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SUMMARY

Duplications and deletions of short chromosomal fragments are increasingly
recognized as the cause for rare neurodevelopmental conditions and disorders.
The NDR2 gene encodes a protein kinase important for neuronal development
and is part of a microduplication region on chromosome 12 that is associated
with intellectual disabilities, autism, and epilepsy. We developed a conditional
transgenic mouse with increased Ndr2 expression in postmigratory forebrain
neurons to study the consequences of an increased gene dosage of this Hippo
pathway kinase on brain circuitry and cognitive functions. Our analysis reveals
reduced terminal fields and synaptic transmission of hippocampal mossy fibers,
altered hippocampal network activity, and deficits in mossy fiber-dependent be-
haviors. Reduced doublecortin expression and protein interactome analysis indi-
cate that transgenic Ndr2 disturbs the maturation of granule cells in the dentate
gyrus. Together, our data suggest that increased expression of Ndr2 may
critically contribute to the development of intellectual disabilities upon gene
amplification.
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INTRODUCTION

The highly conserved Ndr (nuclear Dbf2-related) family of serine/threonine kinases is associated with the

Hippo signaling pathway and involved in cellular functions ranging from cell division to polarized growth.

Over recent years, evidence has accumulated that Ndr family kinases play important roles for nervous sys-

tem development in both vertebrates and invertebrates (Emoto, 2011). In Drosophilia melanogaster the

Ndr kinases Trc (Tricornered) and Fry (Furry) regulate dendritic branching and tiling, i.e., the spatial sepa-

ration of perceptive fields of neurons, by avoiding dendritic overlap (Emoto et al., 2004). Similarly, in Cae-

norhabditis elegans, their homolog SAX-1 (sensory axon guidance-1) together with SAX-2 regulates me-

chanosensory tiling by controlling the termination point of dendrites (Gallegos and Bargmann, 2004). In

mammalian cells, two isoforms exist named Ndr1/2 (STK38, STK38L), which control dendrite growth and

dendritic spine development (Rehberg et al., 2014; Ultanir et al., 2012). We have previously demonstrated

that Ndr2, the predominant isoform in the mouse brain, interacts with the actin cytoskeleton and supports

integrin-dependent neuronal differentiation in the primary neuron cultures (Rehberg et al., 2014; Stork

et al., 2004). In fact, by controlling the distribution of specific integrin alpha/beta dimers in developing neu-

rons, this kinase determines their response to different extracellular matrix components (Demiray et al.,

2018). These functions also extend to neurite growth in vivo as observed in Ndr2-knockout mice, which

show a transient overgrowth of basal dendrites and shortened primary branches of the apical dendrites

of cornu ammonis (CA)3 pyramidal neurons in adulthood (Rehberg et al., 2014). We have previously

observed induction of Ndr2 expression during fear memory consolidation (Stork et al., 2004), but the

role of Ndr2 in information processing and cognitive functions has not been elucidated so far.

In humans, theNDR2 gene is located on chromosome 12p11.23 and has been identified as part of a hotspot

for microduplication bearing only three other genes (ARNTL2, PPFIBP1, and SMCO2) that are associated

with reduced cognitive functioning, autism, or seizures in several individuals (Figure 1A and Table S1) (Firth
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Figure 1. Generation and characterization of the Ndr2 overexpression in the forebrain of the transgenic mice

(A) Human chromosome 12, indicating four genes on the p arm between 12:27396901-27848497:1; NDR2 (STK38L), ARNTL2, SMCO2, and PPFIBP1.

(B) Our transgenic strategy comprises the generation of conditional EGFP:Ndr2-transgenic mice and their breeding with the CaMKII-alpha-Cre driver mice.

(C) Immunoprecipitation of EGFP:Ndr2 shows conditional expression in the brain of two mouse lines Ndr2lox/tg55 and Ndr2lox/tg89.

(D) An overview of coronal sections fromWT and TGmouse brain tissues verifying the expression of the transgenic EGFP:Ndr2 in distinct regions of the brain

of the TG mice by immunohistochemistry. Scale bar: 500 mm.

(E) In the hippocampus, prominent labeling of MF could be observed. Moderate staining was also observed in dendritic regions of DG and CA1. DG: Dentate

gyrus, CA1-2-3: Cornu Ammonis 1-2-3, Shown with arrow MF: Mossy fibers. Scale bar: 500 mm.

(F) Ndr2 protein expression in the hippocampus (DG, CA3, and CA1) and cerebellum. The fusion protein could be detected at 85 kDa and through the

molecular weight shift is discernible from endogenous Ndr2 in TG mice. The TG tissue sample from the cerebellum does not show a transgenic signal

confirming the regional specificity of CaMKII-alpha-Cre mediated transgene activation.

See also Figure S1.
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et al., 2009). Additionally, Pallister-Killian mosaic syndrome (PKS) (OMIM: #601803), a rare genetic disorder

caused by a tetrasomy of chromosome 12p (Peltomäki et al., 1987), is characterized by multiple congenital

anomalies including intellectual disabilities, but also facial dysmorphia, hypotonia, pigmentary dysplasia,

seizures, diaphragmatic hernia, and congenital heart defects (Pallister et al., 1977; Schinzel, 1991; Teschler-

Nicola and Killian, 1981). However, until now there are no suitable animal models available for these disor-

ders, as in general there is a severe lack of animal models for rare neurodevelopmental disorders that arise

from chromosomal rearrangement and copy number variation (see also, Hiroi and Yamauchi, 2019).

We hypothesized that the observed symptom manifestations of chromosome 12p11.23 microduplication

and PKS involve a change in the function of Ndr2 and therefore tested whether an overexpression of the

Ndr2 protein in mice may impair formation and function of neural circuits and thus contribute to the

observed cognitive disturbances and/or autistic features. To this end, we generated and analyzed trans-

genic mice with an overexpression of Ndr2 in postmigratory forebrain neurons under the control of the pro-

moter for calcium/calmodulin-dependent kinase II (CaMKII). This allowed us to target the cognitive func-

tions of Ndr2 approximating the expression of endogenous Ndr2 in the mouse brain, which increases

prominently during the third postnatal week, and can be found in principle neurons of adult hippocampus

and neocortex (Stork et al., 2004; Rehberg et al., 2014; see also Figure S2 for mRNA levels in the hippocam-

pus). A transgenic line was selected in which the transgene increased total levels of Ndr2 protein expres-

sion to almost two-fold of control levels in different hippocampal subregions (dentate gyrus, DG, and cornu

ammonis 3, CA3). The transgene profoundly localized to hippocampal mossy fibers (MF), which are well

suited to determine structure-function relationships and effects of genetic insults on cognitive brain func-

tion in mice (Berger et al., 2006; Dumas et al., 2004). We therefore determined in these transgenic mice the

effect of Ndr2 overexpression on MF density and on the efficacy and plasticity at the MF-CA3 synapse.

Furthermore, we began to address the underlying cellular processes and studied the consequences of

altered MF function for behaviorally-relevant hippocampal network activity patterns and hippocampus-

dependent learning and behavior. Collectively, our data provide evidence that increased expression of

Ndr2 disturbs neuronal circuit formation and information processing in the hippocampus. We propose

that transgenic overexpression of Ndr2 can be used to model network changes underlying the intellectual

disability phenotype evoked by copy number variations of the NDR2 gene.
2 iScience 24, 102868, August 20, 2021
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RESULTS

Transgenic mice overexpressing Ndr2 in the forebrain

We generated mice carrying a conditional transgenic EGFP:Ndr2 construct and subsequently crossed

these with a driver mouse line expressing Cre recombinase under the CaMKII-alpha promoter. Thereby,

we aimed to achieve CAG promoter-driven expression of EGFP:Ndr2 fusion protein in postmigratory neu-

rons (Figure 1B). Previously, we have shown that the N-terminal addition of the EGFP tag does not interfere

with the localization and function of Ndr2. We have shown that the EGFP:Ndr2 fusion protein localizes in

the neurons and neuron-like cells in the same manner as endogenous Ndr2 (Stork et al., 2004) and, impor-

tantly, the expression of EGFP:Ndr2 in primary hippocampal neurons rescues the Ndr2-knockdown

induced growth deficits in the dendrites and axons (Rehberg et al., 2014). After pronucleus injection of

the EGFP:Ndr2 transgenic construct, we obtained several transgenic founders that were first bred with

C57Bl/6 wild type mice to establish stable transgenic lines. Testing for genomic transgene insertion in

F1, we identified three transgenic mouse lines designated Ndr2lox/tg55 (Tg(CAG-Egfp:Stk38l)55Stork),

Ndr2lox/tg68 (Tg(CAG-Egfp:Stk38l)68Stork), and Ndr2lox/tg89 (Tg(CAG-Egfp:Stk38l)89Stork), according to the

injection experiment. The genotypes of offspring from these lines and their intercross with CaMKII-

alpha-Cre drivers were derived at Mendelian frequencies. The obtained transgenic mice were viable

without overt morphological or behavioral phenotype.

