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Differences in the learning associated transcriptional profiles between mouse strains with distinct learning abilities could

provide insight into the molecular basis of learning and memory. The inbred mouse strain DBA/2 shows deficits in hippo-

campus-dependent memory, yet the transcriptional responses to learning and the underlying mechanisms of the impair-

ments are unknown. Comparing DBA/2J mice with the reference standard C57BL/6N mouse strain we verify an

enhanced susceptibility to kainic acid induced seizures, confirm impairments in hippocampus-dependent spatial memory

tasks and uncover additional behavioral abnormalities including deficits in hippocampus-independent learning.

Surprisingly, we found no broad dysfunction of the DBA/2J strain in immediate early gene (IEG) activation but instead

report brain region-specific and gene-specific alterations. The learning-associated IEGs Arc, c‐Fos, and Nr4a1 showed no

DBA/2J deficits in basal or synaptic activity induced gene expression in hippocampal or cortical primary neuronal cultures

or in the CA1, CA3, or retrosplenial cortex following spatial object recognition (SOR) training in vivo. However, the parietal

cortex showed reduced and the dentate gyrus showed enhanced SOR-evoked induction of most IEGs. All DBA/2J hippo-

campal regions exhibited elevated basal expression of inhibin β A (Inhba) and a learning-associated superinduction of the

transcription factor neuronal Per-Arnt-Sim domain protein 4 (Npas4) known to regulate the synaptic excitation–inhibition

balance. In line with this, CA1 pyramidal neurons of DBA/2J mice showed fewer inhibitory and more excitatory miniature

postsynaptic currents but no alteration in most other electrophysiological properties or gross dendritic morphology. The

dysregulation of Npas4 and Inhba expression and synaptic connectivity may underlie the cognitive deficits and increased

susceptibility to seizures of DBA/2J mice.

Inbred mouse strains carry naturally occurring genotypes not gen-
erated by artificial gene modifications and thus have the potential
to provide insight into the molecular, cellular, and structural caus-
es of interindividual differences attributable to genetic variants in
humans. DBA mice are the oldest inbred strain that shows several
strain-specific differences to the most widely used inbred strain,
C57BL/6, including an increased susceptibility to hearing loss,
noise-induced seizures, and glaucoma (Schreiber and Graham
1976; Willott and Lu 1980; Reichstein et al. 2007; Seo et al.
2021). Behaviorally, DBA/2 show hyperactivity (Thinus-Blanc
et al. 1996; Podhorna and Brown 2002), impaired novelty induced
locomotor activity and impaired hippocampus-dependent spatial
learning in tasks such as contextual fear conditioning (CFC)
(Paylor et al. 1994; Cabib et al. 2002; Tipps et al. 2014), the
Morris water maze (Upchurch and Wehner 1988; Paylor et al.
1993; Logue et al. 1997; Owen et al. 1997; Nguyen et al. 2000a;
Holmes et al. 2002; Youn et al. 2012), the eight-arm radial maze
(Rossi-Arnaud et al. 1991) and object–place recognition (also
termed spatial object recognition [SOR]) (Thinus-Blanc et al.
1996). In contrast, DBA/2 mice do not differ from C57BL/6 mice
in several tasks that are largely independent of hippocampal func-
tion such as auditory fear conditioning (Paylor et al. 1994), passive

avoidance (Podhorna and Brown 2002), conditioned taste aversion
(Rebecca Glatt et al. 2016) and novel object recognition (Brooks
et al. 2005; but see Thinus-Blanc et al. 1996).

Hippocampal connectivity, morphology and signal transduc-
tion, particularly in CA1 pyramidal neurons, play a major role in
spatial memory acquisition (Volpe et al. 1992). Morphological fea-
tures including the apical dendrite length and spine density of CA1
pyramidal neurons appear not to differ between DBA/2 and
C57BL/6 mouse strains (Restivo et al. 2006). However, deficits in
presynaptic vesicle release proteins, a reduced synaptic vesicle re-
serve pool and release probability at CA1 synapses without altered
postsynaptic density or active zone sizes have been reported in
DBA/2 mice (Nguyen et al. 2000a; Lenselink et al. 2015).
Furthermore, synaptic dysfunction in DBA/2 mice is evident
from a reduced mossy fiber terminal field in the CA3 (Crusio and
Schwegler 1987) and impaired long-termpotentiation (LTP) induc-
tion and/or maintenance in acute slices and in vivo in the CA1
(Matsuyama et al. 1997; Nguyen et al. 2000a,b; Jones et al. 2001;
Gerlai 2002; Schimanski and Nguyen 2005) and dentate gyrus

Corresponding authors: bengtson@nbio.uni-heidelberg.de,
bading@nbio.uni-heidelberg.de

# 2022 Oberländer et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first 12 months after the full-issue publication
date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 months,
it is available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.053527.121.

29:55–70; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/22; www.learnmem.org

55 Learning & Memory

mailto:bengtson@nbio.uni-heidelberg.de
mailto:bading@nbio.uni-heidelberg.de
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.053527.121
http://www.learnmem.org/cgi/doi/10.1101/lm.053527.121
http://www.learnmem.org/site/misc/terms.xhtml


(Bampton et al. 1999; Jones et al. 2001). DBA/2mice also show low-
er levels of protein kinase C activity in their hippocampus and im-
paired learning induced phosphorylation of its target, GAP-43
(Wehner et al. 1990; Young et al. 2000; Jones et al. 2001). Thus,
a synaptic dysfunction exists in the hippocampus of DBA/2
mice, yet little is known about the strain-dependent differences be-
tween DBA/2 and C57BL/6 at a molecular level in the context of
hippocampus-dependent learning.

N-methyl-D-aspartate (NMDA) receptor-dependent signal-
ing, which is important for the induction of immediate early genes
(IEGs), is a well characterized and essential pathway involved in
learning and memory (Bading et al. 1993; Tsien et al. 1996;
Guzowski et al. 2001; Bading 2013). IEG induction is also an im-
portant and measurable endpoint of the NMDA receptor-
dependent calcium signaling cascade. Memory impairments result
from knockdown or knockout of IEGs such as Nr4a1 (Hawk et al.
2012; Bridi and Abel 2013) and Npas4 (Sun and Lin 2016; Weng
et al. 2018) or transcription-regulating factors that mediate IEG in-
duction such as cAMP response element binding protein (CREB)
binding protein (CBP) and extracellular signal-regulated kinase 2
(ERK2) (Satoh et al. 2007; Barrett et al. 2011). CREB phosphoryla-
tion in response to hippocampal-dependent place learning or
fear conditioning is reduced in the hippocampus of DBA/2 mice
(Sung et al. 2008; Hwang et al. 2010; Cho et al. 2019) suggesting
impaired learning related transcriptional activation.

Although IEGs are important for long-term memory forma-
tion, and gene expression in DBA/2 has been investigated in other
contexts such as stress or physical activity (e.g., Fordyce et al. 1994;
Mozhui et al. 2010;Misiewicz et al. 2019), little is known about IEG
expression or induction by learning paradigms in DBA/2 mice.
One study of spatial learning-induced expression of the IEG,
c-Fos, in DBA/2 compared with C57BL/6 mice has reported time
point- and subregion-specific differences between strains in the
hippocampus (Passino et al. 2002). It remains to be seen whether
other IEGs follow this expression profile.

The central aim of this study was to deepen our knowledge of
the molecular, structural, and cellular properties associated with
strain-dependent differences in learning in mice. Specifically, we
asked whether impaired hippocampus-dependent spatial memory
in DBA/2J mice is accompanied by altered IEG basal expression
and/or induction by relevant learning paradigms. We first verified
hippocampus-dependent learning impairment and long-term
memory deficit in DBA/2J mice independent of confounding anx-
iety differences. We also investigated whether memory impair-
ment is restricted to hippocampus-specific tasks. At a cellular
level, we analyzed basic morphological and electrophysiological
properties of CA1 pyramidal neurons including their synaptic con-
nectivity and excitability. Finally, IEG expression was analyzed in
vitro to investigate intrinsic network activity and signaling in pri-
mary hippocampal and cortical cultures, and in vivo to assess
behaviorally induced gene expression in multiple brain regions.
Our results confirm spatial memory deficits in DBA/2Jmice accom-
panied by altered expression of Inhba and Npas4, two IEGs in-
volved in regulating synaptic connectivity (Lin et al. 2008;
Krieglstein et al. 2011). We further show a shift in the excita-
tion–inhibition balance of synaptic transmission in DBA/2J mice
as well as hyperactivity, anxiety-like behavior, and an increased
susceptibility to seizures.

