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Abstract

The palmitoyl acyltransferase ZDHHC?7 belongs to the DHHC family responsible for the covalent attachment of palmitic
acid (palmitoylation) to target proteins. Among synaptic proteins, its main targets are sex steroid receptors such as the estro-
gen receptors. When palmitoylated, these couple to membrane microdomains and elicit non-genomic rapid responses. Such
coupling is found particularly in cortico-limbic brain areas which impact structure, function, and behavioral outcomes. Thus
far, the functional role of ZDHHC?7 has not been investigated in this context. To directly analyze an impact of ZDHHC7
on brain anatomy, microstructure, connectivity, function, and behavior, we generated a mutant mouse in which the Zdhhc7
gene is constitutively inactivated. Male and female Zdhhc7~~ mice were phenotypically compared with wild-type mice
using behavioral tests, electrophysiology, protein analyses, and neuroimaging with diffusion tensor-based fiber tractography.
Zdhhc7-deficiency impaired excitatory transmission, synaptic plasticity at hippocampal Schaffer collateral CA1 synapses,
and hippocampal structural connectivity in both sexes in similar manners. Effects on both sexes but in different manners
appeared in medial prefrontal cortical synaptic transmission and in hippocampal microstructures. Finally, Zdhhc7-deficiency
affected anxiety-related behaviors exclusively in females. Our data demonstrated the importance of Zdhhc7 for assembling
proper brain structure, function, and behavior on a system level in mice in a sex-related manner. Given the prominent role
of sex-specificity also in humans and associated mental disorders, Zdhhc7~'~ mice might provide a promising model for
in-depth investigation of potentially underlying sex-specifically altered mechanisms.

Keywords Palmitoylation - Zdhhc7-deficiency - Constitutive knockout mouse - Small animal imaging -
Electrophysiological recordings - Behavioral phenotyping

Introduction

S-palmitoylation is a post-translational covalent attachment
of 16-C fatty acid palmitate to cysteine residue(s) via for-
mation of a thioester bond (Linder and Deschenes 2007).
This reversible modification increases protein hydrophobic-
ity and thereby changes membrane attachment and inter-
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actions with lipid bilayers, protein sorting, and functions
(Fukata and Fukata 2010; Shipston 2011). Palmitoylation
is highly abundant in neurons, where it regulates protein
trafficking to membrane microdomains, and its alteration
is involved in different brain-derived disorders (Antinone
et al. 2013; Butland et al. 2014; Fukata and Fukata 2010;
Mitchell et al. 2014). S-palmitoylation is primarily catalyzed
by palmitoyl acyltransferases (PATs) based on a conserved
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«Fig. 1 Generation of Zdhhc7~~ mice. The upper section depicts the
mouse Zdhhc7 gene around target exon 4 during steps a—-d. a Wild-
type locus with intronic/intergenic regions (indicated as line), exons
(gray filled boxes with numbers above the line), restriction endonu-
clease sites BamHI (B) and HindIIl (H) (arrows below), and restric-
tion fragments (in kb; horizontal arrows). Sequences used as probes
for Southern blots are shown as HR1, SB, and SI (black filled boxes
below the line). b Targeting vector structure (without negative selec-
tion marker and plasmid backbone) with loxP sites (arrows above)
and neomycin-resistance cassette [neo; empty box flanked by two
FRT sites (not shown)]. ¢ Locus after homologous recombination
with neo cassette (present in intron 3) and target exon 4, flanked by
loxP sites. d Genomic locus after CRE-mediated exon 4 deletion.
The lower parts e-g illustrate corresponding parts of Southern blot
analysis of genomic DNA (from mouse tail biopsies; positions of size
markers in bp on the left; for complete blots see Online Resource).
e Southern blot analysis (HR1 after BamHI restriction digestion)
validated correctly targeted Zdhhc7+~ alleles (WT: 8.6 kb, targeted
allele: 7.2 kb) in F1 offspring (* in lanes 1, 3-5, 7, 9). (f) Southern
blot analysis as in e) in F2 offspring (”’ in lanes 32-38, 40, 41, 42;
~~in 44; ** in WT, 30, 31, 43). g CRE-mediated exon 4 deletion
validated by Southern blot (SB after HindlIII digestion; WT: 5.0 kb,
targeted allele: 15.2 kb, deleted allele: 13.0 kb). Genotype *~ is
found in lanes 362, 363, 396, 401, and genotype ~~ in lanes 343, 361,
368, 370, 376, 379, 394, 400, and 421. Samples 353, 416, and 417 are
heterozygous for the targeted allele and exon 4 deletion. Sample 420
contains all three alleles and possibly was derived from mosaic mice
due to incomplete CRE-mediated exon 4 deletion. The lower right
part (h) illustrates qPCR analysis of Zdhhc7 mRNA (from mouse
mPFC tissue; WT: n=7, KO: n=7). TagMan gene expression assay
spanning exons 4-5 validated deletion of target exon 4 (essential for
catalytic DHHC domain) by loss of Zdhh7 expression in Zdhhc7™~
(KO) mice compared to consistent Zdhh7 expression in wild-type
(WT) mice (expression relative to endogenous control gene Gapdh)