Transgene expression in the brain was first verified with immunoprecipitation using anti-GFP antibodies for

the precipitation and anti-Ndr2 for detection of the transgenic protein in western blots. Signals were ob-

tained in lines Ndr2lox/tg55 and Ndr2lox/tg89 at the expected size of 85 kDa, representing the combined mo-

lecular weight of EGFP and Ndr2 (Figure 1C). Since the employed antibodies were directed to the N-ter-

minal EGFP tag and the C-terminal proportion of Ndr2 (aa420-430(Stork et al., 2004)), we concluded the

expression of full-length Ndr2 in these two lines. Moreover, no expression was observed in the absence

of the Cre driver, demonstrating the specificity of the conditional expression. The numbers of transgene

copies in the genomes of Ndr2lox/tg55 and Ndr2lox/tg89 transgenic mice were determined using a Ndr2

copy number assay, with non-transgenic littermates serving as controls. Our data indicate the existence

of one supernumerous copy of Ndr2 in the genomic DNA of Ndr2lox/tg55 mice and three additional copies

in Ndr2lox/tg89 mice (wild type control: 2.06 G 0.06, Ndr2lox/tg55: 2.98 G 0.06, Ndr2lox/tg89: 4.88 G 0.015).

Based on this characterization, we decided to use the Ndr2lox/tg89 mouse line for further experiments.

For simplicity, Ndr2lox/tg89 x CaMKII-Cre mice are referred to as transgenic (TG) and their Ndr2lox/tg89 litter-

mate controls without the Cre activator as wildtype (WT).
TGNdr2 expression in the hippocampus

The expression and distribution of the transgenic Ndr2 in the brain was examined with immunohisto-

chemistry using an anti-GFP antibody. Thereby, EGFP:Ndr2 could only be detected in the TG but not

in WT mice (Figure 1D). Prominent transgene expression was observed in various forebrain regions

including hippocampus and neocortex (mostly layer IV), striatum, thalamic nuclei, the amygdala, and

the septum (S1 Fig), thus closely matching the expression pattern of CaMKII-alpha. Pronounced trans-

gene expression in the hippocampus was observed, especially in the DG and the MF (Figure 1E). To

quantify regional expression levels, western blotting was done with samples collected from the hippo-

campal subregions (DG, CA3, and CA1) and included cerebellum as a negative control. The 85 kDa fusion

protein could be detected in all hippocampal subregions of TG but not WT mice, in addition to the signal

of the endogenous Ndr2 at 54 kDa. By contrast, no transgene was detectable in the cerebellum, in line

with the restriction of CaMKII-alpha driven Cre to the adult forebrain (Figure 1F). Quantification of immu-

noblot signals revealed that the total amount of Ndr2 (endogenous plus transgenic protein) in the hippo-

campal subregions of TG mice was clearly increased in the DG-CA3 system compared to the Ndr2

expression in corresponding regions of WT mice (Relative values of the total Ndr2 in TG to the endog-

enous Ndr2 in the WT mice: 1.955 G 0.101 in DG, 1.819 G 0.386 in CA3, 1.236 G 0.093 in CA1; Relative

values of endogenous Ndr2 in TG to endogenous Ndr2 in the WT mice: DG: 0.92 G 0.07; CA3: 0.99 G

0.09; CA1: 0.61 G 0.05). In parallel, we determined the mRNA levels of Ndr2 and other core members of

the Hippo signaling pathway in the granule cell layers in the DG of WT mice at P15, P30, and 3 months of

age. Our data demonstrate that together with Ndr2 and its close homolog Ndr1, the Hippo kinases Mst2

and Mst3 as well as Lats1 and Lats2 are endogenously expressed in these cells. We further observed that

endogenous Ndr2 is prominently regulated and increased in expression during postnatal development

(Figure S2).
iScience 24, 102868, August 20, 2021 3



Figure 2. Reduced MF density, diminished basal transmission, and mildly decreased late MF-LTP in TG mice

(A) Representative images of the ventral DG and the MF from WT and TG mouse. Timm labeled mossy fibers are visible in black, with a pronounced

suprapyramidal (SP) and discernable infra/intrapyramdial (IIP) band in both genotypes. Scale bar: 100 mm.

(B) Quantification of Timm labeling revealed a reduction in the ventral suprapyramidal mossy fiber band of TGmice (WTN = 5, TGN = 9). Values are meanG

SEM;* indicates p < 0.05

(C) Input/output ratios were significantly reduced in the TG mice indicating a decline in baseline synaptic responses (WT N = 5 mice, n = 18 slices, TG N = 4

mice, n = 13 slices). Values are mean G SEM; *, p < 0.05

(D) Samples of MF-LTP traces during baseline recordings (black line); last minutes of LTP (gray line), and after DCG IV application (light gray line). TheMF-LTP

was induced by HFS in the presence of 50 mMD-AP5, and 2 mMDCG IV was applied to confirm the recorded fEPSPs as MF signals. Inset figure shows the last

30 min of the MF-LTP before DCG IV application.

(E) The column scatterplot of averaged fEPSP amplitudes from 30 min to 60 min after LTP induction. * indicates p < 0.05 by repeated measures two-

wayANOVA in A and Student’s t-test in E.

See also Figures S3–S5.
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Reduction of mossy fibers in the ventral hippocampus of TG mice

To begin examining the putative effects of Ndr2 overexpression on MF, we next studied the MF using the

Timm staining method (Figure 2A) and analyzed the size of the suprapyramidal and infrapyramidal bands.

Overall, comparable structures of the hippocampal MF could be detected in the WT and TG mice and no

signs of aberrant MF sprouting could be observed. However, a reduction in MF labeling became evident in

the ventral suprapyramidal layer in the hippocampus of TG mice (Student’s t-test, t(12) = 2.505, p = 0.0276

compared to WT mice) (Figure 2B). No quantitative change was observed in the ventral infrapyramidal

band (Student’s t-test, t(12) = 1.454, p = 0.1716) (Figure 2B) or in either bands in the dorsal hippocampus

(Student’s t-test, suprapyramidal: t(14) = 0.5639, p = 0.5817, infrapyramidal: t(14) = 0.9991, p = 0.3347)

(Figure S4D). Black-Gold staining confirmed that fiber tracts throughout the brain did not show overt alter-

ations as a result of the overexpression of Ndr2 (Figure S3). In summary, TG mice show quantitative reduc-

tion in ventral hippocampal MF.
4 iScience 24, 102868, August 20, 2021



Figure 3. Disturbed MF maturation in TG mice

Expression of DCX (green) and Ki67 (red) in the vDG of aWT (A) and a TG (B) mouse. A reduced doublecortin labeling is evident along the entire extension of

the DG granule cell layer. Bar, 100 mm (C) Quantification of DCX expressing cell profiles confirms the significant reduction, in the absence of a change in Ki67.

Values are mean G SEM; * indicates p < 0.05 for genotype.

See also Table S4.
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Reduced synaptic transmission and LTP at the mossy fiber synapse of TG mice

We next assessed the synaptic transmission and plasticity in theMF-CA3 synapse to elucidate the impact of

the identifiedMF phenotype. We observed that basal synaptic transmission at the ventral MF synapses was

significantly reduced in TG mice as evident by the decreased fEPSP amplitudes (repeated measures two-

wayANOVA, effect of genotype: F(1,29) = 7.587, p = 0.0100) (Figure 2C), across stimulus intensity levels.

Moreover, a statistically significant interaction of genotype and stimulus intensity was found concerning fi-

ber volley amplitudes (repeated measures two-wayANOVA: F(11,319) = 1.982, p = 0.0296), but the effect of

genotype did not reach significance level (F(1,29) = 2.769, p = 0.1069) (Figure S4A). Based on this reduction

inMF responsiveness, we next examined presynaptic short-term plasticity which, however, was not affected

in the TG mice, since train facilitation (repeated measures two-wayANOVA, effect of genotype: F(1,29) =

1.884, p = 0.1804) and frequency facilitation (F(1,29) = 0.2887, p = 0.5951) (Figures S4B and S4C) were

not different between genotypes. Finally, mossy fiber LTP (MF-LTP) was tested using a high frequency stim-

ulation (HFS) protocol in the presence of 50 mM D-AP5 (Figure 2D). The initial potentiation during the HFS

was not different between the genotypes (first 3 min after HFS: repeated measures two-wayANOVA, effect

of genotype: F(1,29) = 0.8454, p = 0.3654), but the late phase (last 30 min) of this NMDAR-independent LTP

was significantly reduced in the TG mice (planned comparison with Student’s t-test, t(29) = 2.133, p =

0.0415) (Figure 2E). Together, these data reveal a functional deficit of the ventral hippocampal mossy fiber

system in TG mice. Importantly, no comparable change in physiological properties could be observed in

the dorsal hippocampal MF system (Figures S4E–S4J), and no change of basal synaptic transmission, short-

or long-term plasticity was observed in area CA1 stratum radiatum in response to stimulation of Schaffer

collaterals/commissural fibers of CA3 pyramidal cells (Figure S5).
Disturbed granule cell differentiation

To address potential mechanisms of disturbed mossy fiber plasticity in TG mice, we analyzed the expres-

sion of Ki67 as a marker for neurogenesis and doublecortin (DCX) as a marker of maturating granule cells in

the adult dentate gyrus. Our data reveal a reduced number of doublecortin positive cells in the ventral hip-

pocampus (Student’s t-test: t(12) =2.787, p = 0.0164), but no change in the number of Ki67 positive cells

(Student’s t-test: t(13) =1.670, p = 0.1187) in 4-month-old TG mice compared to their WT littermates

(Figure 3).

In order to identify putative cellular interaction partners of transgenic Ndr2 that may mediate its effect on

these processes, we immunoprecipitatedNdr2-associated proteins from the adult TG hippocampus via the

GFP tag of the transgene (Table S2). Annotation analysis of the obtained proteins suggests a predominant

involvement in RNA processing, cytoskeleton organization, protein transport, and intracellular signaling/

protein phosphorylation (Table S3). Further analyzing the identified proteins, we found 31 putative direct

interaction partners of Ndr2 in these protein clusters, based on biochemical evidence from other species.

