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Abstract

A major challenge in neuroscience is to pinpoint neurobiological correlates of specific cognitive and neuropsychiatric traits.
At the mesoscopic level, promising candidates for establishing such connections are brain oscillations that can be robustly
recorded as local field potentials with varying frequencies in the hippocampus in vivo and in vitro. Inbred mouse strains
show natural variation in hippocampal synaptic plasticity (e.g., long-term potentiation), a cellular correlate of learning and
memory. However, their diversity in expression of different types of hippocampal network oscillations has not been fully
explored. Here, we investigated hippocampal network oscillations in three widely used inbred mouse strains: C57BL/6J (B6J),
C57BL/6NCrl (B6N) and 129S2/SvPasCrl (129) with the particular aim to identify common oscillatory characteristics in inbred
mouse strains that show aberrant emotional/cognitive behaviour (B6N and 129) and compare them to “control” B6J strain.
First, we detected higher gamma oscillation power in the hippocampal CA3 of both B6N and 129 strains. Second, an increased
incidence of hippocampal sharp wave-ripple (SW-R) transients was evident in these strains. Third, we observed prominent
differences in the densities of distinct interneuron types and CA3 associative network activity which are indispensable for
sustainment of mesoscopic network oscillations. Together, these results supports the notion that in vitro hippocampal network
oscillations, similar to classical plasticity read-outs measured in hippocampal slices, can be used as robust reductionist models to
study electrophysiological correlates of emotional and cognitive phenotypes. Importantly, we add further evidence to profound
physiological differences among inbred mouse strains commonly used in neuroscience research.

1. INTRODUCTION

Genetic variation is an important factor for individual variability in cognitive and neuropsychiatric traits
(Deary et al. , 2009; Avshalom et al. , 2010; Ressler et al. , 2011). Specific inbred mouse strains provide
useful models to study neurobiological correlates of such complex behavioural traits and their interaction
with a certain genetic background. To date, while there is abundant evidence for altered emotional and
cognitive phenotypes among widely used inbred mouse strains (Radulovic et al. , 1998; Stiedl et al. ,
1999; Contet et al. , 2001; Rodgers et al. , 2002; Siegmundet al. , 2005; Bryant et al. , 2008; Camp et
al. , 2009, 2012; Temme et al. , 2014; March et al. , 2014; Åhlgren & Voikar, 2019; Sloin et al. , 2022),
electrophysiological correlates of such phenotypic characteristics are only limited to classical measurements
of synaptic plasticity using hippocampal slice preparations (Nguyen, Abel, et al. , 2000; Nguyen, Duffy, et
al. , 2000; Gerlai, 2002; Schimanski et al. , 2007; Freund et al. , 2016).

Of note, brain oscillations are thought to be involved in diverse emotional and cognitive functions (Buzsáki
& Watson, 2012). Such oscillatory patterns with varying frequency ranges can be recorded robustly in the
hippocampus in vivo and in vitro . Specifically, gamma oscillations (30-100 Hz) have been shown to support
maintenance of working memory and attention (Fries et al. , 2001; Montgomery & Buzsáki, 2007). Their
generation and sustainment primarily depend on the cholinergic level (Fisahn et al. , 1998; Vandecasteele
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et al. , 2014; Caliskan et al. , 2015). Accordingly, in vivo optogenetic activation of septo-hippocampal choli-
nergic fibres also triggers gamma oscillations in the hippocampus (Vandecasteele et al. , 2014). Importantly,
“cholinergic” gamma-range oscillations can be induced in hippocampal slice preparations upon exposure to
type 1 muscarinic acetylcholine (M1-) receptor agonists (Fisahn et al. , 1998). On the other hand, during
reduced neuromodulation (e.g., slow wave sleep, quite wakefulness) gamma oscillations are replaced by sharp
wave-ripples (SW-R; (Buzsáki et al. , 1992; Ylinen et al. , 1995). These transient events occur at rate of
0.01-2 Hz together with superimposed fast ripples in the hippocampal CA1 (150-250 Hz) (Buzsaki, 1989;
Ylinenet al. , 1995; Csicsvari et al. , 2000). Similarly, in slice preparations of ventral-to-mid hippocampus,
spontaneous SW-R appear in the CA3 and propagate along the CA1/subiculum axis (Maier et al. , 2003;
Maslarova et al. , 2015; Çalışkan et al. , 2016). Convincing evidence indicates that these transients are
involved in the reactivation of cellular activity patterns associated with a learning period and support both
spatial and emotional memory consolidation (Wilson & McNaughton, 1994; Kudrimoti et al. , 1999; Gi-
rardeauet al. , 2017). Their targeted disruption impairs both spatial memory and contextual fear memory
(Girardeau et al. , 2009; Wanget al. , 2015).

Most of the brain rhythms including gamma oscillations and SW-R are inhibition-based with complex involve-
ment of different types of GABAergic interneurons that provide rhythmic inhibition to excitatory principal
neurons (Hájos et al. , 2004; Hájos & Paulsen, 2009; Buzsáki & Watson, 2012). Among many different types
of GABAergic interneurons, particular attention has been given to the involvement of parvalbumin-positive
(PV+) and somatostatin (SST+) interneurons in generation and modulation of hippocampal network oscil-
lations (Starket al. , 2014; Norimoto et al. , 2018; Antonoudiou et al. , 2020). Notably, hippocampal CA3
subregion is able to generate robust oscillations due to strong recurrent collaterals among principal cells and
their interaction with local interneurons forming an associative network (Le Duigou et al. , 2014).