Asp-His-His—Cys (DHHC) domain essential for PAT activ-
ity (Lemonidis et al. 2015). Humans as well as mice harbor
23 PATs, which contain a conserved zinc finger domain
(ZDHHC) and are involved in neuronal development, syn-
aptic function, and plasticity (El-Husseini and Bredt 2002;
Fukata and Fukata 2010; Korycka et al. 2012; Ohno et al.
2006).

The PAT ZDHHC7 targets various synaptic proteins
such as neural cell adhesion molecules (Ponimaskin et al.
2008) or gamma-aminobutyric acid (GABA) receptors
subtype A (GABA,) (Naumenko and Ponimaskin 2018).
On the other hand, GABA , receptor y2 subunits are pal-
mitoylated by the paralog ZDHHC3 but not by ZDHHC7;
this is demonstrated in ZDHHC3 (GODZ) and ZDHHC7
(SERZ-B) mouse models (Kilpatrick et al. 2016). Via
knockdown studies in cancer cells, ZDHHC7 and another
paralog, ZDHHC21, were identified to palmitoylate the
estrogen ERa, ER, progesterone (PR), and androgen (AR)
sex steroid receptors (Pedram et al. 2012). The authors
further revealed that ER-, PR-, and AR palmitoylation
by both PATs (ZDHHC7 and ZDHHC?21) are crucial for
membrane trafficking and non-genomic/non-classical
rapid responses to steroid hormones (Pedram et al. 2012).
Such rapid signal transduction impacts neuroanatomical

structures, synaptic transmission and plasticity, intracel-
lular signaling cascades, and downstream gene expression
(Balthazart and Ball 2006; Baudry et al. 2013; Ooishi
et al. 2012). For instance, rapid ER-mediated signaling
is involved in early hippocampal organization in a sex-
specific manner. It requires rapid estradiol effects via ERa,
which interacts with metabotropic glutamate receptors
(mGluR) within caveolin 1 (CAV1)-generated microdo-
mains (e.g., Boulware et al. 2005; Meitzen et al. 2012).
Rapid ER signaling depends on the expression of both
ZDHHC7 and ZDHHC21 (Meitzen et al. 2013; Tonn Eis-
inger et al. 2018). However, only ZDHHC?7 increases also
CAV1-palmitoylation and has widespread expression in
cellular compartments, while ZDHHC21 appears to be not
required for CAV 1-palmitoylation and to be restricted to
the Golgi apparatus (Tonn Eisinger et al. 2018). Moreo-
ver, only ZDHHC7 and CAV1 mRNAs, but not ZDHHC21
mRNA, differ sex-specifically at distinct developmental
stages (Meitzen et al. 2017). This indicates a possible sig-
nificance of ZDHHC7 with regard to sex differences in
the brain.