Five of these (mTOR, PKA, Syntaxin1, Lrrk2, and JNK2) have previously been implicated in development
iScience 24, 102868, August 20, 2021 5



Figure 4. Reduced SW-R and carbachol-induced gamma oscillations in the ventral hippocampus of TG mouse

(A) Sample field potential (FP) traces simultaneously recorded from CA3 (upper trace) and CA1 (lower trace) subregions of the ventral-to-mid hippocampal

slices from WT (black) and TG (red) mice.

(B) A sample sharp wave-ripple (SW-R; top trace) together with low-pass-filtered SW (3–45 Hz; middle trace) and band-passfiltered ripples (120–300 Hz;

bottom trace) from CA3 and CA1 subregions of WT (black) and TG (red) slices. Note the reduced SW amplitude in CA3 subregion and reduced ripple

amplitude in CA1 subregions in TG slices.

(C–F)(C) Summary graphs indicating a reduced SW area in the CA3 subregion of TG mice (WT: N = 5 mice, n = 22 slices; TG: N = 5 mice, n = 18 slices), (D) a

reduced ripple amplitude in the CA1 subregion of TG slices, (E) no significant alterations in SW incidence in both CA3 and CA1 subregions and (F) a mild but

significant increase in ripple frequency in the CA3 subregion of TG slices.

(G) Sample 5 mM carbachol-induced gamma oscillation field potential (FP) traces recorded from CA3 (top) and CA1 (bottom) subregions of the ventral-to-

mid hippocampal slices of WT (black) and TG (red) mouse. Note the decreased gamma oscillation strength in the CA1 subregion of the TG mouse.

(H) Representative power spectra illustrating a general reduction in gamma oscillations in the CA1 subregion of a TG slice.

(I and J)(I) Summary graphs indicating a significant decrease in integrated gamma power (20–60 Hz) in the ventral CA1 subregion (WT: N = 5 mice, n = 29

slices; TG: N = 5mice, n = 23 slices) and (J) no alteration in peak gamma frequency in both CA3 and CA1 subregions of TG slices (WT: N = 5mice, n = 29 slices;

TG: N = 5 mice, n = 23 slices).

(K) Summary graphs indicating a significant decrease in auto-correlation only in the CA1 subregion (WT: N = 5 mice, n = 28 slices; TG: N = 5 mice, n = 17

slices), no alteration in the CA3 subregion and a significant decrease in cross-correlation of gamma oscillations in the CA3 and CA1 subregion of the TGmice

(WT: N = 5 mice, n = 29 slices; TG: N = 5 mice, n = 20 slices). All data are reported as box plots with the median value as the horizontal line. The boundary of

the box closest to zero indicates the 25th percentile and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above

and below the box indicate the 90th and 10th percentiles. Data points (single dots) beyond the 5th and 95th percentiles are also displayed. *, ** indicate p <

0.05 and p < 0.01, respectively; Student’s ttest (C: CA3; F: CA3, CA1; K: CA1, CA3-CA1) or Mann Whitney U test (C: CA1; D: CA3, CA1; E: CA3, CA1; I: CA3,

CA1; J: CA3, CA1; K: CA3).

ll
OPEN ACCESS

iScience
Article
(Lrrk2), epilepsy-induced sprouting (mTor, JNK2), or presynaptic plasticity (Syntaxin 1, PKA) of MF

(Table S4).
Reduced network oscillations in the ventral hippocampus of TG mice

To address the consequences of alteredMF growth and function in TGmice, we then studied hippocampal

network activities and hippocampus-dependent behavior. The ventral hippocampus is critical for the emer-

gence of memory-related network oscillations in vitro and excitatory MF input to the ventral CA3 has been

proposed to profoundly modulate this function (Rex et al., 2009; Sasaki et al., 2018). Specifically, under low

cholinergic tonus (e.g., slow wave sleep), hippocampal CA3-CA1 axis generates local field potential (LFP)

events called ‘‘sharp wave-ripple’’ (SW-R), during which learning-associated cellular activity patterns are re-

activated, therefore, supporting the ‘‘offline’’ memory consolidation (Buzsáki, 2015; Wilson and McNaugh-

ton, 1994). Importantly, these SW-R events also occur spontaneously in slices obtained from ventral-to-mid

portion of the hippocampus (Çalısxkan et al., 2015a, 2016; Maier et al., 2003; Papatheodoropoulos and Kos-

topoulos, 2002). Indeed, we observed prominent SW-R both in CA3 and CA1 subregions in 40 slices out of

56 slices analyzed fromboth genotypes (Figures 4A and 4B). However, comparing various SW-R parameters
6 iScience 24, 102868, August 20, 2021
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between genotypes, moderate changes were identified. Thus, a significant reduction in SWarea (Figure 4C)

in the CA3 subregion (Student’s t-test: t(38) = -3.131, p = 0.003) and a tendency for a reduction in the CA1

subregion (Mann-Whitney U = 131, p = 0.071) were apparent in the TG mouse slices. Furthermore, the rip-

ple amplitude (Figure 4D) was significantly decreased in the CA1 subregion (Mann-Whitney U = 93, p =

0.004), although not altered in the CA3 subregion (Mann-Whitney U = 145, p = 0.153). The incidence of

SW (Figure 4E) did not change significantly in either CA3 (Mann-Whitney U = 174.0, p = 0.523) or CA1

(Mann-Whitney U = 187.5, p = 0.786) subregions of the TG mouse. Last, comparison of ripple frequencies

(Figure 4F) revealed a significant increase only in the CA3 subregion (Student’s t-test: CA3: t(38) = 2.376, p =

0.023; CA1: t(38) = -0.837, p = 0.408). Collectively, these data demonstrate that spontaneous SW-R activity

is altered in the ventral hippocampus of TG mouse.

On the other hand, under increased cholinergic tonus, hippocampal CA3-CA1 circuits generate gamma

oscillations both in vitro and in vivo (Vandecasteele et al., 2014; Zemankovics et al., 2013). Coherent LFP

gamma oscillations in the hippocampal CA3-CA1 axis are associated with successful memory retrieval

(Montgomery and Buzsáki, 2007). In addition, hippocampal gamma oscillation power is profoundly

enhanced during episodes of high anxiety and emotional load (Çalısxkan and Stork, 2019). Thus, we

measured gamma oscillations induced by bath-application of cholinergic agonist Carbachol (CBh) to

mimic high cholinergic hippocampal network state. To this end, slices were perfused with 5 mM CBh and

2 min LFP recordings were obtained after 50–70 min perfusion of CBh (Figure 4G). Here, genotype differ-

ences were most prominent in the CA1 subregion, where the integrated gamma power was significantly

reduced in TG mice (Figures 4H and 4I; CA3: Mann-Whitney U = 254, p = 0.146; CA1: Mann-Whitney

U = 184, p = 0.003). By contrast, the peak gamma frequency was not altered between the genotypes (Fig-

ure 4J; CA3: Mann-Whitney U = 315, p = 0.738; CA1: Mann-Whitney U = 325, p = 0.685). Correlation analysis

indicated a significant decrease in auto-correlation of local gamma oscillations in the CA1 subregion (Fig-

ure 4K; CA3: Mann-Whitney U = 252, p = 0.136; CA1: Student’s t-test t(43) = -2.135, p = 0.038) of the TG

mice. This finding was accompanied by a significant reduction in cross-correlation between CA3 and

CA1 gamma oscillations (Figure 4K; Student’s t-test t(47) = -2.921, p = 0.005). No change in generation

of recurrent epileptiform discharges (REDs) was evident upon CBh perfusion in the TGmouse slices in com-

parison to WT slices (WT: 0 out of 29 slices vs. TG: 3 out of 26 slices; Fisher exact test, p = 0.099). Together,

these data describe reduced cholinergic gamma oscillations in the ventral hippocampus of the TG mice.
Learning impairments and increased exploratory behavior in TG mice

Finally, we aimed to evaluate putative behavioral consequences of the impaired hippocampal function. We

found that home cage activity was not different between WT and TG mice (repeated measures two-way-

ANOVA, effect of genotype: F(1,16) = 1.048, p = 0.3212) (Figure 5A) and TG mice exhibited normal activity

during both the active and inactive phases of the day/night cycle. However, TG mice showed persistently

increased levels of spatial exploration in the open field on both test days (day1: F(1,14) = 5.117, p = 0.0401,

day 2: F(1,14) = 6.062, p = 0.0274) (Figure 5B). During the first test day, both WT and TG mice gradually

habituated to the enclosure as the distance covered in the box slightly decreased over time. On the second

day, activity levels remained largely unchanged within the observed time frame in both genotypes. No dif-

ference between genotypes was observed concerning the entries to the central compartment on either day

(repeatedmeasures two-wayANOVA, effect of genotype: day1: F(1,14) = 0.4816, p = 0.4990, day 2: F(1,13) =

0.0479, p = 0.8301). Thus, TG mice showed significantly increased exploration of a novel environment, but

no change in exploratory pattern or habituation. In line with this, no change of anxiety-like behavior was

observed in the dark-light transition test (Student’s t-test: dark and light compartments: t(14) = 0.5655,

p = 0.5807) or in the elevated plus maze (EPM) (Student’s t-test: open arm entry %: t(14) = 1.027, p =

0.3219), total arm entries: t(14) = 0.7969, p = 0.4388 (Figure 5C); time spent in the open arms: WT =

43.84 G 6.50 s, TG = 34.73 G 6.75 s, t(14) = 0.9729, p = 0.3471).

MF-dependent learning was then assessed using an active avoidance paradigm. Over the five days of

training, mice exhibited a learning curve increasing their performance to levels of 60–80% successful avoid-

ance. However, TG mice increased their performance more slowly and reached only a lower level of suc-

cessful avoidance compared to the WT group (repeated measures two-wayANOVA, effect of genotype:

F(1,12) = 7.129, p = 0.0204), suggesting a learning impairment in this task (Figure 5D). Moreover, social

memory was then investigated in a three-compartment test system. During the habituation phase, neither

WT nor TG mice showed a preference for any side (Student’s t-test: t(21) = 0.8312) and both groups dis-

played similar preference for the side that was baited with a partner mouse in the subsequent affiliation
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Figure 5. Increased exploratory activity and learning deficits in TG mice

(A) Activity in the home cage over 24 h was not different between genotypes (WT N = 10, TG N = 8). White bar on the xaxis

indicates lights on and the black bar lights off.