To the best of our knowledge only a handful of studies have systematically investigated possible alterations
in hippocampal network oscillations in inbred mouse strains with a main focus on gamma oscillations in vitro
(Jansen et al. , 2009; Heisteket al. , 2010). Intriguingly, no previous work have explored hippocampal SW-R
in common inbred mouse strains. Therefore, we studied hippocampal network oscillations in three commonly
used inbred mouse strains: C57BL/6J (B6J), C57BL/6NCrl (B6N) and 129S2/SvPasCrl (129) with the goal
to identify common oscillatory features in inbred mouse strains that show aberrant fear and anxiety (B6N
and 129) and compare them to B6J strain. We further performed immunohistochemical analysis of main
GABAergic interneuron populations and measured CA3 associative network activation using extracellular
electrophysiology. We identified several common oscillatory features in B6N and 129 inbred mouse strains,
however, with diverging interneuronal and CA3 associative network phenotypes. Our results suggest that
in vitro hippocampal network oscillations can be used to study neurobiological correlates of phenotypic
differences among common inbred mouse strains similar to previously reported classical measures of synaptic
plasticity in hippocampal slices.

2. METHODS AND MATERIALS

2.1. Animals

Adult male JAX C57BL/6J (B6J), C57BL/6NCrl (B6N) and 129S2/SvPasCrl (129) mice were purchased
from Charles River Laboratories at the age of eight-weeks old (Erkraht, Germany). Animals were allowed to
acclimatize (group-housed; 3 to 5 mice per cage) to our in-house animal facility (inverted light-dark cycle)
for at least 5 days before starting the experiments. All experiments were conducted in accordance with
the European and German regulations for animal experiments and were approved by the local authorities
(42502-2-1295 OvGMD). All experiments were performed during the dark phase.

2.2. Slice preparation and data acquisition

Mice were deeply anesthetized with isoflurane and decapitated. Brains were rapidly removed and placed in
cold (4-8 Co) carbogenated (5% CO2 / 95% O2) artificial cerebrospinal fluid (aCSF) containing (in mM)
129 NaCl, 21 NaHCO3, 3 KCl, 1.6 CaCl2, 1.8 MgSO4, 1.25 NaH2PO4 and 10 glucose. Slices that contain
ventral-to-mid hippocampal formation and entorhinal cortex were obtained by cutting horizontal brain slices
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at an angle of about 12deg in the fronto-occipital direction. Slices were transferred to an interface-type
chamber perfused with aCSF at 32 +- 0.5 degC (flow rate: 2.0 +- 0.2 ml / min, pH 7.4, osmolarity ~300
mosmol / kg). Slices were incubated at least for one hour before commencing the recordings. Signals were
pre-amplified using a custom-made amplifier and low-pass filtered at 3 kHz, after which they were sampled at
a frequency of 5 kHz and stored on a computer hard disc for off-line analysis (Cambridge Electronic Design,
Cambridge, UK).

2.3. Sharp wave-ripples

Glass electrodes (resistance in aCSF: 1-2 MΩ) were placed at pyramidal layer of CA3 and CA1. Data were
recorded for ˜5 min and 2 min artifact-free recordings were extracted as MATLAB files to be further analysed
using a MATLAB-based code (MathWorks, Natick, MA). SW-R analysed as previously described (Çalişkan
et al. , 2016). For detection of sharp waves (SW) the data was low-pass filtered at 45 Hz (Butterworth, 8th
order). Three times the standard deviation (SD) of the low pass-filtered signal was used as the threshold for
event detection. As a second criteria, the minimum interval between two subsequent SW was set to 80 ms.
Data stretches of 125 ms centred to the maximum value of the SW event were stored for further analysis.
For the analysis of the area under the curve of SW, the points crossing the mean of the data were used as
the start and the end points of SW. The SW area was measured using trapezoidal numerical integration of
low pass-filtered data. The raw data were band-pass-filtered at 120-300 Hz for analysis of the ripples that
are superimposed to SWs (Butterworth, 8th order). Data stretches of 15 ms before and 10 ms after the
maximum of SW event (25 ms) were stored for further analysis. Three times the standard deviation (SD)
of the band-pass-filtered signal was used as the threshold for ripple detection. The analysis of the ripple
amplitude was performed by triple-point-minimax-determination. Ripples were discarded from the analysis,
if the difference between falling and rising component of a ripple was higher than 75%. Ripple frequencies
were calculated only from subsequent ripples.

Network interactions between CA3 and CA1 during SW-R were analysed as previously described (Çalişkan et
al. , 2016). Briefly, (1) CA3-CA1 propagation failure was calculated as the ratio of unconnected SW events
in the CA3 and CA1 region within +/- 30 ms time-window; and (2) CA3-CA1 event correlation was analysed
via measuring temporal relationship between presumably connected SW events in the CA3 and CA1. The
global maximum correlation value within +/- 30 ms time-window was used for statistical comparison.

2.4. Cholinergic gamma oscillations

Prior to perfusion of slices with carbachol, the temperature of the recording chamber was increased to 35°C.
After stable gamma oscillations were established (˜45-70 min carbachol perfusion), glass electrodes were
placed at the pyramidal layer of CA3 and CA1 and data were recorded for ˜5 min. Gamma oscillation were
analysed with power spectra generated from artifact-free 2 min data by Fast Fourier Transformation using
a frequency resolution of 0.8192 Hz using custom-made spike2 scripts (Cambridge Electronic Design, Cam-
bridge, UK). Three parameters of the power spectra were extracted: 1) Peak frequency (Hz): the frequency
value at the maximum power value. 2) Peak power (mV2): the power value at the maximum power. 3) Inte-
grated power (mV2): the sum of power from 20 to 80 Hz. For further statistical analysis, power values were
converted to log10 values due to variable nature of gamma oscillation power in slice recordings. Furthermo-
re, for local gamma correlations (CA3-CA3 or CA1-CA1 autocorrelations) and CA3-CA1 cross-correlations,
correlograms were obtained from corresponding low-pass-filtered data (< 100 Hz) using Spike2 software. For
local gamma correlations, the 2nd positive peak value of auto-correlations was used for further statistical
analysis (See Fig. 1k). For the CA3-CA1 cross-correlation the peak value with lowest latency to time point
0 was used for further statistical comparison. As a cut off criteria for the CA3 recordings, slices with peak
powers lower than 30 μV2, peak frequencies lower than 25 Hz and auto-correlation values lower than 0.1 were
discarded. For the CA1 recordings the same criteria were used except the peak power criteria was lowered
to 10 μV2 due to generally lower gamma oscillation strength observed in the CA1 in comparison to the CA3
subregion.