Coupling of ERs to CAV-microdomains is found across
the nervous system, among others in hippocampus and
cortex (Meitzen et al. 2012; Spampinato et al. 2012). Par-
ticularly the medial prefrontal cortex (mPFC) is involved
in the regulation of cognition, emotion, socio-affective,
and visceromotor behaviors (Bandler et al. 2000; Damasio
et al. 2000; Franklin and Chudasama 2012; Uylings et al.
2003) and is affirmed in its intrinsic sex-specificity. For
example, GABAergic or estradiol-dependent glutamatergic
transmission and synaptic plasticity are sex-specifically
regulated in the mPFC (Galvin and Ninan 2014; Fernandez
et al. 2015). In addition, mPFC has extensive connections
with cortical and subcortical limbic areas including the
hippocampus (Franklin and Chudasama 2012), forming a
network that is highly sensitive to sex differences (Seney
and Sibille 2014). Together, cortico-limbic sex-specificity
affects neuroanatomy, microstructure, structural connec-
tivity, and transmission between brain regions (Palanza
and Parmigiani 2017; Zagni et al. 2016) as well as emo-
tional/behavioral outcomes such as fear, anxiety, and mood
(Brinton et al. 2008; Suzuki et al. 2013). However, the
direct role of ZDHHC?7 in brain (micro)structure, GABAe-
rgic/glutamatergic transmission, and behavior has, thus
far, not been investigated.

In the current study, we hypothesized that ZDHHC?7 defi-
ciency could sex-specifically alter brain microstructure/con-
nectivity, synaptic transmission and related proteins such
as mGluR, synaptic plasticity, and the behavioral outcome.
We, therefore, generated a mouse model with constitutive
inactivation of the Zdhhc7 gene and directly analyzed both
male and female Zdhhc7~'~ vs. wild-type mice using a set of
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various methods such as behavioral characterization, elec-
trophysiology, and neuroimaging.

Materials and methods
Generation of Zdhhc7-deficient mice

A detailed description of targeting construct design, vari-
ous molecular biology methods, blastocyst injection, and
CRE-mediated deletion of Zdhhc7 exon 4 (essential for
PAT activity),is given in the Online Resource. Briefly,
based on the Zdhhc7 wild-type locus (Fig. 1a), the Zdhhc7
targeting construct contained a FRT-flanked neomycin-
resistance cassette (NeoR) harboring one loxP site imme-
diately 5’ to the proximal FRT site. This cassette replaced
an 855 bp DNA fragment of the third intron (Fig. 1b).
Between NeoR and the 5’ end of exon 4, 51 bp of intron
3 sequence remained. An additional /oxP site was placed
59 bp downstream from exon 4 (in intron 4). The final
targeting construct comprised a 2.2 kb upstream flank-
ing region, the loxP site, the Frt-NeoR-PGK-Frt cassette,
the 0.3 kb target region around exon 4, the second loxP
site, and a 5.8 kb downstream flanking region, as depicted
in Fig. 1b. Positively targeted CV19 ES cells (129 Sv x
C57BL/6 J) were identified by Southern blot analysis
using a 1.3 kb external probe (HR1; see Fig. 1c—f, Online
Resource Suppl. Fig. 1), and verified using the 1.2 kb
internal probe (SI; Fig. 1¢). Subsequent injection of posi-
tively targeted ES cells into B6D2F1 blastocysts resulted
in several high percentage male chimaeras, which were
crossed to C57BL/6 J females for germ-line transmission
of targeted exon 4 and verified by Southern blot analysis.
Finally, successful inactivation of the Zdhhc7 gene was
achieved via excision of the Frt-NeoR-PGK-Frt cassette-
exon 4 region flanked by loxP sites by crossing mice with
total CRE-deleter transgenic mice, verified by Southern
blot analysis (Fig. 1d, g, Online Resource Suppl. Fig. 2).
Even if not (completely) degraded by nonsense-mediated
decay (cf. Baker and Parker 2004), the predicted mRNA
would encode a protein product that would be out of frame
after 106 amino acids out of a total of 308 amino acids.
For qPCR-based validation of targeted exon 4 dele-
tion, 14 mice (Zdhhc7™/~ (KO) female: n =4; wild-type
(WT) female: n=4; KO male: n=3; WT male: n=3)
were decapitated under isoflurane anesthesia (CP Pharma,
Burgdorf, Germany). Brains were immediately dissected
and stored at — 20 °C in RNAlater (Life Technologies,
Darmstadt, Germany). Total RNAs were extracted from
left hemisphere mPFCs (representing the cortico-limbic
network) following customized Trizol-based procedure
(Direct-zol RNA MiniPrep Kit with ZR BashingBead Lysis
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Tubes (mixed) and DNase-I treatment; Zymo Research,
Freiburg, Germany). After photometric assessment of total
RNA (A260/A280 ratios), cDNAs were synthesized from
266 ng RNA per mouse using the High Capacity cDNA RT
Kit (Life Technologies) as recommended. TagMan Gene
Expression Assays (Zdhhc7: Mm00505997_m1, spanning
exons 4-5; endogenous control Gapdh: Mm99999915_g1;
Life Technologies) and TagMan Gene Expression Master
Mix (Life Technologies) were used for qPCR in tripli-
cate following the manufacturer’s instructions (setup:
Freedom EVO 150 system, Tecan, Crailsheim, Germany;
gPCR instrument: Applied Biosystems 7900HT Real-Time
PCR System, Life Technologies). Expression of the endog-
enous control was determined for calculation of ACt to
reveal relative Zdhhc7-expression for WT vs. KO mice.
In contrast to relative Zdhhc7-expression values within
the expected range in WTs, these were completely absent
in KO mice (Fig. 1h). This loss of amplification products
that spanned exons 4-5 further confirmed the knockout of
Zdhhc7 exon 4.