(B) TG mice showed high exploration on both days of an open field test (WT N = 7, TG N = 9).

(C) Exploration of closed arms in the elevated plus maze did not differ between genotypes (WT N = 7, TG N = 8),

indicating no change in anxiety.

(D) Active avoidance performance of the TG mice was poor compared to the control mice as they displayed a reduced

proportion of successful avoidance responses at the end of the training (WT N = 7, TG N = 7).

(E) WT (N = 14) and TG mice (N = 9) showed no preference for either side of the three-compartment test system during

habituation and both similarly preferred the side with a mouse during the testing of social affiliation behavior. However,

social memory in a three-compartment test was impaired in TG mice, which did not display any preference for the novel

interaction mouse.

(F) In a water cross maze task, the average latency of finding the platform decreased over time during the training and

reversal learning, yet TG mice exhibited higher latencies during reversal (WT N = 10, TG N = 8). Values are meanG SEM.;

*p < 0.05 between TG and WT; ###p < 0.001 compared to chance level.
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session (Student’s t-test: t(21) = 0.2204, p = 0.8277). During the final test session, with the meanwhile famil-

iarized and a novel interaction mouse (Student’s t-test: t(21) = 1.849, p = 0.0786), WT mice preferred the

novel interaction partner (Student’s one sample ttest: t(13) = 4.655, p = 0.0005), however, TG mice failed

to show a preference for the stranger (Student’s one sample ttest t(8) = 0.5991, p = 0.5657), indicating

impaired social memory (Figure 5E). Finally, spatial learning and reversal learning were tested using the wa-

ter cross maze task. No effect of genotype on the latency for finding the platform was seen during the initial

learning phase (repeated measures two-wayANOVA: training: F(1,16) = 1.401, p = 0.2539), but TG mice

showed a significantly increased latency to find the platform during reversal (F(1,6) = 7.776, p = 0.0316) (Fig-

ure 5F). At the same time the number of errors was not affected by genotype during either learning or

reversal learning (repeated measures two-wayANOVA: training: F(1,16) = 1.557, p = 0.2301, reversal

learning: F(1,6) = 0.179, p = 0.6870). Overall, TG mice showed increased exploratory behavior and impair-

ment in both MF-dependent learning and social memory.
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DISCUSSION

In the present study, we provide evidence for a role of Ndr2 in hippocampal circuit function and connec-

tivity in vivo. We demonstrate that the overexpression of Ndr2 in postmigratory forebrain neurons de-

creases ventral hippocampal mossy fiber fields and reduces transmission at mossy fiber terminals, resulting

in altered hippocampal network activity and behavioral impairments. The humanNDR2 gene is located in a

hotspot for microduplication on chromosome 12p associated with intellectual disabilities, autism and sei-

zures. In fact, copy number variations have received increasing attention in recent years as cause for such

brain dysfunction as well as general developmental delay (Girirajan et al., 2013). While we did not observe

any indication of seizures or enhanced epileptiform activity in our experiments, our data clearly demon-

strate that a moderate increase of Ndr2 expression in the postnatal brain is sufficient to induce significant

disturbance of cognitive functions.

To address the effects of enhanced Ndr2 expression in the brain, we generated transgenic mice that condi-

tionally express an EGFP:Ndr2 fusion protein. Amajor objective in our current study was to mimic the rather

late postnatal increase of endogenous Ndr2 expression in the mouse brain and to enhance the expression

in principle neurons of hippocampus and neocortex. For this reason, we employed a widely-used mouse

line expressing Cre recombinase under the CaMKII-alpha promoter that drives expression in forebrain neu-

rons from around P20, but not during early postnatal development (Minichiello et al., 1999). In the adult

brain, as expected, we observed the transgene expression in a forebrain-specific manner and dominantly

in the hippocampus MF using the EGFP tag in the transgene. The size shift of the transgenic EGFP:Ndr2

allowed us to confirm that endogenously expressed Ndr2 was quantitatively comparable between WT

and TG mice and total Ndr2 (endogenous Ndr2 plus transgenic EGFP:Ndr2) protein levels were increased

90–100% in CA3 and DG, albeit only 20% in the CA1 of TG mice compared to WT. Based on the expression

profile of transgenic Ndr2 we decided to focus our investigation on its effects on structure and function of

the hippocampal mossy fiber system, as CaMKII-alpha driven transgene induction during late postnatal

development (Minichiello et al., 1999) would likely interfere with thematuration and adult function but likely

not the initial formation of the mossy fiber system (Gaarskjaer, 1985).

Expression analysis inWTmice confirmed that alongsideNdr2, various other components of theHippo signaling

pathway are endogenously expressed in granule cells of the dentate gyrus and differentially regulated during

mossy fiber maturation (Figure S2). Three ages were selected for this analysis–P15, P30, and 3 months of

age–to scrutinize the postnatal developmental expression profile of this pathway. Quantitative PCR results re-

vealed a postnatal regulation of the expression of Ndr2 both in the suprapyramidal and infrapyramidal blades

of the granule cell layer. Specifically, in the suprapyramidal blade, theNdr2mRNA levels significantly dropped at

P30 and increased to a much higher level in adulthood when compared to P15. Thus, the transgene expression

starts when the Ndr2 levels endogenously begin to decrease, keeping the expression higher than normal levels

until and throughout adulthood. Since the mossy fiber development is mostly completed by P15 (Gaarskjaer,

1985), the Ndr2 overexpression in TG mice bypasses most granular cells completing their distal axonal projec-

tions. Interestingly, the two potential direct activators of Ndr2, Mst2 and Mst3 showed comparable regulation

dynamics indicating that Hippo pathway functions may be more generally important for the postnatal develop-

ment andmaturation of the mossy fiber system. Furthermore, our data reveal a reduction in the number of dou-

blecortin-positive profiles in the ventral DG in the absence of a change in Ki67 labeling, suggesting a deficit in

thematuration of adult-born granule cells, but not in their rate of proliferation. It has previously been shown that

CaMKII is expressed in doublecortin positive adult-born granule cells and critically involved in their maturation

(Arruda-Carvalho et al., 2014). Therefore cell-intrinsicmechanisms in adult-born granule cellsmaywell have been

altered by the transgene expression. The proteomic analysis of the Ndr2 associated proteins in TGmice further

suggests a modulation of RNA processing and cytoskeleton organization by the transgenic Ndr2, including

actin, tubulin, and intermediate filament components (see Tables S2 and S3). We have previously reported an

interaction of Ndr2 with the actin cytoskeleton in outgrowing neurites (Stork et al., 2004) and actin organization

changes have been demonstrated during MF development and the activity-dependent modulation of MF ter-

minals (Knöll et al., 2006; Owe et al., 2009; Zhang et al., 2014; Zhao et al., 2012). However, the transgenic effect

appears to be independent of Ndr2 regulating beta1-integrin dependent neurite outgrowth (Rehberg et al.,

2014), in line with the fact that in developing MF fascicles, beta1-integrins are not expressed (Schuster et al.,

2001).

Of note, five putative direct interaction factors of Ndr2 could be identified that have previously been impli-

cated in mossy fiber growth and plasticity: the mammalian target of rapamycin (mTOR) and c-Jun kinase
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(JNK2), homologs which have been shown to interact with the Ndr2 homolog trc in the fruit fly during den-

dritic growth control (He et al., 2005; Koike et al., 2008), may promote the sprouting of MF in experimentally

induced epilepsy (Zeng et al., 2009; Zhang et al., 2018). Protein kinase A and Syntaxin 1, homologs of which

interact with the Ndr2 homolog in yeast (Ho et al., 2002; Yan et al., 2008), are involved for the expression of

long-term potentiation in MF in mice (Helme-Guizon et al., 1998; Huang et al., 1995) and Lrrk2, which also

interacts with Ndr2 homologs in yeast (Gupta et al., 2013) is critical for the postnatal development of DG

granule cells including the expression of doublecortin (Paus et al., 2013). Our data thus indicate that the

overexpression of Ndr2 in TG mice may be able to modify several intracellular signaling pathways in the

adult brain that are relevant to mossy fiber growth and function. Our analysis further suggests that trans-

genic Ndr2, in addition to Mst2 and Mst3, may be activated by Mob2 (Couzens et al., 2013) and/or Fry

(He et al., 2005). Together, these data suggest that modulation of signaling events controlling gene expres-

sion and cytoskeleton dynamics by Ndr2 and potentially other components of the Hippo pathway (Sakuma

et al., 2016) alters MF growth in adult born granule cells andMF function in themature brain. Whether these

molecular interaction partners of Ndr2 may provide entry points for the development of novel intervention

strategies to combat neurodevelopmental disorders, intellectual disabilities, or autism needs to be deter-

mined in future studies.