2.5. Evoked population spikes
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Population spike responses from the CA3 and CA1 (the recording electrodes placed in the CA3 and CA1
pyramidal layers) were obtained via electrical stimulation using a bipolar tungsten electrode (Resistance in
aCSF: ˜0.1 MΩ) placed at the apical dendrites of the proximal CA1 stimulating the Schaffer collaterals.
Such stimulation configuration leads to an antidromically evoked population spike in the CA3 pyramidal cell
layer and a secondary orthodromic population spike via recurrent axon collaterals between CA3 pyramidal
cells and between CA3 pyramidal cells and interneurons (Behrens et al. , 2005; Fanoet al. , 2012; Çalışkan et
al. , 2015). The same stimulation leads to an orthodromic population spike in the CA1 pyramidal layer. An
input-output (IO) curve was obtained using five intensities ranging from 10 μA to 50 μA. The population spike
area was calculated by integrating the area above the of the population spike curve (mV.ms). Normalized
collateral associative network activation in the CA3 was measured via dividing the antidromic population
spike area to the orthodromic population spike area. Data analysis was performed off-line using Spike2
software (Version 8, Cambridge Electronic Design, Cambridge, UK).

2.6. Immunohistochemistry

Mice (6-8 mice per strain) were perfused transcardially with 4% Paraformaldehyde (PFA) in Phosphate-
buffered saline (PBS), brains were removed and post-fixed in the same solution for 24 hours at 4 °C. For
cryoprotection, they were further incubated with 30% sucrose/PBS for 48 hours. Brains were then snap-
frozen, cut in 30 μm thick horizontal sections in a Cryostat (Leica Biosystems) and slices were kept at 4°C
in 0.02% sodium azide containing PBS until further processing. Slices were permeabilized and blocked in
PBS containing 5% Donkey serum, 5% BSA and 0.3% TritonX for 1 hour. Rabbit anti-PV (1:500, ab11427,
Abcam), rabbit anti-SST (1:250, sc13099, SantaCruz) and mouse anti-GAD67 (1:2500, MAB5406, Millipore)
primary antibodies were used overnight at 4°C on corresponding slices. Slices were then incubated in don-
key anti-rabbit Alexa-488 (1:1000, A21206, Invitrogen) or biotinylated goat anti-mouse (1:200, BA-9200,
Vector Labs) secondary antibodies at room temperature for 2 hours. When biotinylated secondary antibody
was used, antigen-antibody complexes were visualized by a final Strepdavidin-Cy5 (1:1000, Invitrogen) incu-
bation for 30 min at room temperature. Finally, slices were incubated in 300 nM working solution of DAPI
in PB for 5 minutes as a nuclear stain and mounted on glass slides using Immu-Mount (Thermo Fischer
Scientific). Images were acquired with DMI6000 epifluorescence microscope (Leica Microsystems) using 10x
objective and tile-scan function. Three to six slices per mouse were used for cell number analyses in ImageJ
(NIH). Hippocampal subregions (CA3 and CA1) were traced based on DAPI signal and corresponding regi-
ons were analysed for signal intensity specific to antigen-antibody complexes. To calculate cell numbers, Cell
Counter plug-in of ImageJ was used and counted cells were cross-checked using the DAPI channel. Finally,
cell number was first divided to the area of the traced regions and final values were normalized against the
same measures obtained from the B6J mice.

2.7. Drugs

Carbachol was purchased from TOCRIS (Bristol, UK) and stock solutions were prepared in distilled water.
Drugs were applied via continuous bath perfusion.

2.8. Statistical Comparison

Data are reported as mean ± standard error of the mean (SEM). Number of slices (n) and number of animals
(N) are indicated in the figure legends. Before performing statistical comparisons, data were checked for
normality and equal variance using Shapiro-Wilk test and Levene´s test, respectively. Statistical analysis of
gamma oscillations, SW-R and interneuron counts were performed by one-way-ANOVA followed by posthoc
comparison using Fisher LSD Method when data were normally distributed. For non-normal data, Kruskal-
Wallis One Way Analysis of Variance on Ranks followed by posthoc comparison using Dunn´s Method was
used. The statistical comparison of IO curves between strains was performed by two-way repeated measures
ANOVA followed by posthoc comparison using Fisher LSD Method with Greenhouse–Geisser correction
(SigmaPlot for Windows Version 11.0, 2008 or GraphPad Prism, version 9, SD, California).

