciting a response (Buzsaki et 

al., 2002; Harris et al., 2001; Terada et al., 2017). Based on these results, we inferred that 

the decrease in 129S putative int FR resulted from the decrease in pyr FR and weaker 

pyr/int monosynaptic pairing. This outcome is consistent with previous reports of impaired 

presynaptic excitatory innervation of postsynaptic int in the hippocampus of a Disc1 mutant 

strain. Other significant findings included a decrease in the distribution of (Parvalbumin+ 

cells) and the dysregulation of GABAergic synaptic mechanisms in the hippocampus of 

a Disc1 mutant strain. Ultimately, these studies have shown a decrease in presynaptic 

excitatory (pyr) input on postsynaptic int in the hippocampus of Disc1 mutants (Kim et al., 

2012; Mesbah-Oskui et al., 2015; Sauer et al., 2015; Xu and Wong, 2018).

Summary

In conclusion, mutations carried by the 129S inbred strain significantly impair the CA1 

putative pyr cell firing rate and are predictive of diminished exploratory behavior during 

cognitive tasks. Dramatic changes in 129S pyr cell firing properties underlie the spike timing 

irregularity, which decreases the fidelity of pyr cell-int pairing during cognitive tasks.
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Abbreviations

DISC1 disrupted-in-schizophrenia 1

CA cornus ammonis (CA, as in CA1, CA3)

hil hilus

int interneuron

FR firing rate (Hz or spikes/sec)

OFSS offline spike sorting software

pyr pyr cell layer or stratum pyramidal

ISI interspike interval

CV coefficient of variation (firing rate dependent)

CV2 coefficient of variation 2 (ISI dependent)
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GABA gamma-aminobutyric acid

ACG autocorrelogram

CCH cross-correlogram

VGAT vesicular GABA transporter
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Highlights

• The current study compares the firing rate (FR) of putative pyramidal cells 

or interneurons sampled in the CA1 of freely behaving B6 and 129S mice 

(inbred strains).

• FR score for 129S pyr and int units were significantly lower than B6 scores 

for similar behavioral tasks.

• Putative int in 129S CA1 ensembles show significant FR variability and high 

CV scores (irregular firing).

• Spike timing fidelity and detectability index were significantly lower for 129S 

CA1 putative pyr/int pairs.
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Figure 1: 129S mice exhibit spontaneous Disc1 mutation.
A, Gel electrophoresis demonstrating the amplified Disc1 gene in tail tissue biopsies of 

adult C57BL/6 and 129S mice. The mutant Disc1 gene in 129S mice shows truncation of 

the DNA sequence (179 bp) and decreased expression. The C57BL/6 strain expresses the 

wild-type Disc1 gene (196 bp).

B, Transmission electron photomicrograph showing decreased synaptic fidelity in the 

hippocampus in 129S mice, compared with a normal synaptic profile in the C57BL/6 

hippocampus. Scale bar=0.5 μm. sp: dendritic spine, m: mitochondria, and black arrowhead: 

postsynaptic density).

C, A mouse with a neural electrode implant, head stage, and a tethered SPI cable.

D, Representative fluorescence image showing DAPI counterstaining of a brain slice 

obtained from a mouse with an electrode implant (scale bar=0.5 mm).

E, Illustration of neural probe placement in the CA1 of a mouse. Here, a linear array is 

shown for demonstration purposes. Other experiments included four channel microelectrode 

arrays (ori: oriens layer, pyr: pyramidal cell layer, and rad: radiatum layer of the CA1).
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Figure 2: Detection of putative units in the CA1 in 129S and B6 mice.
A, PCA sorting of continuously recorded extracellular spikes demonstrating putative neuron 

clusters in the CA1 of a mouse after 10 and 30 days.

B-C, Sample autocorrelograms (ACGs; 0.5 ms bins) and waveform for putative pyramidal 

cell (B, pyr) and interneuron (C, int) units detected in B6 and 129S CA1.