Beyond the potential cellular mechanisms of these circuitry changes, we asked whether key hippocampal

functions in the generation of network activities and control of behavior may be impaired as the result of

Ndr2 overexpression. Accumulating evidence suggests that MF input is critical for maintenance and mod-

ulation of network oscillations generated within the CA3 associative network, both in vitro and in vivo. Spe-

cifically, both frequency and amplitude of SW-R originating in CA3 are dependent on constitutive trans-

mitter release from MF (Rex et al., 2009), which is in good agreement with our observation of a

significantly reduced size of SW in the CA3 subregion in TG mice. Furthermore, our data match a study

that provides evidence for the necessity of DG network activity in coordination of CA3 neuronal activity

for both SW-R and beta/low gamma oscillations (20–50 Hz) (Sasaki et al., 2018).

As these network activity patterns have been implicated in cognitive and emotional information processing

(Çalısxkan and Stork, 2018), we further undertook a comprehensive behavioral analysis of the mutant mice.

Mossy fiber density has previously been negatively correlated with exploratory activity in the open field

(Crusio et al., 1989) and active avoidance learning (Schwegler et al., 1981), however, those studies focused

primarily on the size of the infra-/intrapyramidal band. A relation between the length of the infrapyramidal

band and reversal learning in the Morris water maze has also been shown previously (McNamara et al.,

1998), while increased MF transmission in DG-specific GluN1 null mutants as well as hyperactivation of

the ventral CA3 but not dorsal CA3 with DREADD receptors are accompanied by a disturbance of social

memory (Segev et al., 2018). Our current data suggest that deficits in the suprapyramidal band of TG

mice are indeed associated with altered exploratory activity and reduced performance in avoidance, social

and spatial reversal learning. These effects may involve the altered network activity patterns generated in

the TG mice as their decreased capacity for generation of SWs and associated ripples in the hippocampus

might result in poor memory consolidation (Buzsáki, 2015; Çalısxkan et al., 2016; Wilson and McNaughton,

1994). Moreover, the observed reduction in the gamma oscillations in the CA1 of the TG mice might relate

to their higher exploration activity since spatial location memory has been correlated with gamma oscilla-

tions (Lu et al., 2011) and dynamic coupling and increased coherence of gamma oscillations in the CA3 and

CA1 subregions appear during a spatial working memory task (Montgomery and Buzsáki, 2007). We argue

that suboptimal network activity in TG mice could reduce cognitive capacity, stimulate exploration, and

delay processing in a spatial reversal task. Of note, transgenic Ndr2 expression is also evident in the cortex

of TG mice, which might contribute to the behavioral deficits observed in this study. Future in vivo studies

assessing distinct network activities, e.g., theta and gamma oscillations, in cortical and hippocampal re-

gions during corresponding behavioral tasks and their relation to regional Ndr2 expression might help

overcoming this limitation.

Our findings provide new insights into the consequence of Ndr2 gene amplification and thus may be of

relevance for understanding mechanisms involved in the development of intellectual disabilities in individ-

uals with microduplications in the corresponding region of chromosome 12p11. They are also of potential

relevance for the intellectual disability phenotype of the PKS. The genetic nature of the disorders leads to

great individual variability and hampers the analysis of mechanisms underlying the intellectual disabilities

in PKS patients. Various structural abnormalities have been reported in PKS patients, including ventricular
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changes, cortical atrophy, or corpus callosum dysgenesis (Poulton et al., 2018), that are not apparent in TG

mice. This discrepancy may result from the involvement of additional genes and/or the comparatively late

onset of the expression of the transgene. Moreover, epilepsy is found in about one-half of PKS patients, but

no seizure-like activity was observed in TG animals. However, medicated and seizure-free PKS individuals

still show abnormal interictal EEG patterns (Giordano et al., 2012). The clinical picture of 12p11 microdu-

plications is similarly diverse with several individuals showing intellectual disabilities or autism, seizures,

and microcephaly (Table S1). Multiplication of the human NDR2 gene may contribute to altered network

activity and the intellectual and social phenotype in these genetic conditions.

Limitations of the study

In our current study, we developed a transgenic mouse aiming at clarifying the putative contribution of

Ndr2 amplification to intellectual disability and autism induced by microduplications of NDR2. However,

our mouse model does not exactly recapitulate the copy number variations present in the human popula-

tion. First, relevant microduplications in humans contain at least three additional genes, which are not ad-

dressed in this paper. Second, while we have attempted to mimic the increased expression pattern of Ndr2

in late postnatal development and adulthood, changes during earlier development are not addressed with

our genetic design. And finally, our phenotypic characterization is focused on the hippocampus and hip-

pocampus-dependent behavior. A more detailed assessment of, e.g., dorsal and ventral hippocampal cir-

cuits or contribution of neocortical areas showing Ndr2 overexpression, as well as in vivo electrophysiolog-

ical readouts will be required for a more complete picture of Ndr2-related behavioral and network activity

dysfunction.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-doublecortin antibody Abcam Cat# ab18723; RRID:AB_732011

Rabbit anti-GAPDH antibody Cell Signaling Technologies Cat# 5174; RRID:AB_10622025

Goat anti-GFP antibody Abcam Cat# ab6673; RRID:AB_305643

Rabbit anti-Ki67 antibody Abcam Cat# ab15580; RRID:AB_443209

Rabbit anti-Ndr2 antibody Stork et al. (2004) https://doi.org/10.1074/jbc.m403552200

Mouse anti-Ndr2 antibody OriGene Cat# TA505176; RRID:AB_2622897

Chemicals, peptides, and recombinant proteins

Myelin stain Black-Gold II Histo-Chem Inc. http://www.histo-chem.com/Products.html

NMDA receptor antagonist D-AP5 Tocris Cat. No. 0106

mGluR receptor agonist (2S, 2’R, 3’R)-2-(2’,

3’dicarboxycyclopropyl) glycine (DCG-IV)

Tocris Cat. No. 0975

Acetylcholinreceptor agonist Carbachol Tocris Cat. No. 2810

Critical commercial assays

Immunostaining Vectastain Elite ABC Kit Vector Laboratories Inc. Cat. No. PK-6100

Protein concentration Bradford assay Bio-Rad Laboratories Inc. Cat. No. 5000201

mMACS GFP Cell Isolation kit Miltenyi Biotec Cat. No. 130-091-125

RNeasy plus micro kit for RNA isolation from

tissue

Qiagen Cat. No. 74034

Sensiscript RT kit for reverse transcription Qiagen Cat. No. 205213

TaqManTM copy number reference assay,

mouse,

Thermo Fisher Scientific Cat. No. 4458366

Deposited data

Mass spectrometry proteomics This paper ProteomeXchange: PXD026867

Experimental models: Organisms/strains

Mouse: C57BL/6 wild type M&B Taconic B6JBOM

Mouse: Camk2a-Cre driver Artemis Pharmaceuticals Tg(Camk2a-cre)159Kln

Mouse: conditional Ndr2 transgenic line 55 This paper Tg(CAG-Egfp::Stk38l)55Stork

Mouse: conditional Ndr2 transgenic line 89 This paper Tg(CAG-Egfp::Stk38l)89Stork

Oligonucleotides

See Table S5

Recombinant DNA

Transgene backbone: pCAGGS plasmid Niwa et al. (1991) RIKEN BRC, RRC ID RDB08938

Software and algorithms

Mass-spec data analysis: PEAKS Studio 8.0 Bioinformatics Solutions Inc. https://www.bioinfor.com/peaks-studio/

Video tracking software AnyMaze Stoelting Co. https://www.stoeltingco.com/anymaze.html

Data analysis software Prism GraphPad Software, Inc. https://www.graphpad.com/

scientific-software/prism/

Data analysis software SigmaPlot Systat Software Inc. http://www.sigmaplot.co.uk/products/

sigmaplot/sigmaplot-details.php

Proteome analysis: Genecodis Tabas-Madrid et al. (2012) https://doi.org/10.1093/nar/gks402

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Proteome analysis: Gene Ontology Ashburner et al. (2000) https://doi.org/10.1038/75556

Electrophysiology data analysis: MATLAB MathWorks https://www.mathworks.com

Electrophysiology data analysis: MATLAB

algorithms

Çalısxkan et al., 2015b https://doi.org/10.3109/10253890.2015.

1004628

Electrophysiology data analysis: Spike2

(version 8)

Cambridge Electronic Design http://ced.co.uk/products/spkovin
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Oliver Stork (oliver.stork@ovgu.de).

Materials availability

All unique reagents and all mouse lines generated in this study are available from the lead contact without

restriction.

Data and code availability

� Proteomics data have been deposited at ProteomeXchange and are publicly available as of the date

of publication. The dataset identifier / accession number is given in the key resources table.

� All data reported in this paper will be shared by the lead contact upon request.

� This study did not generate original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ndr2 transgenic mice were generated by cloning EGFP::Ndr2 into the pCAGGS plasmid, kindly provided

by Dr. K. Miyashita from Kyoto University, using restriction sites for SalI and SacII. The resulting plasmid

containing the CAG and loxP sites was injected into the pronucleus of a zygote originated from CB6F2

mice by PolyGene and the transfected fertilized eggs were transferred to pseudopregnant C57BL/6

mice. CaMKIIalpha-Cre (Tg(Camk2a-cre)159Kln) mice, which are widely used to study functions of adult

forebrain neurons, were used for activating the transgene expression. C57BL/6BomTac (M&B Taconic, Ger-

many) mice were used for molecular experiments as indicated.