Results

DBA/2J learning deficits include but are not restricted

to hippocampus-dependent tasks
Since protocols assessingmemory performance vary between labo-
ratories and even minor differences can influence behavioral

performance, we first verified the DBA/2J spatial memory impair-
ment with our CFC and SOR protocols. To minimize hormonal in-
fluences and to investigate strain differences independent of any
developmental differences, we used 3-mo-old (young adult) males.
We assessed both short-term and long-term memory (STM and
LTM) for spatial learning and compared the performance of DBA/
2J with that of the control inbred strain C57BL/6N. In linewith pre-
vious reports, we found that DBA/2J show a severe impairment in
CFC evidenced by a reduced freezing time compared with C57BL/
6N mice during the test phase for both STM and LTM assessed 1
and 24 h after training, respectively (STM: t(44) = 11, P<0.0001;
LTM: t(44) = 11.27, P<0.0001) (Fig. 1A). In addition, DBA/2J mice
displayed increased sensitivity to the shock shown by an elevated
velocity of movement during the shock (t(84) = 5.04, P<0.0001)
(Fig. 1B, left) followed by increased proportion of time spent freez-
ing (postshock freezing; DBA/2: t(48) = 4.469, P <0.0001) (Fig. 1C,
right). This is in line with a previous report showing elevated freez-
ing immediately after shock application in DBA/2 compared with
C57BL/6 (Gerlai 1998) and indicates that the reduced freezing
time in DBA/2J during the test phase is not caused by a reduced
pain perception during training or any impaired ability of DBA/2J
mice to freeze. Although CFC is considered a hippocampus-
dependent memory paradigm, amygdala-dependent anxiety and
fear also influence CFC performance (Kochli et al. 2015). We ob-
served increased anxiety-like behavior in an open field task in
DBA/2J compared with C57BL/6N for several parameters (number
of entries in central zone, t(44) = 4.191, P<0.0001; latency to first en-
try into the central zone, t(43) = 2.991, P=0.0046; time spent in cen-
tral zone, t(44) = 2.629, P =0.0118) (Fig. 1D). Increased anxiety in
DBA/2J mice could potentially interfere with learning in the CFC
task and reduce their performance. To verify the hippocampal
memory deficit independent of anxiety confound, we analyzed
DBA/2J performance in SOR, a hippocampus-dependent memory
task that assesses the exploration time of a relocated object during
the test phase and does not evoke significant anxiety or involve
an aversive stimulus. In this task, DBA/2J mice showed a significant
impairment in LTM (t(26) = 2.490, P=0.0195) but not STM (t(19) =
1.136, P=0.2699), indicating a specific deficit in hippocampus-
dependent LTM formation (Fig. 1E). Two further parameters indic-
ative of hippocampal dysfunction were observed in DBA/2J mice:
increased exploration in a novel environment (F(1,48) = 65.48, P<
0.0001) (Fig. 1F) and impaired nesting behavior (mass of untorn
nesting material DBA/2J: t(18) = 9.467, P<0.0001) (Fig. 1G), which
have been reported to occur in hippocampus-lesioned mice and
rats (Nadel 1968; Deacon 2006).

To assess the selectivity of DBA/2J memory impairment for
hippocampus-dependent tasks we used a visuomotor conditional
learning (VMCL) task, which is hippocampus-independent and re-
lies predominantly on striatal and posterior cingulate cortex func-
tion (Horner et al. 2013; Delotterie et al. 2015). We used a Bussey–
Saskida touch screen chamber for rodents (Horner et al. 2013)
where food restrictedmice were rewarded withmilk if they learned
to associate a symbol with a side-specific touch response following
repeated paired presentations. DBA/2J mice showed a severe learn-
ing impairment in this task as indicated by lower accuracy (F(14,285)
= 12.51, P<0.0001) and a higher number of correction trials
(F(19,380) = 41.22, P<0.0001) (Fig. 1H). Thus, the learning impair-
ment of DBA/2Jmice seems not to exclusively affect hippocampus-
dependent tasks. Since SOR, exploration, nest building and VMCL
all rely on processing and coordination within and between the vi-
sual andmotor systems, we next tested the visuospatial function in
a visual water maze task. This task required mice to find a sub-
merged but visible platform over four trials and is distinct from
the standard Morris water maze task, which tests hippocampus-
dependent spatial memory where the platform is not visible to
the mouse in the test phase. DBA/2J and C57BL/6N mice
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performed equally well in this task indicating no visuomotor im-
pairment (F(1,56) = 0.2214, P=0.6398) (Fig. 1I). Taken together,
our behavioral analyses are in line with previous studies showing
impaired hippocampus-dependent memory function in DBA/2
mice. They further revealed that these deficits are independent of
confounding differences in anxiety or visuomotor abilities and
are not restricted to hippocampus-dependent tasks.

Strain differences in the morphology and

electrophysiological passive cell properties of pyramidal

CA1 neurons

Considering the severe spatial memory impairments of DBA/2J
mice, we next analyzed hippocampal structure and basic electro-
physiological parameters of CA1 pyramidal neurons, which could
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Figure 1. Comparison of DBA/2J and C57BL/6N learning and behavior. (A) CFC memory performance quantified as the time spent freezing as a per-
centage of total time during the test sessions for STM and LTM. Number of mice: C57BL/6N, STM n=17; DBA/2J, STM n =29; C57BL/6N, LTM n=16;
DBA/2J, LTM n=27. (B) Mean velocity of mouse movement within the arena during the shock used as the unconditioned stimulus during CFC training
(0.7 mA shock for 5 sec). (C) Time freezing as a percentage of the total time during the preshock and postshock periods (148 and 30 sec, respectively).
Number of mice: C57BL/6N n =33; DBA/2J n =56. (D) Anxiety parameters quantified from the open field test. Number of mice: C57BL/6N n=21; DBA/2J n
=25. (E) SORmemory performance quantified as the time spent exploring the relocated object as a percentage of the total exploration time during the test
session. Number of mice: C57BL/6N, STM n=10; DBA/2J, STM n=11; C57BL/6N, LTM n=15; DBA/2J, LTM n =13. For both spatial memory tests (CFC and
SOR) STM was tested 1 h and LTM 24 h after the training session. (F) The total object exploration time during all SOR training and test sessions is plotted.
Number of mice: C57BL/6N n=29; DBA/2J n=21. (G) Nesting score evaluated according to Deacon (2006) (see the Materials and Methods) is plotted at
the left. The mass of untorn cotton nestingmaterial after 12 h as a percentage of the mass of total material placed in the cage is plotted at the right. Number
of mice: C57BL/6N n=14; DBA/2J n=12. (H, left) Visuomotor conditional learning (VMCL) learning performance scored as the number of correct respons-
es as percentage of the total number of responses over 15 d. (Right) VMCL learning performance is plotted as the number of correction trials after an in-
correct response. Number of mice: C57BL/6N n=10; DBA/2J n =10. (I) Latency to find the visible platform during four trials of a water maze task. Number
of mice: C57BL/6N n=5; DBA/2J n=11. All graphs are plotted as mean± SD. Statistical significance was determined by independent, two-tailed t-test (A–E,
G) and multiple-comparison two-way ANOVA (F,H,I). (n.s.) Not significant, (*) P<0.05, (**) P<0.01, (***) P<0.001.
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underlie a strain-dependent behavioral impairment. Consistent
with previous studies (Abusaad et al. 1999), cresyl violet staining
did not reveal any obvious strain differences in gross hippocampal
morphology (Fig. 2A). To investigate morphological properties in
more detail, we measured total dendritic length of basal dendrites
of Golgi-Cox-stained CA1 pyramidal neurons. CA1 excitatory neu-
rons were chosen because of their well-documented role in spatial
memory formation (Tsien et al. 1996; Hemstedt et al. 2017). In
DBA/2J mice, there was a small but not statistically significant re-
duction in basal dendrite length (t(35) = 1.944, P=0.0599) (Fig.
2B), indicating that there may be a minor morphological impair-
ment in the hippocampus of DBA/2J mice.