D, Firing rate (FR Hz) distribution for neurons shows the clustering of ACG/waveform 

characterized putative pyr and int units (****p<0.0001, Mann-Whitney U test).
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E-F, Graph illustrating higher ISI scores for putative pyr cells and lower ISI scores for int 

units in B6 (E, p<0.0001) and 129S (F, p<0.0001) CA1 ensembles (Mann-Whitney U test).

G-H, Graphs showing significantly higher ISI scores for 129S putative pyr (G, p<0.0001) 

and int (H, p<0.0001) units than for B6 putative units (Mann-Whitney U test).

I, Sample of putative pyr and int clusters in three-dimensional PCA clustering.

J, Waveforms corresponding to pyr and int waveform clusters.
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Figure 3: Lower exploration propensity is a characteristic phenotype of 129S mice.
A-B, Graphs depicting a decrease in the distance covered (cm, p<0.0001) and velocity 

(cm/s, p<0.0001) for B6 mice with neural implants and tethers (Mann-Whitney U test).

C-D, Graph illustrating no significant difference in distance (cm, p=0.13) and velocity (cm/s, 

p=0.21) for 129S mice with or without neural implants/tethers (Mann-Whitney U test).

E, Experimental setup for the open field task with extracellular recording in freely behaving 

B6 and 129S mice.
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F, Graph comparing the mean distance for 129S and B6 mice in spatial exploration tasks 

(Mann-Whitney U test, p<0.0001).

G, Representative animal trail (center-body) depicting the total distance covered by a typical 

B6 and 129S mouse in an open field task.

H, Graph illustrating a lower mean velocity for 129S mice in open field tasks (Mann-

Whitney U test, p<0.0001).

I-J, Graphs illustrating a lower activity duration (p=0.001) and higher inactivity duration 

(p<0.0001) for 129S mice (Mann-Whitney U test).

K, Representative heat maps demonstrating activity for a 129S mouse. Compared with the 

B6 mouse, the 129S mouse avoided the central area of the test chamber.

L, Graph showing lower mobility in open field tasks for the 129S group when compared 

with the B6 group (Mann-Whitney U test, p=<0.0001).

M, Comparisons of the velocity spread (Δcm/s) for 30-sec bins of open field (spatial 

exploration) tasks (two-way ANOVA, p<0.0001). B6 mice demonstrated robust exploratory 

behavior with sustained speed (chi-sq=0.6, p=0.43) for the task duration. 129S mice showed 

a significant decline in velocity, and a lower velocity score/bin for the open field tasks 

(chi-sq=4.2, p=0.04).

N, Cartoon illustration of a spatial exploration event during an open field test.

O, Sample of intervals with sustained exploration for a B6 and a 129S mouse.

P-Q, Graphs illustrating a low mean FR (p<0.0001) and burst rate (p<0.0001) scores for 

129S putative pyr units, versus B6 putative units (Mann-Whitney U test).

R, Interval plot of FR (ΔFR) for putative pyr cells in open field tasks (two-way ANOVA, 

p<0.0001). Intervals depict six 15-sec bins for a 90-sec duration of exploration. The 129S 

pyr cells had low FR scores (spikes/sec) for the selected duration. No significant change was 

observed in ΔFR for B6 (chi-sq=0.162, p=0.69) or 129S (chi-sq=0.16, p=0.67) pyr neurons 

during open field tasks.

S, Graphs illustrating a lower mean FR for 129S putative int units during spatial exploration 

(Mann-Whitney U test; p=0.02).

T, Interval plot of FR (ΔFR) for putative int in open field tasks (two-way ANOVA, p=0.06). 

No significant change in ΔFR for B6 (chi-sq=0.28, p=0.59) or 129S (chi-sq=0.04, p=0.84) 

int was observed during open field tasks.
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Figure 4: 129S mice exhibit a decline in object recognition memory
A, Graph illustrating a comparison of object exploration frequency for B6 and 129S mice 

without neural implants/tethers (p=0.02; Mann-Whitney U test).