Experimental animals

After establishing the Zdhhc7 mouse line (more details
in Online Resource), mice (available upon request) were
examined with respect to their general health condition,
reproduction, and potential signs of knockout induced
burden or stress (severity assessment following german
BfR guidelines). Comparison of Zdhhc7 KO and heterozy-
gous mice with WT conspecifics revealed normal range
(WT-like) motor and sensory activity, reflexes, health,
and reproduction. No signs of any burden or stress were
observed under standard housing conditions in the central
animal facility (ZTE) of the University of Miinster. Het-
erozygous crosses were then utilized to produce KO and
WT offspring for subsequent experiments. Initially, sets of
mice underwent behavioral and electrophysiological phe-
notyping and additional sets were used for protein analyses
and neuroimaging (described below). Experimental mice
were weaned between postnatal weeks 3—4 and same sex
littermates (KO and WT mice from the above-mentioned
heterozygous crosses) were housed together in Makrolon
Type II L cages (37 x21 X 14 cm?) with sawdust as bed-
ding material and access to food and water ad libitum.
The presented work was in accordance with all current
regulations covering animal experimentation in Germany
and the EU (European Communities Council Directive
2010/63/EU). All experiments were approved by the local
authority and the “Animal Welfare Officer” of the Univer-
sity of Miinster. All efforts were made to minimize animal
suffering as well as to reduce the number of animals used
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in this study to a minimum necessary for reliable statisti-
cal analyses.

Behavioral testing

A total of 40 mice (WT female: n=28; KO female: n=11;
WT male: n=10; KO male: n=11) were transferred to
the experimental housing room at 9 weeks of age. Hous-
ing included controlled standard conditions with temper-
ature at 21 °C (x 1 °C), humidity of 50% (+10%), and a
12:12 h light—dark cycle (lights on at 6 am). After 1 week
of acclimatization, behavioral testing started with a total of
six different tests. Tests were performed in the following
order (from least to most stressful): open-field test (OFT) at
postnatal day (P) 70 to assess locomotor and anxiety-related
behaviors, elevated plus-maze test (EPM) at P72 to again
assess anxiety-related behavior, spontaneous alternation test
(SAT) at P74 to assess spatial working memory, sociability
test (SoT) at P76 to assess social exploration, object reloca-
tion and recognition test (ORR) at P78 to assess cognitive
function, and forced swim test (FST) at P82 to assess behav-
ioral despair as measure of depression-like behavior.

The OFT was conducted for 10 min in an 80 X 80 cm box
which was illuminated with 190 Ix in the center zone as
described before (Ambrée et al. 2016).

The EPM was performed as described before (Ambrée
et al. 2016). At the beginning of each test, the animal was
placed in the center zone (brightly illuminated with 190 1x)
with the head directed towards a closed arm. It could freely
explore the maze for 5 min.

The SAT was performed as described before (Sakalem
et al. 2017). The animals were placed into one arm and could
freely move in the apparatus for 6 min. The sequence of
entries was recorded by a trained observer blind to the geno-
type with an entry defined as all four limbs entering an arm.