3. RESULTS
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3.1. Increased sharp wave-ripple (SW-R) incidence in B6N and 129 mouse strain

Rodent acute brain slices obtained from the ventral-to-mid portion of the hippocampus spontaneously gene-
rate SW-R in the CA3-CA1 axis of the hippocampus (Figure 1a) (Maier et al. , 2003; Çalişkan et al. , 2016).
Simultaneous local field potential recordings from CA3 and CA1 regions in slices of mouse strains B6J, B6N
and 129 revealed substantial differences in the incidence and CA3-CA1 network interactions during SW-R
(Figure 1b-f). We detected an increased incidence of CA3 SW (Figure 1c: F(2,57)=4.457, p=0.016) in the
B6N substrain in comparison to 129 strain (p=0.005) while CA1 SW incidence (Figure 1d: H(2)=13.413,
p=0.001) was significantly higher in both B6N (p<0.05) and 129 (p<0.05) mouse strains compared to B6J
indicating a potential difference in CA3-CA1 communication during SW-R events. Indeed, propagation of
SW events across CA3-CA1 regions (Figure 1e: F(2,57)=6.419, p=0.003) was more efficient in the 129 strain
which exhibited much less propagation failures compared to other two strains (129 vs. B6J: p<0.001 and
129 vs. B6N: p=0.049). Moreover, correlation of co-occurring SW events in the CA3 and CA1 (Figure 1f:
F(2,57)=3.615, p=0.033) were higher in the 129 (p=0.016) and B6N (p=0.038) strains in comparison to B6J
strain. These results indicate that CA3-CA1 network interactions during SW-R are less efficient in the B6J
substrain compared to other two strains evident by lower CA1 SW incidence and CA3-CA1 SW correlation.

Further analysis of SW-R characteristics revealed region-specific strain effects (Figure 1g-o). In the CA3,
SW area (Figure 1h: H(2)=12.837, p=0.002) was significantly increased in B6N strain in comparison to
other two strains (B6J vs. B6N: p<0.05, B6N vs. 129: p<0.05). No alterations were evident for signal-
to-noise ratios (Figure 1i: H(2)=0.290, p=0.865). Ripple amplitudes (Figure 1j: H(2)=7.390, p=0.025)
were significantly enhanced in the B6N compared to 129 (p<0.05) whereas ripple frequencies (Figure 1k:
H(2)=13.060, p=0.001) were significantly lower in comparison to B6J (p<0.05) and 129 (p<0.05). In the
CA1, SW area (Figure 1l: H(2)=6.477, p=0.039), signal-to-noise ratios (Figure 1m: H(2)=7.119, p=0.028)
and ripple amplitudes (Figure 1n: H(2)=12.452, p=0.002) were significantly increased in B6N in comparison
to B6J substrain (p<0.05 for all parameters). Lastly, no differences were detected in ripple frequencies
(Figure 1o: H(2)=3.084, p=0.214). Together, both B6N and 129 strain appear to have increased propensity
for SW-R generation/propagation whereas slices obtained from B6N seem to generate SW and ripples with
larger amplitudes.
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Figure 1. Enhanced sharp wave-ripples (SW-R) across CA3-CA1 hippocampal axis of B6N and
129 mouse strains. (a) Spontaneous SW-R were recorded from hippocampal CA3 and CA1 pyramidal
layers. Representative local field potential recordings from the CA3 (top) and CA1 (down). An individual
CA1 SW-R is marked, and low-pass-filtered SW (<45 Hz) and band-pass-filtered ripple (120-300 Hz) com-
ponents are shown below. (b) Representative local field potential recordings from hippocampal CA3 and
CA1 showing an increased SW incidence in CA1 subregion of B6N and 129 strains. Summary graphs (B6J:

6
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N=7 mice, n=19 slices; B6N: N=7 mice, n=20 slices; 129, N=7 mice, n=20 slices) illustrating (c) increased
CA3 SW incidence in B6N strain and (d) CA1 SW incidence in both B6N and 129 strains. Summary graphs
showing (e) reduced propagation failure in 129 in comparison to other strains and (f) enhanced CA3-CA1
correlation during SW-R events in B6N and 129 compared to B6J.(g) Representative SW-R in CA3 and
CA1 subregions for each mouse strain. SW-R were low-pass-filtered (<45 Hz) to isolate SW and band-pass-
filtered (120-300) to isolate ripples. Summary data for CA3 subregion illustrating a significantly increased
(h) SW area in B6N strain, (i) no change in signal-to-noise ratios,(j) enhanced ripple amplitudes in B6N
in comparison to 129 and(k) reduced ripple frequencies in B6N in comparison to other strains. Summary
data for CA1 subregion illustrating significantly enhanced (l) SW area, (m) signal-to-noise ratios,(n) ripple
amplitudes in B6N in comparison to B6J substrain and(o) similar ripple frequencies across investigated
strains. Statistical comparison for (c), (e), (f): one-way-ANOVA followed by posthoc comparison using
Fisher LSD Method. Statistical comparison for (d), (h), (i), (j), (k), (l), (m), (n), (o):Kruskal-Wallis
One Way Analysis of Variance on Ranks followed by posthoc comparison using Dunn´s Method. Post-hoc
statistical differences are indicated via *p<0.05, **p<0.01 and ***p<0.001. Data are presented ± standard
error of mean (SEM). Empty circles represent individual data points.

3.2. Augmented cholinergic gamma oscillations in B6N and 129 mouse strains

Non-selective cholinergic agonist carbachol (concentration range: 5-20 μM) has been widely used to induce
gamma oscillations with gamma peak frequencies around ˜30-40 Hz (Figure 1a) (Fisahnet al. , 1998; Maden-
cioglu et al. , 2021). In our experiments we perfused slices with 5 μM carbachol for 45-70 min to induce
prominent and stable gamma oscillations in an interface recording chamber. After our exclusion criteria,
(see section 2.4. Cholinergic gamma oscillations for details ), 57 recordings from CA3 (B6J: N=8 mice,
n=24 slices; B6N: N=7 mice, n=14 slices; 129, N=7 mice, n=19 slices) and 44 recordings from CA1 (B6J:
N=8 mice, n=18 slices; B6N: N=7 mice, n=13 slices; 129, N=7 mice, n=13 slices) were included in further
analysis (Figure 2b).