We performed whole-cell patch clamp recordings of CA1 py-
ramidal neurons in acute hippocampal slices to investigate poten-
tial differences in various electrophysiological properties between
DBA/2J and C57BL/6N mice (Table 1). Major factors such as cell
size, morphology and channel activity at rest that influence neuro-
nal function affect passive electrophysiological properties. No dif-
ferences were detected in whole-cell resistance and resting
membrane potential, but a larger whole-cell capacitancewas found
inDBA/2J cells.We also compared various action potential (AP) pa-
rameters to detect any difference in excitability but found no dif-
ference in AP threshold, amplitude, half-width or rheobase
current, theminimal current injection required to evoke an AP (Ta-

ble 1). DBA/2J cells showed a larger afterhyperpolarization poten-
tial (AHP) amplitude without significant differences in the delay
to its peak. A larger AHP might be expected to reduce spike num-
bers and increase accommodation within spike trains. However,
the number of APs evoked by incremental current steps did not
differ between the mouse strains (Fig. 2C,D), and the slowing of
AP frequency across these 1-sec depolarizing steps, quantified
as an accommodation index, did not differ either (Table 1).
Hyperpolarization-activated cyclic nucleotide-gated (HCN) cation-
ic channels, responsible for the h current, and rapidly activating
potassium inward rectifier (Kir) channels are known to regulate
dendritic excitability and resting membrane potential in pyrami-
dal neurons (Poolos et al. 2002; Day et al. 2005; Kase and Imoto
2012).We found no differences in these hyperpolarization-activat-
ed conductances, HCN, and Kir, between mouse strains. Thus, we
detected no differences in passive electrical properties, excitability,
AP firing frequency or hyperpolarization-activated conductances,
except a slightly elevated whole-cell capacitance and AHP ampli-
tude in CA1 pyramidal neurons of DBA/2J mice. The larger capac-
itance of DBA/2J CA1 pyramidal neurons suggests a large plasma
membrane surface area indicative of a larger dendritic tree. Given
the absence of any difference in the total dendrite lengths in the
basal dendritic tree, such differences may arise from the larger api-
cal dendritic tree that is too large for analysis with light microsco-

py. Taken together, we could not detect
major morphological or electrophysio-
logical differences of CA1 pyramidal neu-
rons between DBA/2J and C57BL/6N
mouse strains, suggesting that the severe
learning impairments in DBA/2J mice
are not caused by basal differences in
the anatomyor electrical function of indi-
vidual neurons but instead by deficits in
gene expression or network function un-
derlying adaptive responses.

Comparative analysis of IEG

induction in DBA/2J

and C57BL/6N mice
Since no major strain differences in basic
morphology and electrophysiology were
apparent in CA1, we reasoned that either
molecular signaling or hippocampal net-
work functions might be compromised
in the DBA/2J strain. The disruption of
LTM but not STM in DBA/2J mice in
SOR suggests impaired transcriptional re-
sponses to synaptic activity in the hippo-
campus. To assess synaptic activity
induced IEG activation independent of
in vivo network activity we examined
IEG induction in primary hippocampal
cultures from C57BL/6N and DBA/2J
mice stimulated with bicuculline. This
γ-aminobutyric acid type A (GABAA) re-
ceptor antagonist causes AP bursting, syn-
aptic NMDA receptor activation, synaptic
potentiation, and calcium-dependent sig-
naling cascades, leading to the induction
of a large gene pool, including multiple
IEGs (Hardingham et al. 2001; Arnold
et al. 2005; Zhang et al. 2007, 2009). We
quantified the induction strength and ki-
netics of three well-characterized NMDA
receptor signaling-dependent IEGs: Arc,

BA
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Figure 2. Comparative analysis of DBA/2J and C57BL/6N hippocampal and dendritic morphology. (A)
Representative pictures of C57BL/6N (left) and DBA/2J (right) dorsal and ventral hippocampus stained by
cresyl violet (Nissl). (CA1) cornu ammonis area 1, (CA3) cornu ammonis area 3, (DG) dentate gyrus.
Magnification, 10×. (B) Total dendritic length of basal dendrites of CA1 pyramidal neurons. Length
was determined after manual tracing of Golgi-stained brain slices. C57BL/6N n=17 cells, three
animals; DBA/2J n=20 cells, three animals. Statistical significance was determined by independent, two-
tailed t-test. (C ) The graph showsmean (±SEM) number of action potentials (APs) generated in response
to a 1-sec current injection through the patch pipette with the cell at its resting membrane potential
(Vrest; i.e., no holding current) from CA1 pyramidal neurons in C57BL/6N (n=21) and DBA/2J (n=
23) mice. (D) The graph shows the same data set shown in C but with rheobase current (see Table 1)
subtracted from all current injection values to adjust the data for any differences in rheobase current
between cells. No significant differences occurred between the C57BL/6N and DBA/2J data sets
for either analysis (independent samples t-tests of the slopes generated from linear fits for each cell:
t(44) = 0.859, P=0.395 for C, and t(44) = 1.255, P=0.217 for D).
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Npas4, and Nr4a1. Basal IEG expression and AP bursting-induced
IEG induction were equivalent in hippocampal cultures prepared
from DBA/2J and C57BL/6N mice (Fig. 3A). We performed the
same analysis in primary cortical cultures to sample another brain
region and found significantly higher activation of Npas4 by bicu-
culline in DBA/2J cultures and a trend for elevated induction of Arc
andNr4a1 (Fig. 3B). These results indicate that NMDA receptor and
calcium signaling-dependent IEG induction pathways are not dys-
functional in DBA/2J neurons and that the machinery for the syn-
aptic activation of transcription relevant to synaptic plasticity
appears intact in culture systems of primary hippocampal and cor-
tical neurons with some evidence for enhanced IEG activation in
cortical preparations from DBA/2J mice.

To analyze IEG induction in the intact brain, we induced syn-
aptic activity by a systemic injection of kainic acid. Kainate recep-
tors are highly expressed in hippocampal regions (Wisden and
Seeburg 1993) and their activation results in excitatory signaling-
and activity-dependent gene induction, accompanied by convul-
sive seizures (status epilepticus) in a dose-dependent manner
(Gall et al. 1991). DBA/2J mice showed higher status epilepticus
scores (t(17) = 4.96, P<0.0001) (Fig. 4A) and even low kainic acid
concentrations of 15 mg/kg body weight, which had little effect
on C57BL/6N mice, were lethal for more than 50% of DBA/2J
mice (Fig. 4B). Increased seizure susceptibility in DBA/2J has
been reported for sound-induced seizures (Schreiber and Graham
1976). The extreme difference in seizure severity and lethality be-
tween the strains invalidated anymeaningful comparison of kainic
acid-induced gene induction (data not shown). Temporal lobe sei-
zures are known to cause impairments in hippocampus-dependent
memory and reduce the number of place field selective neurons in
the CA1 and their place field stability (Liu et al. 2003). Although
memory impairment due to spontaneous seizure events in our
mice cannot be excluded, seizures were never observed in any
DBA/2J mouse during behavioral assays or in the home cage
(HC) during daily checks on animal welfare.

To assess potential mouse strain differences in the effect of a
behaviorally relevant and less harmful stimulus we next analyzed
in vivo IEG expression following SOR training. The hippocampal
subregions CA1, CA3, and dentate gyrus (DG) were analyzed sepa-
rately due to their involvement in different aspects of memory ac-
quisition and consolidation (Daumas et al. 2005; McAvoy et al.
2015). We also investigated cortical regions known for their in-

volvement in the SOR task; namely, the retrosplenial cortex
(RSC), parietal cortex (PC) and prefrontal cortex (PFC) (Barker
et al. 2007; Kesner 2009; de Landeta et al. 2020). In addition to
the IEGs, Arc, Npas4, and Nr4a1 assessed in our primary cultures,
we characterized the expression of a further three IEGs activated
by nuclear calcium signaling and activation of the CREB/CBP tran-
scription factor complex, Bdnf, cFos, and Inhba (Zhang et al. 2009).
A single time point of 30 min after SOR training was used.