The SoT was used to assess the exploration of an unfa-
miliar conspecific. It was conducted in a three-chambered
apparatus as described before (Sakalem et al. 2017). It com-
prised two trials of 5 min each, one for habituation with
empty wire cages, the other with an unfamiliar mouse and
a ball as object control in the wire cages on opposite sides
of the apparatus. Frequencies and time of exploration were
recorded by a trained observer blind to the genotype using
the ANY-maze software (Stoelting, Wood Dale, IL, USA).
The percentage of social exploration was calculated as the
exploration time of the conspecific in relation to the total
exploration time of conspecific and object.

The ORR was performed in an open-field apparatus
(40%x40x 40 cm) and consisted of six trials in total, three
on each of two consecutive days. Each trial lasted 5 min. Ini-
tially, the mouse was placed in the front left corner, where it
could freely explore the empty apparatus (habituation trial).
After this, the mouse was returned to its home cage for 5

min. In the second trial, the object exploration trial, the
mouse could explore two different inanimate novel objects
(A +B) placed in the rear left and right corners 6 cm from
the walls for 5 min. In the third trial, immediately following
the second, object B was relocated from the rear to the front
right corner (object relocation trial). The next day, the first
two trials were completely identical as 24 h before (habitu-
ation and object exploration). In the last part, the object
replacement trial, object B was replaced by a novel, unfa-
miliar object C, located at the exact same position as object
B before. Throughout the experiments, the frequency and
time each mouse spent exploring each object was manually
recorded using ANY-maze by a trained observer blind to
the genotype. Mice were considered to explore when their
head faced towards and touched or sniffed the respective
object. The number and time of object exploration were
recorded. Percentage of recognition was calculated as the
ratio of the amount of time spent exploring the relocated or
the novel object in relation to the total time spent exploring
both objects in the respective trial.

The FST to measure depressive-like behavior was per-
formed in a glass cylinder (height: 28 cm, diameter: 13.5 cm;
Roth) filled 15 cm high with tap water (21 +1 °C). Each
mouse was placed in the water and the behavior was manu-
ally recorded for 6 min using ANY-maze to score immobil-
ity (floating: only small movement necessary to keep the
head above water such as tail or single limb movement) and
active time (swimming and struggling: climbing or jumping
at walls) by an observer blind to the genotype of the animals.
After the test, the mouse was briefly toweled and was put
into a cage with half of the area under a heating lamp for
5 min before it returned to its home cage.

All tests were performed by the same experimenter. If not
mentioned otherwise, all tests were automatically recorded
using the tracking software (ANY-maze).

Electrophysiological recordings

After the behavioral tests at 12 weeks of age, a subset of 34
mice (WT female: n=_8; KO female: n=9; WT male: n=06;
KO male: n=11) was used for whole-cell patch recordings
in mPFC slices. An additional 22 mice (WT female: n=35;
KO female: n=7; WT male: n=5; KO male: n=5) were
used at 11 weeks of age for extracellular recordings in hip-
pocampal slices. All mice were decapitated under isoflurane
anesthesia to immediately dissect their brains blinded to sex
and genotype. Hippocampal and mPFC slice preparation and
electrophysiological recordings were performed as described
previously (Agarwal et al. 2014; Saffari et al. 2016; Wehr
et al. 2017). Briefly, after transfer of brains into ice-cold oxy-
genated preparation solution, acute transverse mPFC slices
(300 pm) or coronal hippocampal slices (300 um) were
cut and transferred into incubation chambers with warm
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«Fig. 2 Differential effects of Zdhhc7-deficiency on locomotor, anx-
iety-related, and cognitive behavior. Male and female Zdhhc7 KO
and WT mice were analyzed in the open-field test (OFT) (a—c), the
elevated plus-maze test (EPM) (d—f), and the spontaneous alternation
test (SAT) (g, h). a Zdhhc7 KO females showed increased locomo-
tor activity as indicated by the total distance traveled in the OFT. b
Female KO mice also presented increased entries into the center of
the open field and ¢ spent more time therein indicating a reduction
in anxiety-related behavior. d Number of arm entries as a measure
of locomotor activity did statistically not differ. e There was no dif-
ference in the percentage of open arm entries in the EPM. f Percent-
age of time spent on the open arms of the EPM was significantly
increased in female KO mice, once more suggesting a reduction in
anxiety. g Increased number of alternations in the SAT in female and
male KO mice. h No differences in the percentages of correct alterna-
tions were detected in the SAT. Male mice did not differ with respect
to their genotype. Bars present group means (+ SEM) with bottom
numbers indicating sample sizes per group, asterisks depict the level
of significance (¥*p <0.05; **p <0.01)

oxygenated artificial cerebrospinal fluid for a 1 h recovery
period.