In the CA3, the slices obtained from B6J substrain generated less prominent gamma oscillations (Figure
2c-e) that was evident by significantly lower integrated (20-80 Hz) gamma power (Figure 2d: F(2,56)=6.201,
p=0.004) and gamma peak power (Figure 2e: F(2,56)=6.160, p=0.004) in comparison to both B6N substrain
(Integrated Power: p=0.004; Peak Power: p=0.002) and 129 strain (Integrated Power: p=0.006; Peak
Power: p=0.016). Interestingly, there was also a significant main effect for gamma peak frequency (Figure
2f: H(2)=10.058, p=0.007) with higher peak frequencies in slices obtained from 129 strain (B6J vs. 129:
p<0.05; B6N vs. 129: p<0.05).

In the CA1, although a similar trend (Figure 2g-j) was evident no significant alterations were detected for
integrated power (Figure 2h: F(2,43)=3.089, p=0.056). A similar decrease in peak gamma power in B6J
strain was evident (Figure 2i: F(2,43)=6.373, p=0.004) in comparison to B6N substrain (p<0.001) which
remained only as a trend when compared to 129 strain (Peak Power: p=0.057). Similarly, slices obtained
from 129 strain exhibited higher gamma peak frequencies (Figure 2j: H(2)=12.166, p=0.002) compared to
other two strains (B6J vs. 129: p<0.05; B6N vs. 129: p<0.05).

Furthermore, we analysed gamma synchrony within and across CA3 and CA1 regions via computing auto-
and cross-correlograms (Figure 2k). We detected an increased local gamma correlations in the CA3 (Figure
2l: F(2,56)=3.959, p=0.025) and CA1 (Figure 2m: F(2,56)=5.129, p=0.010) regions of B6N in comparison
to B6J (CA3-CA3 correlation: p=0.007; CA1-CA1 correlation: p=0.003). Lastly, similar CA3-CA1 cross-
correlations were calculated across three strains (Figure 2n: H(2)=4.225, p=0.121). Collectively, these data
demonstrate that hippocampal slices obtained from B6J mouse strain express weaker cholinergic gamma
oscillations in comparison to both B6N and 129 mouse strains.

7



P
os

te
d

on
17

N
ov

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

86
97

03
.3

55
67

63
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 2. Augmented cholinergic gamma oscillations in B6N and 129 mouse strains. (a) Gamma
oscillations were induced by perfusion of 5 μM carbachol and recorded from CA3 and CA1 pyramidal layers
in vitro . (b) Representative cholinergic gamma oscillations in the CA3 and CA1. Note the augmented
gamma oscillations in the B6N and 129 in comparison to B6J. (c) Representative power spectra of CA3
gamma oscillations (B6J: N=8 mice, n=24 slices; B6N: N=7 mice, n=14 slices; 129, N=7 mice, n=19 slices)
from three strains. Note that to reduce the variability of gamma power in vitro , Log10 converted values are
used. Summary graphs illustrating increased (d) gamma integrated power (20-80 Hz) and (e) gamma peak
power in the B6N and 129 compared to B6J.(f) Summary graph showing a significant increase in gamma
peak frequency of 129 in comparison to C57 sub-strains. (g)Representative power spectra of CA1 gamma
oscillations from three strains (B6J: N=8 mice, n=18 slices; B6N: N=7 mice, n=13 slices; 129, N=7 mice,
n=13 slices). Summary graphs illustrating (h) no significant alterations of integrated power (20-80 Hz) but
(i)an enhanced peak power in B6N compared to B6J. (j) Summary graph showing a significant increase in
gamma peak frequency of 129.(k) Representative auto-correlogram of CA3 gamma oscillations from three
strains. Correlation peak values indicated by the arrow were further used for statistical comparison of local
gamma correlations. Summary graphs showing enhanced (l) local CA3-CA3 (B6J: N=8 mice, n=24 slices;
B6N: N=7 mice, n=14 slices; 129, N=7 mice, n=19 slices) and (m) CA1-CA1 gamma correlations (B6J:
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N=8 mice, n=18 slices; B6N: N=7 mice, n=13 slices; 129, N=7 mice, n=13 slices) in B6N strain. (n) No
statistical differences were detected for CA3-CA1 cross correlation of gamma oscillations (B6J: N=8 mice,
n=18 slices; B6N: N=7 mice, n=13 slices; 129, N=7 mice, n=13 slices). Statistical comparison for (d), (e),
(h), (i), (l), (m):one-way-ANOVA followed by posthoc comparison using Fisher LSD Method. Statistical
comparison for (f), (j), (n): Kruskal-Wallis One Way Analysis of Variance on Ranks followed by posthoc
comparison using Dunn´s Method. Post-hoc statistical differences are indicated via *p<0.05 and **p<0.01.
Data are presented ± standard error of mean (SEM). Empty circles represent individual data points.

3.3. Reduced associative network activation in the CA3 of 129 mouse strain

Altered CA3 associative collateral network activation might underlie the differences in hippocampal network
oscillations across studied mouse strains (Le Duigou et al. , 2014). For this purpose, we used antidromic
stimulation of CA3 to generate a synaptically-mediated orthodromic population spike that follows a fast
antidromic population spike (Figure. 3a-b; (Behrens et al. , 2005; Fano et al. , 2012). Comparison of IO
curves for CA3 antidromic population spikes revealed a statistically significant stimulation strength x strain
interaction (Figure 3c: F(8,180)=2.936, p=0.004) with a mild reduction of 129 antidromic responses in higher
intensity ranges when compared to B6J substrain (See Figure 3c for posthoc comparisons). Interestingly, we
detected a strong strain effect (Figure 3c: F(2,45)=8.224, p<0.001) and stimulation strength x strain interac-
tion (Figure 3d: F(8,180)=3.173, p=0.002) for orthodromic populations spikes. Noteworthy, the orthodromic
population spikes of 129 strain were profoundly reduced (See Figure 3d for posthoc comparisons). To assess
the CA3 associative collateral network activation independent of antidromic stimulation we calculated nor-
malized orthodromic responses via dividing orthodromic responses to corresponding antidromic responses
across stimulation strengths and averaged these values within a slice (one data point per slice; see Figure
3e). Importantly, there was a strong strain effect (Figure 3e: H(2)=9.201, p=0.01) with a profound reduction
in the normalized orthodromic responses in 129 strain when compared to B6J (p<0.05). Using the same
stimulation configuration, we recorded orthodromic population spikes in the CA1 (Figure 3f). However, we
detected no difference between the strains (Figure 3c: F(2,34)=0.183, p=0.833). To sum up, these results
demonstrate a differential recruitment of CA3 associative network across three strains with strong reduction
in the 129 when compared B6J.