Despite multiple behavioral differences and deficits in
hippocampal-dependent learning in DBA/2J mice, we did not
find a global impairment in the basal expression of IEGs or their in-
duction by SOR training but instead selective differences in basal or
SOR induced expression of some IEGs in certain brain regions.
Basal IEG expression in untrained home cage (HC) animals did
not differ between C57BL/6N and DBA/2J strains in any hippo-
campal or cortical region for any gene except for Inhba, which
showed a significantly elevated basal expression in the CA1 region
of DBA/2Nmice (P=0.0089) and a trend for elevated expression in
CA3 (P=0.1149) and DG (P=0.0585) (Table 2; Figs. 5, 6). SOR
learning-evoked induction of Arc, c-Fos, and Nr4a1 IEGs involved
in memory formation (Fleischmann et al. 2003; Tzingounis and
Nicoll 2006; McNulty et al. 2012) occurred in both C57BL/6N
and DBA/2J mice in all analyzed hippocampal and cortical regions
with no difference in their induction levels between strains when
normalized to the HC mice of the same strain. SOR training also
significantly induced Bdnf expression in both mouse strains in
most brain regions, however, with low and variable levels most
likely due to the relatively early 30-min time point of our sample
relative to the delayed induction kinetics for this IEG (Sun and
Lin 2016). Npas4, another well characterized IEG important for
spatial and contextual learning (Ramamoorthi et al. 2011;
Coutellier et al. 2012; Weng et al. 2018), was also significantly in-
duced by SOR training in bothmouse strains in the CA3, DG, RSC,
and PC but DBA/2Jmice showed higher SOR induction ofNpas4 in
the CA3 thanC57BL/6Nmice (P=0.032) andDBA/2Jmice showed
SOR induction of Npas4 in the CA1 and PFC where induction in
C57BL/6N mice was absent. The increased basal expression of
Inhba in DBA/2J mice in all hippocampal regions reported above
was accompanied by an absence of Inhba induction by SOR train-
ing selectively in the DG and PC in DBA/2J but not C57BL/6N
mice. The PC of DBA/2J mice showed attenuated learning-induced
expression for all analyzed genes when normalized to C57BL/6N

Table 1. Electrophysiological properties of CA1 pyramidal neurons in C57BL/6N or DBA/2J mice

C57BL/6N DBA/2J t-value P-value

Membrane capacitance pF 124.9 ± 3.9 (78, 22) 137.3 ± 4.5 (85, 28) 2.06 0.040*
Membrane resistance MΩ 131.8 ± 4.4 (78, 22) 135.4 ± 4.9 (85, 28) 0.53 0.594
Vrest mV −60.19 ±0.74 (26, 8) −58.33 ±1.20 (28, 8) 1.29 0.201
AP threshold mV −40.22 ±1.16 (26, 8) −37.57 ±1.35 (28, 8) 1.48 0.145
AP amplitude mV 72.10 ±2.02 (26, 8) 70.19 ± 2.38 (28, 8) 0.61 0.546
AP half width msec 0.923±0.028 (26, 8) 0.896 ±0.032 (28, 8) 0.63 0.530
AHP amplitude mV −15.86 ±0.90 (26, 8) −18.69 ±0.67 (28, 8) 2.54 0.014*
AHP peak delay msec 4.58± 0.54 (26, 8) 4.99 ± 0.62 (28, 8) 0.48 0.631
Rheobase current pA 58.5 ± 9.1 (27, 8) 61.3 ± 8.4 (30, 8) 0.23 0.820
Accommodation index a.u. 0.40± 0.03 (25, 8) 0.44 ± 0.02 (28, 8) 1.34 0.187
Kir conductance nS 2.90± 0.41 (25, 8) 3.08 ± 0.42 (28, 8) 0.31 0.757
HCN conductance nS 2.73± 0.27 (25, 8) 2.95 ± 0.19 (28, 8) 0.69 0.494
mIPSC IEI msec 91.05 ± 4.96 (21, 6) 136.51 ± 12.28 (20, 5) 3.49 0.0012**
mIPSC amplitude pA 46.83 ±2.72 (21,6) 54.05 ± 2.68 (20, 5) 1.89 0.066
mEPSC IEI msec 3516±282 (26, 10) 2663 ±189 (35, 11) 2.61 0.0115*
mEPSC amplitude pA 10.76 ±0.32 (26, 10) 10.24 ± 0.30 (35, 11) 1.17 0.246

Summary statistics obtained from whole-cell patch-clamp recordings in acute hippocampal slices from 10-wk-old mice. Data indicate mean ± SEM (number of
cells, number of animals). See the Materials and Methods for details. (Vrest) Resting membrane potential, (AP) action potential, (AHP) afterhyperpolarization po-
tential, (HCN) hyperpolarization-activated cyclic nucleotide-regulated, (Kir) potassium inward rectifier, (mIPSC) miniature inhibitory postsynaptic current,
(mEPSC) miniature excitatory postsynaptic current, (IEI) interevent interval. (*) P<0.05, (**) P< 0.01 determined by two-tailed t-tests.
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HC controls with significant induction differences between strains
for Bdnf and Inhba. In contrast, IEG expression and induction in
the PFC and RSC did not differ between the strains for all analyzed
genes.

In summary, in vivo IEG expression data shows that the spa-
tial learning-impaired DBA/2J show elevated basal and reduced
SOR training induced expression of Inhba in the hippocampus
and PC, and elevated SOR induction ofNpas4 in the hippocampus.
Since Inhba can prolong long-term potentiation in CA1 pyramidal
neurons (Ageta et al. 2010; Hasegawa et al. 2014) andNpas4 expres-
sion regulates both excitatory and inhibitory synaptic connectivity
in the hippocampus (Lin et al. 2008; Sim et al. 2013; Spiegel et al.
2014), we next investigated synaptic function in the CA1.

DBA/2J show reduced inhibitory and increased excitatory

basal synaptic input onto hippocampal CA1 pyramidal

neurons
To analyze inhibitory and excitatory synaptic connectivity we re-
corded, in acute hippocampal slices (ex vivo) from untrained HC
mice, miniature inhibitory postsynaptic currents (mIPSCs)

BA

Figure 3. IEG induction in primary neuronal cultures. (A,B) RT-qPCR analysis of IEG expression in primary hippocampal (A) and cortical (B) cultures.
Panels at the left show the basal gene expression of the respective gene. Panels at the right show relative gene expression of IEGs Arc, Npas4, and
Nr4a1 after 0.5-, 1-, and 2-h bicuculline (50 µM) treatment of primary neuronal cultures from C57BL/6N and DBA/2J P0 mice after 10–11 d in culture.
Gusb was used as the endogenous control and expression was normalized to total brain RNA pooled from both mouse strains. DBA/2J n=6 mice;
C57BL/6N n=8 mice. Graphs show mean± SD Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test. (n.s.)
Not significant, (**) P<0.01.

BA

Figure 4. Kainic acid administration in vivo. (A) Status epilepticus score
and (B) mortality rate of DBA/2J and C57BL/6N after kainic acid admin-
istration. The panel on the left shows the number of mice deceased after
i.p. administration of 15 mg/kg body weight kainic acid. On the right the
status epilepticus severity is shown, scored as follows: 0: no reaction; 1:
immobility; 2: sudden shaking, chewing movements; 3: clonus of front
extremities; 4: erecting of the body; 5: continuous body erection, sei-
zures; and 6: death. DBA/2J n=13; C57BL/6N n=6. Graphs show per-
centage (A) and mean± SD (B). (B) Statistical significance was
determined by Mann–Whitney test. (*) P<0.05, (**) P<0.01, (***) P<
0.001.
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mediated byGABAA receptors (Fig. 7A–D) andminiature excitatory
postsynaptic currents (mEPSCs) mediated by α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Fig.
7E–H). We found a longer interevent interval (IEI; the inverse of
frequency) of mIPSCs (t(39) = 3.495, P=0.0012) (Fig. 7C) and a
slightly shorter IEI of mEPSCs (t(59) = 2.610, P=0.0115) (Fig. 7G)
in CA1neurons of DBA/2Jmice. These differences were not accom-
panied by any change in mIPSC amplitude (t(39) = 1.889, P=
0.0664) (Fig. 7D) or mEPSC amplitude (t(59) = 1.17, P=0.2458)
(Fig. 7H). These differences in mIPSC and mEPSC frequency in
the absence of differences in amplitude are likely to reflect a re-
duced number of inhibitory synapses or their release probability
and an increased number of excitatory synapses or their release
probability at pyramidal neurons in the CA1 region of the hippo-
campus of DBA/2J mice.