B, Representative heat map illustrating mouse activity during a novel object recognition test.

C-D, Graph demonstrating a shorter distance (p<0.0001) and lower velocity (p<0.0001) for 

129S mice (without neural implants/tether) in comparison to the B6 mice in a novel object 

recognition test (Mann-Whitney U test).

E, Experimental setup for an object exploration task combined with in vivo CA1 recording.
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F, Graphs showing lower distance (p<0.0001) and velocity (p<0.0001) for B6 mice with 

neural implants/tethers versus B6 mice without neural implants (Mann-Whitney U test).

G, Graphs illustrating no significant change in exploration distance (p=0.23) and velocity 

(p=0.23) for 129S mice with or without neural implants/tethers.

H, Representative heat map showing exploration propensity for a B6 and a 129S mouse 

during object exploration tasks.

I-J, Graph illustrating the frequency of object contacts (p=0.33) and object zone duration 

(p=0.014) for B6 and 129S mice during object exploration tasks with neural recording 

(Mann-Whitney U test).

K, Representative mouse trail showing the distance covered by a tethered 129S or B6 mouse 

in an object exploration task.

L-M, Graph illustrating comparative distance (p<0.0001) and velocity (p<0.0001) for 

tethered 129S and B6 mice in an object exploration task (Mann-Whitney U test).

N, Cartoon illustration of an object exploration event.

O, Sample of intervals of object exploration for a B6 and a 129S mouse.

P, Interval plot of velocity spread (Δcm/s) for 30-sec bins of object exploration tasks (two-

way ANOVA, p<0.0001). B6 (chi-sq=1.7, p=0.19) and 129S (chi-sq=0.79, p=0.37).

Q-R, Graphs illustrating a lower mean FR (p<0.0001) and burst rate (p<0.0001) scores for 

129S putative pyr units in object exploration tasks (Mann-Whitney U test).

S, Interval plot of FR (ΔFR) for putative pyr cells in object exploration tasks. The 129S 

pyr cells had lower FR scores (spikes/sec) for the selected duration (two-way ANOVA, 

p<0.0001). ΔFR for B6 (chi-sq=4.66, p=0.03) or 129S (chi-sq=24.9, p<0.0001) pyr neurons 

decreased during the intervals of exploratory activity in object exploration tasks.

T, Graphs illustrating a low mean FR for 129S putative int units during object exploration 

(p=0.006).

U, Interval plot of FR (ΔFR) for putative int in object exploration tasks (two-way ANOVA, 

p=0.61). No significant change was observed in ΔFR for B6 (chi-sq=0.34, p=0.89) or 129S 

(chi-sq=3.82, p=0.051) int during object exploration tasks.
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Figure 5: 129S mice show significant social deficits.
A, Three-chambered setup for a sociability test.

B, Graphs comparing the time spent exploring the empty and stranger mouse chambers for 

B6 and 129S mice in sociability tests. S1 was significantly higher for B6 mice (p=0.002). No 

significant difference was found between S1 and E for 129S mice (p=0.351, T-test).

C, Graph demonstrating a lower sociability index for 129S mice when compared with B6 

mice (T-test, p=0.002).
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D, Representative mouse trails comparing the exploratory activity for untethered 129S mice 

and B6 mice during sociability tasks.

E-F, Graph illustrating a lower distance (p=0.002) and velocity (mean) for untethered 129S 

mice during sociability tests (Mann-Whitney U test, p<0.0001).

G, Experimental setup for a sociability test in tethered 129S and B6 mice.

H, Graph showing significantly lower distance (p<0.0001) and velocity (p<0.0001) for 

tethered B6 mice than B6 mice without neural implants/tethers during the sociability task 

(Mann-Whitney U test).