Figure 3. CA3 associative network activation differs across investigated mouse strains. (A)
Hippocampal Schaffer collaterals were electrically stimulated, and evoked local field potential recordings were
obtained from CA3 and CA1 pyramidal layers. Antidromic and orthodromic population spike (PS) areas
(ms.mV) were calculated for stimulation intensities ranging from 0 to 50 μA.(b) Representative antidromic
and orthodromic population spikes in the CA3. Note the strong reduction of orthodromic responses in
129 mouse strain. CA3 IO curves (B6J: N=5 mice, n=18 slices; B6N: N=5 mice, n=14 slices; 129, N=5
mice, n=16 slices) (c) of antidromic and(d) orthodromic population spikes showing a slight reduction in
antidromic population spikes and a strong reduction of orthodromic population spikes of 129 strains in
comparison to B6J strain.(e) Reduced CA3 associative network activation in 129 mouse strain calculated via
normalized orthodromic population spike responses. For this purpose, orthodromic responses were divided
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to corresponding antidromic responses and were averaged across 5 stimulation strengths.(f) Representative
orthodromic population spikes in the CA1.(g) CA1 IO curves (B6J: N=5 mice, n=13 slices; B6N: N=5 mice,
n=12 slices; 129, N=5 mice, n=12 slices) showing similar population spike areas across investigated strains.
Statistical comparison for(c), (d), (g): two-way repeated measures ANOVA followed by posthoc comparison
using Fisher LSD Method with Greenhouse–Geisser correction. Statistical comparison for (e): Kruskal-
Wallis One Way Analysis of Variance on Ranks followed by posthoc comparison using Dunn´s Method. Post-
hoc statistical differences between strains B6J and 129 are indicated via #p<0.05 and ###p<0.001. Post-
hoc statistical differences between substrains B6J and B6N are indicated via *p<0.05. Data are presented
± standard error of mean (SEM). Empty circles represent individual data points.

3.4. Altered GABAergic interneuron populations in the hippocampus of B6N and 129 strains

Inhibition mediated via hippocampal GABAergic interneurons is indispensable for generation and propaga-
tion of network oscillations along the hippocampal CA3-CA1 axis (Le Duigou et al. , 2014; Çalişkan et al.
, 2016). Thus, we compared the number of three major population of interneurons (GAD67+, PV+ and
SST+) in the hippocampal CA3 and CA1 subregions. Interestingly, a major strain effect was detected in
the number of GAD67+ interneurons (Figure 4a-b) with a significant increase in both CA3 (F(2,19)=40.627,
p<0.001) and CA1 subregions (F(2,19)=28.756, p<0.001) of 129 strain (For both CA3 and CA1: B6J vs.
129: p<0.001, B6N vs. 129: p<0.001).

Next, we observed a significant strain effect in the number of CA3 PV+ interneurons (Figure 3c-d:
F(2,19)=4.229, p=0.03) with a significant reduction in the B6N strain in comparison to the other two
strains (B6N vs. 129: p=0.014, B6N vs. B6J: p=0.043). Interestingly, the strain effect was further present
in the CA1 subregion (Figure 3c-d: F(2,19)=7.494, p=0.004). Both B6N (p=0.002) and 129 (p=0.009)
showed a significant reduction in comparison to B6J strain.

Last, a significant strain effect was detected in the number of CA3 SST+ interneurons (Figure 3e-f) with
a significant increase in the 129 strain compared to the other mouse strains (B6J vs. 129: p<0.001, B6N
vs. 129: p<0.001). No strain effect was found in the CA1 subregion (F(2,20)=0.105, p=0.901). These
data demonstrate that 129 strain shows remarkable differences in the number of hippocampal interneurons
in comparison to the C57/BL6 substrains in a cell-type-specific manner. Furthermore, there is a mild
but significant change in the number of PV+ interneurons that are instrumental for generation of network
oscillations, when C57/BL6 substrains are compared.
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Figure 4. GABAergic interneuron populations are altered in the hippocampal CA3-CA1 axis
across investigated mouse strains. (A)Representative hippocampal sections with immunohistochemical
staining for glutamate decarboxylase (GAD)67. (b) Summary data (B6J: N=8 mice; B6N: N=8 mice;
129: N=6 mice) showing a significant increased number of GAD67+ interneurons in both CA3 and CA1
subregions of 129 mouse strain. (c) Representative hippocampal sections with immunohistochemical staining
for parvalbumin (PV). (d) Summary data (B6J: N=8 mice; B6N: N=8 mice; 129: N=6 mice) showing
a significant decrease in the CA3 and CA1 PV+ interneuron number of B6N strain.(e) Representative
hippocampal sections for immunohistochemical staining for somatostatin (SST). (f) Summary data (B6J:
N=8 mice; B6N: N=8 mice; 129: N=7 mice) showing a significant increase in CA3 SST+ interneuron
number of 129 mouse strain. Statistical comparison for (b), (d), (f): one-way-ANOVA followed by posthoc
comparison using Fisher LSD Method. Post-hoc statistical differences are indicated via *p<0.05, **p<0.01
and ***p<0.001. Data are presented ± standard error of mean (SEM). Empty circles represent individual
data points.