Discussion

This study brings together a broad assessment of the behavioral
phenotype, the activity and learning induced IEG expression pro-
file as well as morphological and electrophysiological characteriza-
tion of the learning-deficient inbred mouse strain, DBA/2J. We
show that the DBA/2J memory deficits include hippocampus-

dependent CFC and SOR, an impairment
in the striatum-dependent VMCL task
and increased anxiety-like behavior.
Thus, the learning impairment of DBA/
2J is broader than previously thought
and can be partly explained by a working
memory or acquisition deficit as has pre-
viously been suggested (Beddeley and
Hitch 1974; Schwegler et al. 1990). The
impairment in both STM and LTM for
CFC indicate impaired learning likely re-
sulting from nonspecific anxiety and hy-
peractivity. The LTM-specific deficit of
SOR reflects the insensitivity of this assay
to anxiety andhyperactivity andmakes it
attractive for transcriptional profiling of
the transcription-dependent memory
impairments in the DBA/2J mouse strain
independent of such confounds.

Dysfunction of the PC and DG in

DBA/2J mice
The normal baseline IEG expression lev-
els and the C57BL/6-like induction or
superinduction of IEGs either by synap-
tic activity in primary cultures or by
SOR training in vivo for most genes in
most brain regions indicates the absence
of any overriding deficit for cellular sig-
naling pathways or spatial exploration
in DBA/2J mice. Poor LTM for SOR in
DBA/2J mice was associated with deficits
in SOR-induced gene expression restrict-
ed to the PC while SOR induction of
most IEGs was enhanced in the hippo-
campus DG. The impaired IEG induction
by SOR in the PC suggests a reduced acti-
vation of this region by spatial novelty in
DBA/2J mice, whichmay explain why le-
sions of this region do not further impair
their performance in the SOR task

(Thinus-Blanc et al. 1996). The superinduction following SOR
training of multiple activity-dependent IEGs in the DGmay result
from impaired polysynaptic inhibition in the DBA/2J DG
(Bampton et al. 1999), whichwould amplify responses to repetitive
excitatory stimuli and is proposed to underlie the impaired main-
tenance of LTP in the DG of DBA/2J mice (Bampton et al. 1999;
Jones et al. 2001). These strain-dependent alterations in DG and
PC IEG activation suggest a critical role of these regions in spatial
novelty-induced LTM and may partly underlie the observed SOR
impairment in DBA/2J mice.

Role of Npas4 and Inhba in learning and synaptic

connectivity
From our in vivo IEG results, the superinduction of Npas4 by SOR
training and the increased basal Inhba expression were particular-
ly compelling, since both alterations occurred in hippocampal
but not cortical regions indicating a special relevance of those
two genes for hippocampal function and spatial novelty learning.
Intriguingly, both Npas4 and Inhba regulate synaptic connectivity
in the hippocampus. The neuron-specific IEG Npas4 is regulated
by neuronal activity and nuclear calcium signaling (Lin et al.
2008; Zhang et al. 2009; Spiegel et al. 2014; Sun and Lin 2016)
and regulates glutamatergic and GABAergic synapse development

Table 2. In vivo RT-qPCR statistical results summary comparing C57BL/6N and DBA/2J mice

Statistical results summary for six brain regions (CA1, CA3, DG, RSC, PC, and PFC) and six IEGs (Arc, Bdnf,
c-Fos, Inhba, Npas4, and Nr4a1) comparing basal IEG expression between C57BL/6N (B6) and DBA/2J (D2)
untrained HC animals (Basal row) and SOR induction of IEG expression by comparing SOR trained animals
with untrained HC animals of the same strain (SOR B6 and SOR D2 rows). Between strain differences in SOR
gene induction is indicated for normalization of both strains to the C57BL/6N HC animals (SOR B6 vs. D2
row) or when induction is normalized to the HC animals of the same strain (SOR B6 vs. D2# row). Higher
basal or SOR induction in DBA/2J mice is indicated in green (nonsignificant trends indicated in light green),
and lower basal or induction in DBA/2J mice is indicated in red. (n.s.) Not significant, (*) P<0.05, (**) P<
0.01, (***) P<0.001, (—) no data.
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in both glutamatergic and GABAergic neurons (Lin et al. 2008;
Sim et al. 2013; Spiegel et al. 2014). Inhba encodes Activin A,
which is neurotrophic and known to promote dendritic
complexity in glutamatergic hippocampal granule cells but re-
duce tonic GABAergic inhibition (Iwahori et al. 1997; Muller

et al. 2006; Sekiguchi et al. 2009; Krieglstein et al. 2011). Inhba
is selectively induced by SOR training in the DG in C57B/6N an-
imals but not in DBA/2J mice where Inhba is already up-regulated
in untrained HC animals thereby occluding to some degree its
further induction by SOR.

Figure 5. In vivo IEG induction in the hippocampus after SOR training. RT-qPCR analysis of IEG expression of Arc, Bdnf, Fos, Inhba, Npas4, and Nr4a1 30
min after completion of SOR training in hippocampal CA1, CA3, and DG regions. Gusbwas used as endogenous control and expression was normalized to
C57BL/6N home cage (HC) animals (left axis) or to DBA/2J HC animals (right axis). DBA/2J n=7; C57BL/6N n=7. Graphs are plotted as mean± SEM.
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test. (n.s.) Not significant, (*) P<0.05, (**) P<0.01, (***)
P<0.001.
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We found reduced inhibitory and enhanced excitatory synap-
tic input to CA1 pyramidal neurons of untrained DBA/2J mice in-
dicating a positive shift in the excitation–inhibition balance
arising fromneurotransmitter selective differences in synaptic con-

nectivity or release probability (see below). Thus, the elevated
Inhba expression throughout the hippocampus in untrained HC
DBA/2J mice may underlie this observed excitation–inhibition
shift. Although Npas4 expression regulates the excitation–

Figure 6. In vivo IEG induction in cortical regions after SOR training. RT-qPCR analysis of IEG expression of Arc, Bdnf, Fos, Inhba,Npas4, andNr4a1 30min
after completion of SOR training in parietal cortex (PC), retrosplenial cortex (RSC), and prefrontal cortex (PFC). Gusb was used as endogenous control and
expression was normalized to C57BL/6N home cage (HC) animals (left axes) or to DBA/2J HC animals (right axes). DBA/2J n=7; C57BL/6N n=7. Graphs
are plotted as mean± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test. (n.s.) Not significant, (*) P<
0.05, (**) P<0.01, (***) P<0.001.

Molecular/cellular basis of DBA/2 learning deficit

www.learnmem.org 63 Learning & Memory



inhibition balance in synaptic connectivity, no significant strain-
dependent differences in the basal expression of Npas4 in un-
trained HC animals were observed. Npas4, however, did show
superinduction by SOR in the hippocampus of DBA/J2 mice. It is
tempting to speculate that this results from the excitatory shift
in synaptic connectivity in the basal, untrained state that would
prime the network for activity-induced nuclear calcium signals
and Npas4 transcription following SOR training. However, other
nuclear calcium activity-regulated IEGs in the same hippocampal

regions were not superinduced by SOR. This might indicate that
Npas4 is more sensitive toward changes in the excitation–inhibi-
tion balance than other IEGs. The single time point used in this
study (30min after SOR training)mayhave been too early to detect
the peak transcriptional response of effector genes such asBdnf, the
expression of which is known to be strongly enhanced by the im-
mediate early response transcription factor Npas4 (Pruunsild et al.
2011).