I, Graph comparing the mean distance (p=0.30) and velocity (p=0.38) for tethered 129S 

mice with or without neural implants/tethers in the sociability task (Mann-Whitney U test).

J-K, Representative heatmaps, and graph illustrating the lower activity of 129S mice around 

the stranger mouse holding compartment. The frequency of social contact was lower for 

129S mice than B6 mice (Mann-Whitney U test, p=0.014).

L-M, Graph illustrating the comparative mean distance (p<0.0001) and mean velocity 

(p<0.0001) for tethered 129S and B6 mice in sociability tasks (Mann-Whitney U test).

N, Cartoon illustration of a social contact event.

O, Sample of intervals for social contact bouts for a B6 and a 129S mouse.

P, Interval plot of velocity spread (Δcm/s) for 30-sec bins in sociability tasks (two-way 

ANOVA, p<0.0001). B6 (chi-sq=0.076, p=0.78) and 129S (chi-sq=1.22, p=0.27) mice 

exhibited sustained speed for the task duration. The velocity score for 129S mice was 

significantly lower for all intervals of the task.

Q-R, Graphs illustrating a low mean FR (p=0.0053) and burst rate (p<0.0001) scores for 

129S putative pyr units in sociability tasks.

S, Interval plot of FR (ΔFR) for putative pyr cells in sociability tasks (two-way ANOVA, 

p<0.0001). The 129S pyr cells had low FR scores (spikes/sec) for the selected duration. 

ΔFR for B6 (chi-sq=5.3, p=0.03), and not 129S (chi-sq=0.8, p=0.37) pyr neurons decreased 

during the intervals of sociability tasks.

T, Graphs illustrating a low mean FR for 129S putative int units during sociability tasks 

(two-way ANOVA, p<0.0001).

U, Interval plot of putative int ΔFR in sociability tasks. No significant change in ΔFR was 

observed for B6 int (chi-sq=1.7, p=0.19). The 129S int change in FR significantly decreased 

for similar intervals of the same task (chi-sq=5.1, p=0.023).
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Figure 6: 129S mouse putative interneurons show significant FR variability and irregularity
A-B, Edge histograms demonstrating the clustering of putative pyr and int units based on 

mean FR (HZ) and ISI (sec) scores. Putative pyr cells show significant ISI variability, and int 

units show FR variability (Pearson’s r).

Graphs comparing CV and CV2 scores for putative neurons detected in B6 and 129S CA1 

during behavioral tasks (T-test).
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C, Open field (spatial exploration task). The CV score was not significantly different for B6 

and 129S putative pyr units (p=0.92). The 129S pyr cells exhibited higher CV2 scores than 

the B6 neurons (p<0.0001).

D, Spatial exploration task. The CV score was significantly elevated in 129S int versus B6 

units (p<0.0001). The CV2 score was not significantly different (B6 vs 129S, p=0.44)

E, Object exploration: pyr CV (ns; p=0.11), pyr CV2 (ns; p=0.053).

F, Object exploration: int CV (p<0.0001), CV2 (ns; p=0.96).

G, Sociability tasks: pyr CV (ns; p=0.65), pyr CV2 (ns; p=0.17).

H, Sociability tasks: int CV (p<0.0001), CV2 (p=0.001).
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Figure 7: Cross-correlogram analysis of pyr/int putative pairs in 129s and B6 CA1 neuronal 
ensembles.
A, Fluorescence image demonstrating the distribution of VGAT+ cells (inhibitory GABA 

neurons) in the layers of the CA1.

B, Graph comparing the FR of B6 putative pyramidal cells across behavioral tasks (one-way 
ANOVA, spt vs obj: p=0.02, spt vs soc: p=0.05, obj vs soc: p=1).