Whole-cell patch recordings of excitatory glutamater-
gic or inhibitory GABAergic synaptic transmission were
assessed by recordings of postsynaptic currents (PSCs) of
pyramidal neurons in the prelimbic area of the mPFC. Spon-
taneous inhibitory PSCs (sIPSCs) and spontaneous excita-
tory PSCs (SEPSCs) were recorded at holding potentials of
—70 mV for 5 min in the presence of 6-cyano-7-nitroqui-
noxaline-2,3-dione (10 pM) and 2-amino-5-phosphonopen-
tanoic acid (40 uM) for sIPSC, or strychnine and bicucul-
line (10 uM each) for SEPSC. Spontaneous PSC recordings
were followed by recordings of miniature inhibitory PSCs
(mIPSCs) and miniature excitatory PSCs (mEPSCs) for
5 min after adding tetrodotoxin (0.5 uM) to the bath solu-
tion. Signals with amplitudes of at least two times above the
background noise were selected, while patches with serial
resistance of > 20 MQ, a membrane resistance < 0.8 GQ, or
leak currents of > 150 pA were excluded (data acquisition
and analysis by pClamp 10.0 (Molecular Devices, Sunny-
vale, CA), MiniAnalysis [SynaptoSoft, Decatur, GA) and
Prism 6 (GraphPad, San Diego, CA)]. In addition, decay
kinetics were analyzed as described previously (Medrihan
et al. 2008) based on mIPSC and mEPSC recordings (Jonas
et al. 1998; Nabekura et al. 2004). Extracellular recordings
of hippocampal slices were performed as described by Agar-
wal et al. (2014) by stimulating Schaffer collaterals with the
stimulation electrode placed in the stratum radiatum at the
CA3/CA1 junction. To study short-term potentiation (STP)
and long-term potentiation (LTP), extracellular stimulation
induced responses were recorded then in the stratum radia-
tum in the CA1 region.

Protein analyses

A set of 16 mice (female KO-WT littermates: n=4; male
KO-WT littermates n=4; at P89—-120) was decapitated
under isoflurane anesthesia to immediately remove brains,
dissect mPFCs, and snap froze them in liquid nitrogen.
Two exemplary candidate proteins related to GABAergic/
glutamatergic synaptic transmission were selected for pro-
tein analyses. First, the GABA(B) receptor 1 (GABAgR1),
since GABARRs have been shown to be enriched in the
limbic system and to be involved in regulating anxiety-/
depression-related behavior (Cryan and Kaupmann 2005),
whereas GABA , receptor y2 subunits are palmitoylated by
ZDHHC3 but not by ZDHHC7 (Kilpatrick et al. 2016). Sec-
ond, we selected mGluR2 (enriched in mPFC and hippocam-
pus, strongly involved in regulating glutamatergic/GABAe-
rgic transmission; Mateo and Porter 2007; Pilc et al. 2008;
Wright et al. 2013). Both proteins were investigated with
respect to putatively ZDHHC7-related palmitoylation in the
Zdhhc7 KO and WT mice using the acyl-biotinyl exchange
(ABE) methodology as described previously by Steinke
et al. (2015). After ABE, protein samples were subjected to
SDS-PAGE followed by western blot analysis using as pri-
mary antibodies rabbit polyclonal anti-GABA(B)RI1 (cat. no.
3835, Cell Signaling Technology, Frankfurt a. M., Germany;
dilution 1:1000) and rabbit polyclonal anti-mGluR2 (cat. no.
AGC-011 Alomone Labs, Jerusalem, Israel; dilution 1:200).
Target proteins were visualized by chemiluminescence using
goat anti-rabbit IgG (H+ L) secondary antibody, HRP con-
jugate (ThermoFisher Scientific). Images were taken with
the Fusion SL Imager (Vilber Lourmat, Eberhardzell, Ger-
many). For densitometry analyses, the signal intensity of
each unsaturated band was assessed and the gel background
removed individually with the Image]J tool (version 1.51j8,
Wayne Rasband, NIH USA; http://imagej.nih.gov/ij). The
coefficient of palmitoylation variation was calculated as the
ratio of ABE-band values to control values before normal-
izing to WT controls.