METHOD DETAILS

Animal husbandry

All mice were bred andmaintained in the facility of Institute of Biology, Otto-von-Guericke-University Mag-

deburg under specific pathogen free conditions with an inverted 12-h dark/light cycle (lights off at 7 am

with 30 min of dim phase), ad libitum food and water, group-housed 2-6 mice per cage. All experiments

were conducted with experimentally naı̈ve mice, during their active phase in the dark cycle. Male mice,

3–6-month-old, participating in the behavioral experiments were single caged one week prior to the

experiments. A potential effect of animal sex on behavior, brain anatomy or physiology was not

addressed in this study. Animal experiments and housing were in accordance with European regulations

and approved by Landesverwaltungsamt Saxony-Anhalt (Permission numbers: 42502-2-862 UniMD and

42502-2-1284 UniMD).

Genetic characterization of Ndr2-overexpressing transgenic mouse

Offspring that carried the insertion was tested by PCR with primers (Table S5) amplifying a sequence frag-

ment of the fusion protein EGFP::Ndr2: Forward: 5’-TCAAGATCCGCCACAACAT-3’: and Reverse: 5’-CG

TGCACAAACCAAAATCAG-3’. Samples were initially denatured at 95�C for 5 min and run for 35 cycles
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consisting of 15 s at 94�C, 30 s at 52�C, and 2 min at 72�C, and completed with a final extension stage

at 72�C for 7 min. Tandem insertion was tested with polyA forward-primer (5’-ACGAGCCGGAAGCATA

AAGTGTAAAG-3’) and CAG reverse-primer (5’-GGGGGAGATGGGGAGAGTGAAG-3’). The number of

copies inserted into the genome was analyzed with the TaqManTM copy number reference assay (mouse,

TFRC, Thermo Fisher Scientific, Waltham, MA, USA) using heterozygous mice for the transgene. Samples

ran for 40 cycles consisting of 15 s at 95�C and 60 s at 60�C, with an initial step of 10 min at 95�C. The primers

used in the assay were: Forward: 5’-CTTTGATGACTTCCCTGAGTCTGAT-3’, Reverse: 5’-GGATTTGTAGT

CGGGCTCTGT-3’, and reporter: 5’-ATTCGGCACTGGCTGTAAG-3’ (Table S5). Mice were backcrossed to

C57Bl6/BomTac genetic background for more than 10 generations before behavioral and physiological

testing.
Histological staining

Mice were anesthetized with a ketamine (80 mg/ml)-xylazine (6 mg/ml) mixture (1 mg/kg body weight)

and were transcardially perfused using Tyrode buffer (for Timm’s staining: sulfide buffer: in dH2O 0.15 M

Sodium sulfide, 0.1 M Disodium phosphate) followed by 4% paraformaldehyde (PFA) in Phosphate

Buffered Saline (PBS; Timm’s staining: 2% Phosphate/Glutaraldehyde buffer). Brains were removed, kept

in 4% PFA in PBS for 24 h, in 30% Saccharose buffer in PBS for 48 h, then snap frozen and stored at

-20�C. 30 mm thick coronal sections were cut with a cryostat for immunostaining and for the Black-Gold

staining method.

Immunostaining of the transgenic Ndr2 was done on free-floating sections treated for 10 min with 0.3%

H2O2, 5% methanol in 0.1 M phosphate buffer (PB). Sections were washed with PB, incubated for 2 h

with 10% serum of the species that the secondary antibody was raised in and 10% BSA in PB. Primary anti-

body (goat anti-GFP, 1:500, Abcam, UK) incubation was done for two days at 4�C with 2% serum and 2%

BSA in PB. After washing with PB, sections were incubated with the biotin-coupled secondary antibody

(1:250) in 2% BSA in PB for 2 h at room temperature followed by 1 h incubation at room temperature

with Avidin-Biotin-Complex (Vectastain Elite ABC Kit, Vector Laboratories Inc., Bulingame, CA, USA). Sec-

tions were washed and incubated in diaminobenzidine solution in PB (0.5 mg/ml) for 5 min. The develop-

ment was stopped with PB. Sections were placed on slides and air-dried, and then covered with EntellanTM

(Merck, Germany).

For doublecortin / Ki67 immunofluorescence staining, sections underwent antigen retrieval for 1h (90�C in

10mM sodium citrate buffer, ph6.0) before permeabilization for 30 min with 0.5% triton-X100 in PBS and

blocking with 10% goat normal serum in 0.1% Triton-X100 in PBS for 1 h. Anti-doublecortin (Abcam,

ab18723, 1:1500) was incubated over night at 4�C in 1% Triton-x100 in PBS and detected with donkey

anti-rabbit secondary antibodies. Subsequently, anti-Ki67 antibody (Abcam ab15580, 1:500) was incubated

in the samemanner and detected with biotinylated secondary antibodies and fluorescence-labelled Strep-

tavidin (all Abcam). Sections were washed three times in PBS between all incubation steps and mounted on

slide glasses with ImmunomountTM for inspection.

Black-Gold staining was done as described (Schmued and Slikker, 1999). In brief, sections were thaw-

mounted onto gelatin-coated slides, and after rehydration in ddH2O were incubated in 65�C Black-Gold

solution (0.2%m/v Black-Gold II, Histo-Chem Inc., Jefferson, AR, USA) for 13 min. The reaction was stopped

by washing with ddH2O for 2 min. Staining was fixed with 1% sodium thiosulphate for 3 min, followed by

15 min washing with ddH2O. Sections were dried at 50�C, incubated in xylene for 2 min and covered

with EntellanTM (Merck, Germany).

For Timm’s staining, after perfusion, brains were incubated in 20% glucose/ 2% glutaraldehyde

solution overnight and frozen on dry ice. 40 mm thick horizontal sections were cut with a cryostat

throughout the dorso-ventral extension of the hippocampus. Sections were mounted onto slides, dried

on a heating plate and immersed in Timm’s staining buffer (in ddH2O 0.13 M citric acid, 0.08 M

tri-sodium citrate dihydrate, 0.15 M hydroquinone, 30% gum arabic, 5 mM silver nitrate) for 30 min at

25�C. Development was stopped with dH2O for 10 min and sections were fixed in 1% sodium thiosulfate

for 5 min. After washing with dH2O, counterstaining was done with 3% methylene blue solution (Sigma-

Aldrich, Germany) for 10 s. Sections were dehydrated with 1-min steps in 70% ethanol, 95% ethanol,

100% ethanol, and xylene, and were covered with EntellanTM (Merck, Germany). For assessment of the

dorsal hippocampus three sections each taken 750mm apart between Bregma – 3.8 and – 5.8 were
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evaluated per animal and averaged. For the ventral hippocampus two sections per animal were consid-

ered in the range Bregma – 6.5 to -7.5.

Western blotting

Transgenic mice were bred with CaMKIIalpha-Cre +/- mice, and the expression of the transgene Ndr2 in

the brain was investigated with immunoprecipitation. The forebrain of adult mice was homogenized

with RIPA buffer (50 mM Tris-HCL, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%

SDS, 1 mM PMSF proteinase inhibitor (Sigma-Aldricht, Germany)). The lysate was incubated for 2 h rotating

at 4�C followed by centrifugation for 1 h at 16000 g at 4�C. The protein concentration of the supernatant

was determined with a Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA, USA). The protein samples

were precleared with G-Sepharose for 1 h at 4�C, followed by centrifugation at 12000 g for 30 s. The result-

ing supernatant was incubated with goat anti-GFP (Abcam, UK, 1:1000) antibody rotating overnight at 4�C.
Protein G-Sepharose was added and the mixture was incubated for 4 h at 4�C before precipitation of ag-

gregates by centrifugation at 12000 g and washed with lysis buffer. The pellet was collected and incubated

together with 1x loading buffer (4x: 252 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 0.04% bromophenol

blue) for 10 min at 98�C. The samples were run on an SDS-PAGE followed by blotting onto a PVDF

membrane.

Adult brain tissue was lysed on ice with lauryl maltosid lysis buffer, (1% lauryl maltoside N-dodycyl-D-

maltoside, 1% NP-40, 1 mM Na3VO4, 2mM EDTA, 50 mM Tris-HCl, 150 mM NaCl, 0.5% DOC, 1 mM

AEBSF, 1 mM pepstatin A, 1 mM NaF, 1 tablet Pierce protease inhibitor (Thermo Fisher Scientific, Wal-

tham, MA, USA), using a tissue grinder, rotated at 4�C for 30 min then centrifuged for 30 min at 4�C at

16000 g. Protein concentration was determined using the Bradford Assay (Bio-Rad Laboratories Inc.,

Hercules, CA, USA) according to the manufacturer’s instructions. Samples were separated on a 10%

SDS-PAGE and transferred to a PVDF membrane (Immobilon-FL, Millipore, Germany). Membranes

were incubated with primary antibodies mouse anti-Ndr2 (1:1000, OriGene Technologies Inc., Rockville,

MD, USA) and rabbit anti-GAPDH (1:1500, Cell Signaling Technology, Danvers, MA, USA), followed by

secondary antibody incubation with IRDye (1:10000, LI-COR Inc., Lincoln, NE, USA) and scanning with

an Odyssey scanner (LI-COR).