Altered excitation–inhibition balance may underlie seizure

susceptibility and learning impairments
The differences inmEPSC andmIPSC frequency but not amplitude
we observed in the CA1 are likely to reflect differences in the num-
ber of functional synapses or the vesicle release probability for glu-
tamatergic and GABAergic synapses, respectively. A reduced
instantaneous release probability of glutamatergic synapses has
been reported for the CA1 of DBA/2J mice (Lenselink et al. 2015)
but no difference was found in the DG (Bampton et al. 1999). It
is possible that such strain-dependent differences are region-
specific since no differences in mIPSC or sIPSC frequency occur
in cortical layer 2/3 pyramidal neurons and increased mIPSC fre-
quency has been reported in the thalamus of DBA/2 mice (Tan
et al. 2007, 2008). It remains unclear whether the synaptic differ-
ences observed here in the CA1 of DBA/2J mice underlie impair-
ments in the induction or maintenance of synaptic plasticity. A
DBA/2 deficit in LTP maintenance (late phase > 1 h) has been
shown for theta burst and some tetanic stimulation protocols for
the Schaffer collateral inputs to CA1 pyramidal cells (Matsuyama
et al. 1997; Nguyen et al. 2000a,b; Jones et al. 2001; Gerlai 2002;
Schimanski andNguyen 2005).While an increase in glutamatergic
and a decrease in GABAergic synaptic inputs to CA1 pyramidal
neurons would predict an enhanced potential for LTP, disrup-
tions elsewhere in the vesicle reserve pool, feedforward and feed-
back network connectivity or the induction of IEGs reported
here may be responsible for the impaired LTP maintenance in
DBA/2J mice.

Reduced GABAergic synaptic function has further conse-
quences for hippocampal function, including reduced feed-
forward inhibition critical for counterbalancing bursts of excitato-
ry activity causing seizures (Bernard 2012). Elevated expression of
some neuronal activity-dependent IEGs during learning together
with an increased seizure susceptibility after kainic acid adminis-
tration and other stimuli such as sound (Le Gal La Salle and
Naquet 1990;McLin and Steward 2006)may result from the elevat-
ed excitation–inhibition balance in the hippocampal network of
DBA/2J mice. Feedforward inhibition is also required for brain os-
cillations associated with memory consolidation (Roux and
Buzsaki 2015). The excitation–inhibition ratio for synaptic input
in the hippocampus is critical for sharp-wave ripple activity and
learning and memory (Valero et al. 2017; Lucas and Clem 2018).
In recent years the significance of impaired excitation–inhibition
balance became the focus of research in a broad range of neurode-
velopmental and also neurodegenerative disorders with diverse
molecular mechanisms being proposed (Foss-Feig et al. 2017; Del
Pino et al. 2018). Its relevance for age-dependent memory decline
in humans is also becoming increasingly apparent (Lee et al. 2015;
Robitsek et al. 2015; Barron et al. 2016; Legon et al. 2016). Thus,
disturbances in feedforward inhibition and the excitation–inhibi-
tion balance in the hippocampus may be involved in the behavio-
ral deficits of the DBA/2J strain.

The larger AHP amplitude of DBA/2J CA1 pyramidal neurons
suggests the stronger activation of the BK and SK calcium-activated
potassium channels primarily responsible for the AHP in this neu-
ron type. Such increased channel activationmay arise from a stron-
ger AP-induced calcium influx, a higher calcium channel density
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Figure 7. mIPSC and mEPSC data of CA1 pyramidal neurons from DBA/
2J and C57BL/6N mice. Representative whole-cell patch clamp recordings
(Vhold =−70 mV) and summary statistics for the amplitude and interevent
interval (IEI) of miniature inhibitory postsynaptic currents (mIPSC) (A–D)
and miniature excitatory postsynaptic currents (mEPSC) (E–H) of CA1 py-
ramidal neurons from C57BL/6N and DBA/2J mice. Histograms show
mean values for individual cells and their mean ± SEM. Statistical signifi-
cance was determined by independent, two-tailed t-test. (ns) Not signifi-
cant, (*) P<0.05, (**) P<0.01. See Table 1.
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or reduced calcium buffering. Although differences in accommo-
dation or depolarization induced AP generation were not detected
in DBA/2J mice, a dampening effect on higher frequency burst fir-
ing, such as responses to strong synaptic input, could potentially
affect learning induced AP generation in the CA1. Indeed, a larger
postburst AHP amplitude in CA1 pyramidal neurons is associated
with age-related cognitive decline in rats (Oh et al. 2016). The roles
of such mechanisms in DBA/2J learning deficits require further
investigation.

The selective breeding used to create the first inbred mouse
strain generated a distinct genetic background of the DBA/2
line that bestowed it with several behavioral anomalies. This study
further defines hippocampus-dependent and hippocampus-inde-
pendent learning deficits in this mouse strain and reveals
IEG-specific and brain region-specific differences in transcriptional
responses to the SOR learning task that cannot be attributed to
confounding differences in anxiety and hyperactivity. We show
a probable link between a selective LTM deficit for the
hippocampus-dependent SOR learning paradigm in DBA/2J and
the transcriptional dysregulation of Npas4 and Inhba in the hippo-
campus paired with a positive shift in the excitation–inhibition
balance of synaptic connections in the CA1. These results high-
light the specific molecular and cellular underpinnings of deficits
in learning and memory resulting from genetic variability.

Materials and Methods

Compliance with ARRIVE guidelines
Experimental design and reporting standards comply with the
guidelines for Animal Research: Reporting In Vivo Experiments
(ARRIVE) (Kilkenny et al. 2010). Biostatistical and biometrical
planning was guided by the Department of Medical Biometry at
the Institute of Medical Biometry and Informatics at Heidelberg
University. Power calculations of animal numbers were done prior
to starting the study. Sample sizes were calculated using SAS ver-
sion 9.1 proc power to ensure adequate power with an effect size
of 0.8.

Mice
We used 3-mo-old (young adult) male DBA/2J (Janviere) and
C57BL/6N (Charles River) mice for all in vivo and ex vivo experi-
ments. Mice were group-housed (four animals/group) on a 12-h
light–dark cycle and had ad libidum access to water and food.
Each cage (15×21×13.5 cm) contained one square cotton-nestlet
as nesting material. Before behavioral testing, mice were housed 1
wk in our housing room (Neurobiology, Heidelberg University). A
total of 211mice were used for this study, 172 underwent behavio-
ral paradigms, and 39 were used for structural and electrophysio-
logical analyses. Health status was checked daily. Sick or injured
mice were excluded from the study. Spatial memory and anxiety
experiments were performed during the light phase (8 a.m. to 6
p.m.). Mice used for VMCL experiments were single-housed under
a reversed dark/light cycle and tested during the dark cycle. During
operant conditioning, food supply was restricted to maintain
85%–90% of the free-feeding body weight of each mouse as previ-
ously described (Richter et al. 2014;Mallien et al. 2016; Koppe et al.
2017).

Contextual fear conditioning
For 3 d prior to training, mice were habituated to the experiment
room 0.5 h per day and handled 2 min per day. On the training
day, mice were placed into the conditioning chamber (23×23×
35 cm, TSE) and 148 sec later received a 2-sec foot shock (0.7
mA) before being returned to their home cage 30 sec later. One
hour (STM) or 24 h (LTM) after conditioning mice were tested
with one 5-min exposure to the same context in the absence of
foot shock. Freezing, defined as absence of movement except for
respiration, was scoredmanually and continuously during training

and testing sessions. Mean velocity was scored automatically by
TSE fear conditioning system software during training sand test
sessions.

Spatial object recognition
For 3 d prior to training, mice were habituated to the experiment
room 0.5 h per day and handled 2 min per day. The experimental
arena consisted of a black, square box (50 cm×50 cm×50 cm)with
a visual cue placed on one wall. Mice received one habituation ses-
sionwithout objects and three training sessionswith two objects (a
glass bottle and a metal tower) in the arena. Each session lasted 6
min and between sessions, mice were returned to their home
cage for 3 min, during which the arena was cleaned with 70% eth-
anol. One hour (STM) or 24 h (LTM) after trainingmice were tested
by returning them to the arena with one of the objects in a new
spatial location. Time spent exploring each object was manually
scored during both the training and testing phases. Preference
for the displaced object was calculated as a percentage of the total
time exploring either objects during the test session as follows: ex-
ploration time of relocated object = tdisplaced [s]/(tnondisplaced [s] +
tdisplaced [s]) × 100 [%], where tdisplaced and tnondisplaced represent
the time spent exploring the displaced and nondisplaced objects,
respectively.