4. DISCUSSION

In the current study, we compared in vitro hippocampal network oscillations in three commonly used inbred
mouse strains (B6J, B6N, 129) with the aim of elucidating common oscillatory patterns in inbred mouse
strains that show aberrant emotional/cognitive behaviour (B6N and 129). We further investigated the den-
sity of main GABAergic interneurons in the hippocampal subregions and assessed hippocampal excitability
via measuring population spikes in the CA3 and CA1 subregions. We identified three common oscillatory
features in B6N and 129 strains that diverged from the B6J strain: (1) Larger amplitude cholinergic gamma
oscillations in the CA3; (2) Higher incidence of CA1 SW with a specific increase of SW propagation along
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the CA3-CA1 axis in the 129 strain; (3) Higher correlation of CA3 and CA1 SW transients. We further de-
tected significant alterations in the number of specific inhibitory interneuron populations in the hippocampal
subregions and activation of CA3 associative network that are essential for generation and maintenance of
hippocampal network oscillations across three mouse strains. These observations align well with the notion
that in vitro network oscillations provide useful reductionist models to investigate neurobiological underpin-
nings of phenotypic differences and highlight the importance of careful consideration of genetic background
when designing experiments.

We used in vitro network oscillations that are dependent on the CA3 associative network activity as our
experimental model. Hippocampal CA3 subregion forms an extensive associative network with abundant
local recurrent excitatory connections that are under tight control of local inhibitory interneurons (Li et al.
, 1994; Le Duigou et al. , 2014). These features make this circuit ideal for generation of local field potential
network oscillations such as SW-R and gamma oscillations both in vivo and in vitro (Le Duigou et al. ,
2014). Both oscillation types show similar features when recordedin vitro or in vivo (Butler & Paulsen,
2015; Çalışkan & Stork, 2018). Indeed, there is accumulating evidence that ex vivohippocampal network
oscillations correlate with specific behaviours (Luet al. , 2011; Çalişkan et al. , 2016) or are modulated by
behavioural manipulations (Albrecht et al. , 2013; Mizunumaet al. , 2014; Çalışkan et al. , 2015) suggesting
that our findings might be relevant for behavioural phenotypes observed in investigated inbred mouse strains.

In our study, B6J strain was used as control strain as it has been shown to exhibit normal spatial learning,
normal anxiety levels, normal contextual fear memory and extinction (Gerlai, 1998a, 1998b, 2002; Stiedl et
al. , 1999; Rodgers et al. , 2002; Siegmundet al. , 2005; Camp et al. , 2012; Åhlgren & Voikar, 2019). Of
note, both B6N substrain and 129 strains have been consistently shown to exhibit aberrant contextual fear
memory / extinction and elevated anxiety levels in comparison to B6J strain (Stiedl et al. , 1999; Rodgers
et al. , 2002; Siegmund et al. , 2005; Camp et al. , 2012; Åhlgren & Voikar, 2019). We used hippocampal
slices obtained from the ventral-to-mid portion of the hippocampus. Importantly, ventral hippocampus have
been repeatedly shown to be involved in stress adaptation, emotional memory formation and anxiety, while
the dorsal hippocampus is implicated in cognitive functions such as spatial memory processing (Kjelstrup et
al. , 2002; Fanselow & Dong, 2010; Strange et al. , 2014). Therefore, our findings might be more relevant to
emotional phenotypes observed in these two mouse strains.

Both B6N and 129 strains show significantly increased number of CA1 SW events and correlation of SW
events in the CA3 and CA1 (Fig. 1). Additionally, 129 strain shows a facilitated propagation of SW events
from CA3 to CA1 region. These findings aligns well with our previous work demonstrating that both increa-
sed propensity for SW-R generation in the ventral CA1 and increased SW propagation along CA3-CA1 axis
correlate well with the aberrant fear extinction and persistent fear memories (Çalişkan et al. , 2016). This is
also supported byin vivo work showing causal involvement of SW-R in contextual fear memory consolidation
(Wang et al. , 2015; Girardeau et al. , 2017; Ognjanovski et al. , 2017). Cholinergic hippocampal gamma
oscillations (Fig. 2) are significantly enhanced in mice with anxious phenotype (B6N, 129) in comparison to
a less anxious mouse strain (B6J). This observation also supports our previous study demonstrating reduced
gamma oscillation in ex vivo slice preparations of mice with lower anxiety (Albrecht et al. , 2013). Indeed,
heightened anxiety/emotionality appears to elicit increases ofin vivo gamma oscillations in the ventral hip-
pocampus and hypersynchronous gamma activity has been related to emotional psychopathologies (Headley
& Paré, 2013; Dunkley et al. , 2014, 2015; Stujenske et al. , 2014). Future studies testing whether such
oscillatory patterns are also observed in vivo are needed to substantiate these in vitro findings. Furthermore,
it would be interesting to test whether cholinergic markers that are important for gamma generation (e.g.,
M1 receptors) are altered in these mouse strains.