Proteomics analysis

Ndr2-GFP pull down was performed using the mMACS GFP Isolation kit (Miltenyi Biotec, Germany)

following the manufacturer’s instructions. Captured proteins were eluted with hot Laemmli buffer and sub-

jected to an SDS-PAGE. Each lane was divided into eight sections to perform in-gel digestion according to

(Kolodziej et al., 2016). Resulting peptides were dissolved in 5 mL 0.1% trifluoroacetic acid (TFA) and purified

on ZIP-TIP, C18-nanocolumns (Millipore, Billerica, MA, USA). The peptides were eluted in 7 ml of 70% (v/v)

acetonitrile (ACN) and subsequently dried in a vacuum centrifuge. LC-MS/MS was performed on a hybrid

dual pressure linear ion trap/orbitrap mass spectrometer (LTQ Orbitrap Velos Pro, Thermo Scientific, San

Jose, CA, USA) equipped with an EASY-nLC Ultra HPLC (Thermo Scientific, San Jose, CA, USA). The pep-

tide samples were dissolved in 10 mL of 2% ACN/0.1% TFA and fractionated on a 75 mm I.D., 25 cm PepMap

C18-column, packed with 2 mm resin (Dionex, Germany). Separation was achieved by applying a gradient

from 2% ACN to 35% ACN in 0.1% formic acid (FA) over a 150 min gradient at a flow rate of 300 nL/min. The

LTQOrbitrap Velos Pro MS exclusively used CID-fragmentation when acquiring MS/MS spectra, consisting

of an orbitrap full MS scan followed by up to 15 LTQ MS/MS experiments (TOP15) on the most abundant

ions detected in the full MS scan. The essential MS settings were as follows: full MS (FTMS; resolution

60,000; m/z range 400–2000); MS/MS (Linear Trap; minimum signal threshold 500; isolation width 2 Da; dy-

namic exclusion time setting 30 s; singly charged ions were excluded from selection). Normalized collision

energy was set to 35%, and the activation time was set to 10 ms. Raw data processing and protein identi-

fication of the high resolution orbitrap datasets were performed with de novo sequencing algorithms of

PEAKS Studio 8.0 (Bioinformatics Solutions Inc., Waterloo, Canada). The false discovery rate was set

to <1%.

The obtained list of proteins was fed into a meta-analysis for the Gene Ontology (Ashburner et al., 2000)

annotations of the biological processes using Genecodis (Tabas-Madrid et al., 2012). The result of the anal-

ysis was filtered for significantly enriched terms associated to the predefined parental terms ‘‘nervous

system process’’,‘‘nervous system development ‘‘ (according to the scope of this study), ‘‘protein trans-

port’’,‘‘cytoskeleton organization’’,‘‘gene expression’’ and ‘‘protein phosphorylation’’ (according to most
18 iScience 24, 102868, August 20, 2021
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prominent annotations and previously identified cellular functions of the kinase) using the term hierarchy of

the Gene Ontology. Child terms of each filter term within the hierarchy were used as a lookup table to find

the matching terms inside of the meta-analysis result. Evidence for potential direct interactions between

Ndr2 and the resulting group of proteins was further collected using STRING, using low confidence settings

to search for data from other species including yeast and a limitation to experimental data (von Mering

et al., 2005). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-

sortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD026867.

mRNA expression analysis

Mice were sacrificed at postnatal (P) day 15, 30, and 3 months of age by cervical dislocation. Brains were

quickly removed from the skull, embedded in Tissue-TekTM OCT compound (Sakura Finetek Europe,

The Netherlands) and frozen in liquid nitrogen-cooled 2-methylbutane. 20 mm-thick horizontal sections

were cut on a cryostat at the level of ventral hippocampus and thaw mounted onto PLL-coated Membra-

neSlide 1.0 PEN slides (Zeiss, Germany). Sections were fixed in cold (-20�C) 70% ethanol, followed by a brief

cresyl violet (1% m/v in 50% ethanol) staining, and dehydration for each 1min in 70% and 96% ethanol

respectively. The granular cell layers of the dentate gyrus were then microdissected using a P.A.L.M. laser

microbeam system (Zeiss, Germany). The collected tissues were lysed and RNA was isolated using RNeasy

plus micro kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. First-strand synthe-

sis was done with Sensiscript reverse transcriptase (QIAGEN, Germany) at 37�C for 60 min in the presence

of RNase inhibitor (20 U/ml) (Thermo Fisher Scientific, Waltham, MA, USA). Quantitative real-time PCR was

done with Step-One-System (Applied Biosystems, Germany) using TaqManTM reagents. The assays used

were: Ndr1: Mm00506499_m1, Ndr2: Forward: 5’-TGCCCGTCTCTGAGAAGC-3’, Reverse: 5’-CCACCA

TTCCCAATTCTGTTTCAG-3’, and reporter: 5’-ACTTGATTCTCAGATTTTG -3’, Lats1: Mm01191886_m1,

Lats2: Mm00497217_m1, Mst2: Mm00490480_m1, Mst3: Mm00520930_m1. VIC-labeled GAPDH assay

(4352339E, Applied Biosystems, Germany) was used as a housekeeping gene. Samples were run in

triplicate for 40 cycles consisting of 15 s at 95�C and 1 min at 60�C with an initial denaturation step for

10 min at 95�C and a decontamination step with uracil-N-glycosidase for 2 min at 50�C before entering

the cycle.

Electrophysiology

Mossy fiber-CA3 synapse LTP (Andres-Alonso et al., 2019). Adult mice were decapitated under deep

isoflurane anesthesia. Transverse slices (350 mm) from the ventral and dorsal portions of the hippocampus

were cut using a vibratome (LeicaVT1000S, Nussloch, Germany) and transferred to a chamber for

submerged recording conditions. Before the recording, hippocampal slices were pre-incubated for at least

1 h with carbogenated (95% O2, 5%CO2) artificial cerebrospinal fluid (ACSF, containing in mM: 110 NaCl,

2.5 KCl, 4 CaCl2$2H2O, 4 MgSO4$7H2O, 1.24 KH2PO4, 10 glucose, 27.4 NaHCO3, pH 7.3) at room

temperature. Field excitatory postsynaptic potentials (fEPSPs) were evoked with ACSF-filled glass capillary

microelectrodes (3-5 MU).

Identification and recordings of mossy fiber responses were performed as previously described

(Evers et al., 2002). In detail, the stimulation electrode was placed in the granule cell layer of the den-

tate gyrus, and fEPSPs were recorded extracellularly in stratum lucidum of CA3 with stainless

steel electrodes (Schildt et al., 2013). After obtaining an input-output (I-O) curve with stimulation

intensities ranging from 0.5 to 6 V, stimulation intensity resulting in 15-20% of maximal fEPSP amplitude

was determined and used for the rest of the stimulation protocols. Train facilitation (TF, 6 pulses at

20 Hz, repeated 3x at 0.05 Hz) and frequency facilitation (FF, 4 pulses at 0.05 Hz, and subsequently

90 pulses at 1 Hz) were tested and considered to represent mossy fiber signals when the ratio of

the amplitude of the last pulse compared to the first pulse both in TF and FF exceed 200% of initial

amplitudes. Before induction of mossy fiber LTP, the baseline responses were recorded with the

stimuli applied every 30 s for at least 15 min. Then, MF-LTP was induced by 4 trains high-frequency

stimulation (HFS) protocol (15-20% of maximum amplitude of each fEPSP according to I/O curve, at

100 Hz with 1 s duration, repeated with an interval time 20s). The NMDAR antagonist D-AP5 (50 mM,

Tocris) was applied 15 min before and during HFS, and then washed out after LTP induction. The

fEPSP responses were recorded for 1 h after LTP induction. At the end of every experiment, the group

II metabotropic glutamate receptor agonist (2S, 2’R, 3’R)-2-(2’, 3’dicarboxycyclopropyl) glycine

(DCG-IV, 2mM, Tocris) was applied to confirm fEPSPs as MF signals and data were included when

the inhibition was more than 70%.
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Schaffer collateral-CA1 LTP. Preparation of hippocampal slices was performed as described previously

(Hayani et al., 2018). Briefly, 4-month-old male mice were decapitated after fast cervical dislocation. The

brain was exposed, rapidly dissected, and transferred into ice-cold ACSF containing in mM: 124 NaCl,

25 NaHCO3, 17 D-glucose, 2.5 KCl, 1.24 NaH2PO4, 2 CaCl2, and 1.5 MgCl2, pH 7.4 and the osmolality

was adjusted to 305 G 5 mOsm (Chan et al., 2006). The hippocampi were dissected and 400 mm-thick

transverse hippocampal slices were prepared using vibrating blade microtome (Leica VT1200S, Leica

Biosystems). The slices were incubated in ACSF in an interface chamber for 2 h at room temperature for

recovery. Next, the slices were transferred to the submerged recording chamber and were constantly

perfused with ACSF at 30�C. ACSF was continuously saturated with 95% O2 and 5% CO2.