Gene expression analysis after spatial object recognition
For in vivo analysis, half of the animals per cage were randomly as-
signed to the control group (home cage animals) andwere handled
and placed in the behavior roomon the training day, but theywere
not subjected to training and remained in their cage. Brains were
collected 30 min after behavioral training and control brains
were collected within 1 h of euthanizing the trained animals to
minimize possible differences due to circadian rhythm. Mice
were sacrificed by cervical dislocation, and brains were rapidly re-
moved and cut in coronal sections (1 mm thick) using a brain ma-
trix. Brain sections were stored in RNAlater (Sigma Life Science) for
1wk beforemicrodissecting individual brain regions using a binoc-
ularmicroscope (Stemi SV6, Zeiss). Tissuewas stored at−80°C until
total RNA extraction.

Open field
The open field test was quantified from the 6-min habituation
session before spatial acquisition training (see above) using
Smart Video tracking software (Panlab, Harvard Apparatus).
Anxiety-like behavior of the mice was quantified as total number
of entries into the central zone (n, the central 32% of the arena),
the percentage of the time spent in the central zone (100%× tcenter-
/ttotal), the latency to the first entry into the central zone and the
distance traveled in the central zone (100%×distancecentral/
distancetotal).

Nesting
Nest building ability was quantified as a nesting score described by
Deacon (2006) 1 wk after contextual fear conditioning. In short,
mice were placed overnight with one cotton square nestlet (Plexx
B.V.) in separate cages. After 12 h, nest quality was scored accord-
ing to the Deacon scoring system and the untorn nesting material
was weighted. The mass of the untorn nestlet was calculated as fol-
lows: (weight of nestlet after separation/weight of nestlet before
separation) × 100%.

Visuomotor conditional learning

Apparatus
The VMCL and Pokey training were assessed in Bussey–Saskida op-
erant touchscreen chambers (Campden Instruments Ltd.
80614-20). The trapezoid chambers (19 cm high, 24 wide, respec-
tively, 6 cm, 17 cm deep) consisted of black Perspex walls and a
metal grid floor and were equipped with a liquid dispenser tray
with illumination on the short end and a screen on the opposing
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wall. The liquid dispenser delivered the palatable reward solution
(sweetened condensed milk [Milchmädchen, Nestle] diluted 1:4
with tap water). A black Perspex mask separated the screen into
three touch-sensitive fields (7 ×7 cm), which could display visual
cues and detect touch responses. A light was mounted above the
chamber and a tone generator was installed in the chamber.
Software (ABET II Touch software) controlled the functions of
chamber components and detected the behavioral responses.

Pokey training
The Pokey training procedure was performed as previously de-
scribed (Talpos et al. 2009; Horner et al. 2013; Richter et al.
2014). After an habituation session (20 min with access to sweet-
ened condensed milk), the mice were familiarized with the func-
tions of the box in successive training phases: (1) the
presentation of a stimulus (a white square) on one of three fields
(center, left, and right) of the touch screen, (2) the association of
reward deliverywith a tone, (3) the touch of the touchfield display-
ing the stimulus to trigger reward delivery, (4) the entry into the
food tray as a prerequisite to initiate the next trial, (5) the punish-
ment of an incorrect response (touching a touch field without
stimulus presentation) by a 5-sec time-out with illumination of
the chamber, and (6) the touch of the center field to initiate a
choice phase where instead of reward delivery, stimuli appeared
on either the left or the right field and touching these resulted in
reward presentation.

VMCL
The VMCL protocol was adapted from Delotterie et al. (2015).
Briefly, the task is to identify visual stimuli presented in the center
of the screen that indicate whether to touch the left or the right of
the screen in order to receive a reward, following the rule “If stim-
ulus A, then go left; if stimulus B, then go right.” In the choice
phase one of two distinct visual stimuli (white icicle or white equal
sign) appeared in a pseudorandom order and the direction indicat-
ed by each visual stimulus was reversed for half the animals in each
experimental group. A touch of the correct side of the screen trig-
gered the delivery of a reward, tray illumination and tone genera-
tion, whereas a touch to the incorrect side of the screen triggered
the 5-sec time-out with illumination of the arena. Incorrect re-
sponses caused a correction trial, in which the previous trial was re-
peated until the correct response was given. Correction trials were
not counted into themeasure of accuracy. After a 5-sec intertrial in-
terval, the mouse could initiate the next trial. Subjects were tested
for 15 d with one session per day and 30 trials per session with a
maximum duration of 60 min. We counterbalanced the direction
of the reward indicating visual stimuli between the groups: Half
the mice learned to touch the left field when presented with the
white icicle and touch the right field when the white equal ap-
peared, while the other half learned the opposite rule.

Visible platform water maze
A visual version of the water maze was used as described previously
(Belz et al. 2007) with modifications. The setup consisted of a
water-filled (24°C) circular pool (150 cm in diameter), a black plat-
form (14×14 cm²) and an orange and black colored 15-mL centri-
fuge tube, which was placed on the platform and served as a visual
cue to indicate the position of the platform from afar. Mice habit-
uated to the experimental room 0.5 h before the experiment start-
ed.We assessed the latency to reach the platform for eachmouse in
four trials. The platform position changed between the trials to cir-
cumvent orientation with other cues. We adapted the start posi-
tion in each trial, keeping the distance from entry point to
platform identical. The direction of the quickest path was counter-
balanced, thereby having the shortest distance twice to the left and
twice to the right side in a randomorder. Each trial endedwhen the
mouse reached the platform or after 2 min. Mice were placed in
front of a warming light for 5 min and then returned to their
home cage for an additional 40 min between trials.

Kainic acid administration
Mice were injected with kainic acid (15 mg/kg body weight i.p.;
Sigma-Aldrich) in PBS (injection volume 4 mL/kg body weight).
Control mice from each strain received i.p. injections of PBS
only. Injected mice were put in a black bin (25 cm×30 cm×60
cm) to avoid self-injury due to seizures. Mice were observed during
the following 30 min and severity of seizures was scored according
to the following status epilepticus scoring system: 0: no reaction; 1:
immobility; 2: sudden shaking, chewing movements; 3: clonus of
front extremities; 4: erecting of the body; 5: continuous body erec-
tion, seizures; and 6: death. After 30 min, mice were sacrificed via
cervical dislocation and the brain was removed and stored for
gene expression analysis.

Cell culture
Hippocampal and cortical neurons fromnewbornDBA/2J (Janvier)
andC57Bl/6N (Charles River)micewere prepared, plated (0.7 × 106

cells/mL) and maintained as previously described (Bading and
Greenberg 1991), except that growth medium was supplemented
with B27 (Invitrogen/BRL) and 1% (v/v) rat serum. Experiments
were performed at 10 and 11 d in vitro. For GABAA receptor inhibi-
tion and activation of synaptic activity from recurrent bursts of APs
50 μM bicuculline (Alexis Biochemicals) was used.

RT-qPCR
Total RNA was isolated using RNeasy Plus minikit (Qiagen) with
additional on-columnDNase I digestion according to themanufac-
turer’s instructions. For the generation of cDNA, 1 μg of total RNA
was reverse transcribed with the high-capacity cDNA reverse
transcription kit (Invitrogen). Quantitative RT-PCRwas performed
on a StepOnePlus (Applied Biosystems) thermal cycler using
TaqMan gene expression assays (Applied Biosystems) for the fol-
lowing genes: Arc (Mm00479619_g1), Bdnf (Mm00432069_m1),
c-Fos (Mm00487425_m1), Inhba (Mm00434338_m1), Npas4
(Mm00463644_m1), and Nr4a1 (Mm00439358_m1). Expression
levels of target genes were normalized to the expression of the
housekeeping gene Gusb (Mm00446953_m1).