C, Graph comparing the FR of 129S putative pyramidal cells (one-way ANOVA, spt vs obj: 

p=1, spt vs soc: p=0.01, obj vs soc: p=0.08).
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D, Graph comparing the FR of B6 putative interneurons (one-way ANOVA, spt vs obj: p=1, 

spt vs soc: p=0.1, obj vs soc: p=0.2).

E, Graph comparing the FR of 129S putative interneurons (one-way ANOVA, spt vs obj: 

p=0.3, spt vs soc: p=1, obj vs soc: p=0.06).

F, ACGs (edge), and CCHs (inner) showing representative reference pyramidal cells and 

target interneurons in B6 CA1 neuronal ensembles.

G, Pie charts illustrating pairs with positive CCH peak, and the distribution of pyr/int pairs 

based on the lag (ms) of CCH peaks for B6 neuronal ensembles.

H, Representative ACG/CCH for 129S CA1 neuronal ensembles.

I, Pie chart depicting CCH peak lag distribution for pyr/int pairs in 129S CA1 ensembles.

J-L, Graph comparing positive CCH lag for B6 and 129S pyr/int pairs (average) during 

cognitive tasks (T-test); spatial p=0.007; object exploration p=0.34, and sociability p=0.04.

M, Graph comparing the mean CCH lag duration for B6 pyr/int pairs in cognitive tasks (one-
way ANOVA). The decrease in monosynaptic connections for cortex-linked executive tasks 

agrees with a significant increase in CCH peak lag for object exploration (p<0.0001) and 

sociability tasks (p<0.0001), versus spatial exploration tasks. Similarly, dramatic reduction 

of monosynaptic inputs in sociability tasks, versus object exploration, is evident as an 

increase in CCH lag (p=0.02).

N, Graph comparing the mean CCH lag duration for 129S pyr/int pairs in cognitive 

tasks (one-way ANOVA). No significant difference in CCH peak lag for spatial vs object 

exploration task (p=1) and object exploration versus sociability task (p=0.08). CCH lag peak 

is significantly delayed for sociability tests in comparison with spatial exploration tasks 

(p=0.02).

O, Graph comparing negative CCH peak positions for B6 pyr/int pairs (one-way ANOVA). 
CCH peaks show prolonged inhibitory effects for reverberating pyr/int pairs in executive 

tasks in comparison with spatial exploration tasks (spt vs obj: p<0.0001, spt vs soc: 

p=0.001). There is no significant change in the negative CCH peak position for putative 

pairs in object exploration and sociability tasks (p=1).

P, Graph comparing negative CCH peak positions for 129S pyr-int pairs (one-way ANOVA). 
CCH peaks show prolonged inhibitory effects for reverberating pyr/int pairs in object 

exploration (p=0.004), and not sociability tasks (p=0.3), versus spatial exploration. There 

is no significant change in the negative CCH peak position for putative pairs in object 

exploration and sociability tasks (p=0.2).

Q, Graph comparing the mean z-score of excitatory CCH peak lags for B6 or 129S putative 

pyr/int pairs in cognitive tasks. one-way ANOVA (B6: spt vs obj, p<0.0001; spt vs soc, 

p<0.0001; obj vs soc, p=0.21 | 129S: spt vs obj, p=0.3; spt vs soc, p=0.5; obj vs soc, p=1). 

Also, the graph compares B6 and 129S for specific behavioral tasks (T-test, spt, p<0.0001; 

obj, p<0.0001; soc, p<0.0001).

R, Graph comparing the mean z-score of reverberating CCH peak lags for B6 and 129S 

putative pyr/int pairs in cognitive tasks. one-way ANOVA (B6: spt vs obj, p<0.0001; spt vs 

soc, p=0.002; obj vs soc, p=0.2 | 129S: spt vs obj, p=1; spt vs soc, p=1; obj vs soc, p=1). 

Also, the graph compares B6 and 129S for specific behavioral tasks (T-test, spt, p=0.046; 

obj, p<0.0001; soc, p<0.0001).
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