ACSF-filled glass electrodes (2-3 MU) were used for recording fEPSPs in CA1 stratum radiatum in response

to stimulation of Schaffer collaterals. Long-term potentiation (LTP) in CA3-CA1 area was induced using high

frequency stimulation (HFS) protocol of 2 trains of 100 Hz for 1 s with a 20-s interval in between, at a stimulus

intensity that generated 50% of the maximum fEPSP response (Chan et al., 2006). Stimulus-response curve

was recorded for a range of stimulus intensities (20 mA – 120 mA) with 10 mA increment. Paired-pulse-facil-

itation (PPF) was measured at five different interstimulus intervals (10, 20, 50, 100, and 200 ms). The stimulus

artefacts were blanked to facilitate visual inspection of traces.
Sharp wave-ripples (SW-R) and gamma oscillation recordings

Horizontal brains slices (�400 mm) containing ventral hippocampus were cut in ice-cold, carbogenated (5%

CO2 / 95% O2) ACSF containing (in mM) 129 NaCl, 21 NaHCO3, 3 KCl, 1.6 CaCl2, 1.8 MgCl, 1.25 NaH2PO4

and 10 glucose (pH 7.4, �300 mOsm). Slices were transferred to an interface chamber perfused with ACSF

at 32G 0.5�C (flow rate: 2.0 G 0.2 ml/min). Before starting recordings, slices were incubated at least for an

hour. Extracellular field recordings were obtained with glass electrodes filled with ACSF (resistance:

�12 MU). Signals were pre-amplified using a custom-made amplifier equipped with negative capacitance

regulation and low-pass filtered at 3 kHz. Signals were sampled at a frequency of 10 kHz and stored on a

computer hard disc for offline analysis (Cambridge Electronic Design, Cambridge, UK).

SW-R in the ventral CA3-CA1. One hour after slice preparation, glass electrodes were placed at stratum

pyramidale (SP) of area CA3 and CA1. Data were recorded for 2 min and extracted as MATLAB files to be

further analyzed using MATLAB-based functions (MathWorks, Natick, MA) as described previously

(Çalısxkan et al., 2015b, 2016). In brief, sharp waves (SW) were detected by low-pass filtering the data at

45 Hz (Butterworth, 8th order). The threshold for event detection was set to 2.5 times the standard deviation

(SD) of the lowpass-filtered signal. The minimum interval between two subsequent SW was set to 80 ms.

Data stretches of 125 ms centered to the maximum of the sharp wave event were stored for further analysis.

To analyze the area under the curve of SW, the points crossing the mean of the data were used as the start

and the end point of SW. The SW area was measured using trapezoidal numerical integration of low pass-

filtered data. To isolate the ripples, the raw data were band-pass filtered at 120-300 Hz (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. The threshold for ripple detection was set to 3 times SD of the band-pass filtered signal.

To analyze the ripple amplitude, triple-point-minimax-determination was used. If the difference between

falling and rising component of a ripple was higher than 75 %, ripples were discarded from the analysis.

Frequencies were calculated only from subsequent ripples.

Carbachol-induced gamma oscillations in the ventral CA3-CA1. Carbachol (CBh, 5 mM) was diluted

freshly prior to the experiment and applied via continuous bath perfusion. Prior to perfusion of slices with

CBh, the temperature of the recording chamber was increased to 35�C. After 50-70 min perfusion of CBh,

glass electrodes were placed at stratum pyramidale (SP) of area CA3 and CA1. Gamma oscillations were

analyzed using custom-made spike2 (version 8) scripts (Cambridge Electronic Design, Cambridge, UK).

For this analysis, power spectra were generated from 2 min records by Fast Fourier Transformation using

a frequency resolution of 0.8192 Hz. Three parameters of the power spectra were analyzed for each data

set: (1) Peak frequency (Hz): the frequency value at the maximum power value. (2) Peak power (mV2): the

power value at the maximum power. (3) Integrated power (mV2): the sum of power from 20 to 60 Hz. As

a cut off criteria, we did not include the slices with peak powers lower than 0.00001 mV2 and peak fre-

quencies lower than 20 Hz. For the autocorrelation analysis two min files were extracted from

each recording and auto-correlograms were calculated using Spike2 (version 8) software. The

amplitude of the 2nd positive peak of auto-correlations was further used for the statistical analysis. For
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the cross-correlation analysis of CA3 and CA1 gamma oscillations the 1st positive peak of the cross-correlo-

gram was used for the statistical comparison.
Behavioral analysis

All behavior experiments were performed between 10 am and 5 pm. If more than one behavioral experi-

ment was going to be performed with the same mice, testing began with the least stress and anxiety

inducing and ended with the most stressful.

The home cage activity of mice was monitored using an infrared detection system (HCA 10-V2.1, Coul-

bourn Instr., Holliston, MA, USA) for 120 h, where activity was recorded in 5 min bins and analyzed per

hour (Albrecht et al., 2013b). The open field test was performed in a 50 cm x 50 cm x 30 cm arena on

two consecutive days, 24 h apart, with each one 20 min session. The experimental room was illuminated

with red light (<10 lux). The distance travelled in the maze and exploratory patterns were tracked using

video surveillance and analyzed with AnyMaze software (Stoelting Co., Wood Dale, IL, USA) (Muller

et al., 2014). Data were analyzed in 5-min bins for both days. The elevated plus maze test was performed

on amaze consisting of two closed and two open arms 35 cm long each, 5 cm wide and 40 cm elevated from

the ground.Mice were tested during the dark phase, between 12 and 4 pm. To start the experiment animals

were placed in the center of the maze and exploratory behavior was tracked for 5 min under low light

conditions (10 Lux). Entries and time spent in the open and closed arms were tracked and analyzed with

AnyMaze software (Rehberg et al., 2010). The light/dark transition test apparatus consisted of two com-

partments (each 19 cm x 21 cm x 20 cm) separated with a 4 cm x 4 cm opening: the light compartment

(100 lux) and dark compartment (<1 lux). Mice were introduced to the light compartment facing away

from the opening and tested for 5 min in the maze. The time spent in each compartment and the transitions

between compartments were recorded by a photo-beam detection system (TSE, Bad Homburg, Germany)

(Albrecht et al., 2013a, 2013b).Active avoidance task in a shuttle box (36 cm x 21 cm x 20 cm) with two equal

size compartments separated with an opening (4 cm x 4 cm) (TSE, Bad Homburg, Germany) and a photo-

beam detection system was used to assess the position of the mouse in the box and record the activity.

Training was done over a period of 5 days, with 50 trials per day. Each session started with a 3-min habit-

uation phase. Tones (10 kHz, 65 dB) were used as conditioned stimuli (CS) and were presented for an initial

5 s without foot shock reinforcement, followed by co-presentation with a foot shock (0.40 mA for max 10 s,

followed by 0.60 mA for max 5 s), which was immediately stopped once the mouse shuttled to the other

compartment. The inter trial interval was set to 20 s. Trials were considered successful if the animal shuttled

before the foot shock onset. Social memory was tested in a 3-chamber social interaction setup with com-

partments that measure 20 cm x 40 cm each and Plexiglas walls with an open middle section separating the

three chambers without restricting access to any compartment (Albrecht and Stork, 2012). The test was per-

formed under dim light conditions (35 lux) in three stages, 5 min each, by placing the subject mouse into the

middle compartment and allowing the mouse to explore all three chambers of the setup freely. Mice were

tested between 1-5 pm, during the dark phase. Two identical, wire tube-like containers that are large

enough to hold a single mouse (8 cm in diameter) were placed inside the setup vertically, one in each

side chamber. In the first stage (habituation), both of these wire containers were kept empty as the subject

mouse explored the setup and the interaction time with each of the tubes was scored. In the second part

(sociability test), a male, age-matched, wild-type (C57BL/6JBomTac - M&B Taconic, Germany) partner

mouse was placed in one of the wire tubes in random and the interaction time of the subject mouse

with the partner vis-a-vis the empty container has been scored. In the last part (social novelty preference

test) of the experiment, a second wild-type partner mouse (novel) occupied the previously empty wire

container as the interaction time with the already familiarized partner against the novel partner has been

scored. AnyMaze software (Stoelting Co., Wood Dale, IL, USA) was used for the tracking of the subject

mouse and scoring of interaction times. A place learning protocol in thewater-cross-mazewas done (Klein-

knecht et al., 2012): the test was performed in a 23�C water filled maze with spatial cues placed around it.

Mice went through training to find the hidden platform placed in the one arm of the maze for 5 days, 6 trials

per day. The opposite arm of the starting arm was blocked, and mice had the choice to turn left or right to

find the platform depending on the spatial cues. A score 1 was given as accurate, when the mouse swam

directly to the platformwithout entering or turning to the wrong arm.Mice with 83.3% or higher accuracy on

the fifth day of training continued with the reversal-learning test where the platform was in the opposite

arm. Reversal learning also took 5 days, 6 trials per day. Accuracy and latency to find the platform were

determined by the experimenter, who was blind with respect to genotype in all experiments.
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QUANTIFICATION AND STATISTICAL ANALYSIS

TGmice were always analyzed in comparison to their WT littermates, derived from several (at least 3) inde-

pendent litters. Experimental procedures and quantification were carried out by an experimenter who was

blind with respect to animal genotype. Sample sizes were estimated using the program G*Power (a = 0.05,

b = 0.8, strong effects). Prism (GraphPad Software, Inc.) and SigmaPlot (Systat Software Inc.) were used for

statistical analyses and data presentation. Data were evaluated for normality using Shapiro-Wilk Test and

equal variance before group comparison. For qPCR, Timm’s staining, MF-LTP, and behavior data Student’s

t-test, Mann-WhitneyU-test, one-way-ANOVAor repeatedmeasures (RM) two-way-ANOVAwere used. For

post-hoc comparisons Fisher’s LSD test was performed when applicable. p values <0.05 were considered

significant. N values indicate number of animals, n is used to indicate number of samples (slices for elec-

trophysiology). Data are generally presented as meanG SEM. The corresponding Results section reports

on values and statistical analysis of experimental data not included in the figures and figure legends.
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