In vitro relative gene expression was normalized to mixed to-
tal brain RNA pooled from two C57BL/6N and two DBA/2J adults.
In vivo relative gene expression data normalized to C57BL/6N was
first normalized to one C57BL/6N HC animal from each training
day and then normalized to the average of all C57BL/6N HC ani-
mals from the same day. In vivo relative gene expression data nor-
malized to the respective HC animals for each mouse strain was
performed the same way for C57BL/6N mice, and for DBA/2J
mice data was normalized to a single DBA/2J HC animal from
each training day and then normalized to the average of all
DBA/2J HC animals from the same day.

Morphological analysis

Nissl staining
Brains were imbedded in tissue freezing medium (Leica
Biosystems), cut into 20 μm thick slices with a Leica CM1950 cryo-
stat at−18°C and stained according toMulisch andWelsch (2010).
Briefly, embeddingmediumwas removed from slices by decreasing
ethanol concentrations (100%, 90%, 70%, and 50%) and slices
were treated with 50% (m/v) K2S2O5 (in H2O) for 5 min followed
by a 10-min incubation in cresyl violet solution (1.5% [m/v] cresyl
violet, 1% 1 M C2H3NaO2, 1% 1 M acetic acid). Slices were then
treated for 30 min in acetate buffer (0.1 M C2H3NaO2, 0.1 M acetic
acid at pH 4.6) before embedding in Xylol. All procedures except
slicing were carried out at room temperature. Pictures were taken
with an upright widefield Ni-E microscope with a 10× objective.

Golgi staining
For assessing dendriticmorphology, 100 μm thick brain slices were
stained with Golgi-Cox using the FD Rapid GolgiStain kit (FD
NeuroTechnologies, Inc.) according to their protocol. Images
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were acquired with a Nikon Ni-E microscope with a 20× objective.
Total dendritic length of CA1pyramidal neuronswas calculated us-
ing Fiji (version 2.0.0) with macros written by E. Ruthazer (McGill
University). Briefly, a z-stack acquisition was imported, calibrated
and manually traced. For each strain, a minimum of four neurons
per mouse from four mice was analyzed.

Electrophysiology

Acute slice preparation
Mice were anaesthetized with an intraperitoneal injection of pen-
tobarbital (Narcoren, Merial) and perfused transcardially with slic-
ing buffer [93 mM N-methyl-D-glucamine (NMDG), 93 mM HCl,
2.5 mM KCl, 1.2 mM NaH2PO4, 5 mM L(+)ascorbic acid, 2 mM
thiourea, 3 mM sodium pyruvate, 10 mM MgCl2, 0.5 mM CaCl2,
20 mM HEPES, 30 mM NaHCO3, 25 mM glucose, 10 mM
N-acetyl-l-cysteine; gassed with 96%O2 and 4%CO2]. After decap-
itation, the brain was rapidly removed and submerged in ice-cold
slicing buffer and 300-μm-thick coronal slices from the dorsal hip-
pocampus were cut at 0°C (CU65 cooling unit; Microm HM650V
Vibratome) and transferred to a 32°C holding chamber with slicing
buffer. After 10min, sliceswere transferred to room temperature ar-
tificial cerebrospinal fluid (aCSF; 125 mM NaCl, 3.5 mM KCl, 2.4
mM CaCl2, 1.3 mM MgCl2, 1.2 mM NaH2PO4, 25 mM glucose,
26 mM NaHCO3; gassed with 96% O2 and 4% CO2) until used
for recordings over the subsequent 4 h.

Electrophysiology recordings
Whole-cell patch clamp recordings were made from CA1 pyrami-
dal cells in acute hippocampal slices secured with a platinum
harp in the recording chamber (Science Products OAC-1) and sub-
merged in continuously flowing (3 mL/min) aCSF maintained at
32°C–34°C with an in-line perfusion heater (Warner Instruments
TC324B). Patch electrodes (3–5 MΩ) were made from 1.5-mm bor-
osilicate glass and filled with a potassium-based internal solution
(127 mM KMeSO4, 0.2 mM EGTA, 10 mM HEPES, 10 mM
K2Phosphocreatine, 12 mM KCl, 8 mM NaCl, 4 mM Mg-ATP, 0.5
mM Na3-GTP) except for miniature IPSC recordings, which used
a cesium-based internal solution with symmetric chloride concen-
trations (130mMCsCl, 10mMHEPES, 5mMEGTA, 20mMCsOH,
0.5 mMCaCl2, 4 mMMg-ATP, 0.5 mMNa3-GTP). MIPSCs were re-
corded at −70 mV in the presence of 10 μM AMPA receptor inhib-
itor 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide disodium salt (NBQX; Biotrend) and 0.5 μM tetrodo-
toxin (TTX; Biotrend). The complete blockade of mIPSCs by 5 μM
GABAA receptor antagonist gabazine-hydrobromide (Biotrend
SR95531) was confirmed in five cells. MEPSCs were recorded in
the presence of 0.5 μM TTX and their complete blockade by
10 μM NBQX was confirmed in three cells. Neurons recorded
with the potassium based internal solution were identified as pyra-
midal by their slow firing rate and large, rounded AHP. Recordings
were made with a Multiclamp 700A amplifier, digitized through a
Digidata 1322A A/D converter and acquired and analyzed using
pClamp 10 software (Molecular Devices). Voltage-clamp record-
ingsweremade at 5× gain, with a low-pass filter of 1 kHz and a sam-
pling rate of 20 kHz. Current-clamp recordings were made at 10×
gain with a lowpass filter of 10 and 20 kHz sampling rate. Pipette
access resistance was maintained below 25 MΩ, range: 5–25 MΩ.

Electrophysiology analysis
Passive properties were monitored throughout the recordings and
stabilized values were used for analysis. Spike threshold, AP ampli-
tude, half width, afterhyperpolarization potential amplitude, and
delay were calculated using the first AP elicited by a cell that fell
within the duration of the depolarizing current injection from
the resting membrane potential (i.e., not spontaneously elicited
APs or any AP coinciding with stimulation onset). AP threshold
was taken as the point where the first derivative of the voltage trace
exceeded 20 mV/msec. AP amplitude and AHP were calculated rel-
ative to this threshold. Accommodation index was calculated as

the ratio of the time interval between the first and last pairs of
APs in response to a 1-sec current injection evoking at least six
APs. In eight cases (B6: three cells, D2: five cells), only four or
five spikes could be elicited before showing total accommodation,
and thus thesewere the traces used to calculate accommodation in-
dex. Rheobase current was the smallest current injection evoking
an AP from resting membrane potential. HCN channels and Kir
channels were activated with 1-sec hyperpolarizing steps from
−50 to −120mV in 10mV increments. Kir conductance was quan-
tified as the difference between slopes estimated by linearfits of the
instantaneous current directly following the hyperpolarization-in-
duced capacitive transient at−60 to−80mVand−100 to−120mV.
HCN conductance was quantified as the slope of a linear fit of
the difference between the instantaneous and steady-state currents
at the end of the 1-sec hyperpolarization to −70 to −120 mV.
MIPSC and mEPSC data were obtained from recordings of at least
200 events detected using the Mini Analysis Program (Synapto-
soft). All events were visually verified and events occurring less
than 10 msec after the previous event exhibited summation and
were excluded from the amplitude but not the frequency analysis.

Statistical analysis
All graphs and statistical analyses were made with PrismTM 6.0
(GraphPad Software) or OriginPro 2016 (OriginLab). Figures were
assembled in Adobe Illustrator 2015 (Adobe Systems, Inc.).
Hypothesis tests and significance levels are indicated in the results
text and figure legends. Normally distributed data was tested with
two-tailed parametric Student’s t-test in case of comparing two
groups and one-way ANOVA with Tukey’s multiple comparison
in case of multiple group comparison. For in vitro expression shut-
off experiments one-way ANOVA with repeated measures was
used, since all samples stem from one culture preparation and
were only treated differently. For every analysis, alpha was
set to 0.05; therefore, P>0.05 (n.s. [not significant]), P<0:05 (*),
P<0:01 (**), and P<0:001 (***).
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