Augmented network oscillations might be due to an altered CA3 associative collateral network activation in
B6N substrain and 129 strain (Çalışkan et al. , 2015). To assess the activation of CA3 associative collateral
network (Fig. 3), we analysed antidromic populations spikes and synaptically-mediated orthodromic popu-
lation spikes triggered by antidromic stimulation of CA3 subregion (Behrenset al. , 2005; Fano et al. , 2012).
We found no major effect on the antidromic population spikes in the CA3 subregion except for a minor
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decrease in the 129 strain at higher stimulation strengths. However, the synaptically-mediated orthodromic
population spikes were significantly reduced primarily in 129 strain. Local CA3 GABAergic interneurons
control the excitation mediated by excitatory CA3-CA3 synapses (Li et al. , 1994; Le Duigou et al. , 2014).
Thus, a reduction in the excitatory interactions within the CA3 recurrent collaterals might be due to an
increased local inhibitory tonus in the 129 strain. Therefore, we analysed the expression of distinct markers
for inhibitory interneurons that are crucial for generation and modulation hippocampal network oscillations
(Fig. 4) (Mann et al. , 2005; Oren et al. , 2006; Ellender et al. , 2010). We used glutamate decarboxylase
67 (GAD67) as the pan-GABAergic marker. Furthermore, somatostatin (SST) and parvalbumin (PV) were
used to quantify SST+ and PV+ interneuron populations. We observed a prominent overall increase in the
number of GAD67+ interneurons in the hippocampal CA3-CA1 of 129 strain. This finding supports the
notion that an increased inhibition might be present in the 129 strain which, in turn, can cause a reduction
in the CA3 orthodromic population spikes for a given antidromic stimulation.

Changes in the number of interneuron populations can either cause the observed oscillatory features or
reflect a compensatory mechanism. During both CA3 SW events and carbachol-induced gamma oscillation
cycles, CA3 pyramidal cells receive a relatively stronger inhibitory input in comparison to an excitatory
input (Oren et al. , 2006; Hajos et al. , 2013; Zemankovics et al. , 2013; Bazelotet al. , 2016). These
compound intracellular excitatory/inhibitory events with a relatively stronger inhibitory component can be
recorded as extracellular field potentials from the pyramidal cell layer as positive going voltage deflections
(Bazelot et al. , 2010, 2016; Beyeler et al. , 2013). On the other hand, both perisomatic-region targeting
PV+ interneurons and distal dendrite-targeting SST+ interneurons appear to receive relatively stronger
excitation in comparison to inhibition during each gamma or SW event (Oren et al. , 2006; Hajos et al. ,
2013; Pangalos et al. , 2013). Thus, a relatively increased inhibition during these oscillatory cycles can cause
such an increase in gamma oscillation power as observed in the CA3 of both B6N and 129 strains.

Some evidence suggests that perisomatic inhibition onto pyramidal cells provided by PV+ basket cells is the
source of gamma-range field potentials induced by carbachol (Gulyás et al. , 2010). Inconsistently, recent
evidence shows a paradoxical increase in broadband gamma power in mice deficient for PV+ interneuron
function, however, with reduced cellular synchronization to gamma oscillations (Guyon et al. , 2021). We ob-
served a reduced PV+ interneuron number in both CA3 and CA1 of B6N strain. It is tempting to speculate
that the reduction in PV+ interneuron number can cause the increased gamma power observed in the CA3
and CA1 of B6N strain. However, we detected an increased local gamma correlations in the CA3 and CA1
suggesting an increased gamma synchronization potentially mediated via increased PV+ interneuron func-
tionality. Thus, as an alternative explanation, more efficient recruitment of PV+ interneurons by excitatory
pyramidal cells could compensate for reduced PV+ interneuron abundance and increase perisomatic inhibi-
tion augmenting gamma field potential oscillations. Such increase in perisomatic inhibition can also lead to
heightened SW amplitude as observed in the CA3 and CA1 of B6N strain. Furthermore, the reduction in the
number of PV+ interneuron could alter the reciprocal interactions between PV+ interneurons during SW
events that mediate the generation of fast ripple oscillations (Schlingloff et al. , 2014). In line, we observed
a reduced CA3 ripple frequency in the B6N strain. Future studies assessing excitation-inhibition balance
using intracellular recordings during field potential oscillations need to confirm whether such alterations are
present in the B6N strain.

On the other hand, the increased number of SST+ interneurons observed in the hippocampus of 129 strain
might underlie the increased gamma power. Indeed, a recent study suggests that SST+ interneurons are
necessary for the maintenance of carbachol-induced gamma oscillations in hippocampal slices prepared simi-
larly to our study (Antonoudiou et al. , 2020). Furthermore, the same study shows that optogenetic activation
of SST+ interneurons leads to an increase in the peak frequency of cholinergic gamma oscillations in vitro .
Indeed, in the 129 strain, the increased SST+ interneuron number was accompanied by faster gamma oscil-
lation cycles evident by an increased peak frequency of gamma oscillations. However, it still remains to be
elucidated how increased number of SST+ interneurons could directly affect the entrainment of pyramidal
cells leading to augmented gamma oscillations as they mostly target the distal dendrites of the pyramidal
neurons in the CA3 (Müller & Remy, 2014). Thus, it is likely that, during cholinergic gamma oscillations,
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they modulate perisomatic inhibition via altering the excitability of principal neurons and spiking precision
of PV+ interneurons as previously described for the dentate gyrus circuit (Savanthrapadian et al. , 2014).
Alternatively, changes in the GABA-A receptor subunit composition might also underlie the alterations in
the peak frequency of cholinergic gamma oscillations as previously described (Heistek et al. , 2010).

Taken together, we identified several common oscillatory and cellular features in the hippocampus of inbred
mouse strains with aberrant emotional/cognitive phenotype (B6N and 129). Noteworthy, while there is
substantial evidence for behavioural differences among C57/BL6 substrains (B6N vs. B6J), to the best of
our knowledge, our study is the first to show potential interneuronal and oscillatory correlates of these
differences in C57/BL6 substrains. Collectively, our study provides further evidence for altered hippocampal
physiology among commonly used inbred mouse strains and cautions scientific community to consider genetic
background as an important variable when designing experiments and interpreting their results.
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