Neuroimaging (MR scanning and DTI fiber
tractography)

A total of 14 mice (female KO-WT littermates: n=4; male
KO-WT littermates n=3; at P121-127) were deeply anes-
thetized intraperitoneally (Xylazin 10 mg/kg and Ketamin
100 mg/kg body weight) and transcardially perfused with
phosphate buffered saline (PBS, 0.1 M, pH 7.0) and after-
wards with 4% paraformaldehyde (PFA). After immediate
decapitation, brains were removed and kept in 4% PFA for
4 days at RT, followed by washing and incubation for addi-
tional 24 h in aqueous solution of contrast agent (2 mmol/L
Magnevist, Bayer Pharma AG, Berlin, Germany). Brains
were embedded into small plastic tubes (5 ml syringe) in
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1% agar enriched with contrast agent (2 mmol/L. Magnevist)
and scanned on a 9.4 T small animal imaging system with
a 0.7 T/m gradient system (Biospec 94/20, Bruker Biospin
GmbH, Ettlingen, Germany) and a helium-cooled surface
coil (CryoProbe, Bruker Biospin). Anatomical MR images
were acquired with a T2 weighted 3D RARE protocol (TR/
TE 2000/73 ms, two averages, 384 X 384 X 256 matrix, FOV
1.6 cm?, 40 x40 x 60 pm3 voxel size; Fig. 5al). Diffusion
tensor data were acquired with an eight-segment EPI-DTI
protocol (TR/TE 9000/34 ms) with 30 diffusion directions
(b=1000 s/mm?, diffusion gradient duration =4 ms, diffu-
sion gradient separation =10 ms, and eight experiments/
direction) and five BO images, FOV 1.6 x 1.4 cm?, 160X 140
matrix, in plane resolution 100 um?, slice thickness 200 um
(Fig. 5a2).

DTI fiber tractography was performed using the
DTI&Fiber Tool (Kreher et al. 2006; https://www.uniklinik-
freiburg.de/mr-en/research-groups/diffperf/fibertools.html).
The mouse brain atlas (Paxinos and Franklin 2013) was used
to define the left hippocampus as region of interest (ROI)
for each mouse blind to sex and genotype. The ROI was
set then as start mask to apply streamline DTTI fiber track-
ing (implemented FACT algorithm according to Mori et al.
1999) with default parameters related to fractional anisot-
ropy (FA) [start criterium: FA > 0.25, Tr(D) < 0.0016; stop
criterium: FA > 0.15, Tr(D) <0.002; max. angle=153.1°;
min. voxel =5]. Hippocampal volumes, FA values within
the ROIs, and fiber statistics were determined.

To further identify putatively connecting fibers from hip-
pocampus to prelimbic (PL)/infralimbic (ILA) mPFC subar-
eas, the Allen Mouse Brain Connectivity Atlas (2011) (Oh
et al. 2014; http://connectivity.brain-map.org/) was used.
This open database provides axonal projection data of all
brain subregions based on individually injected tracer in
different mouse strains. In wild-type C57BL/6 J mice, the
database revealed axonal projections between hippocampus
and PL/ILA. These turned out as prominent and converging
axon bundle originating from a medioventral CA subregion
in the hippocampus (Online Resource Suppl. Fig. 3a—e).
The spatial position of this region was chosen to define an
analog second ROI in four consecutive coronal DTI slices in
Zdhhc7 KO and WT mouse brains (Online Resource Suppl.
Fig. 3f—k). ROI-based Mori fiber tracking (Online Resource
Suppl. Figs. 3 I-n, 4, and 5) was then used as aforementioned
to determine fiber statistics for the medioventral hippocam-
pal CA region in male and female Zdhhc7 KO vs. WT mice.

Statistical analyses
All statistical tests were computed using SPSS (version
25, IBM Corp., Ehningen, Germany) or Prism (version

5.0, GraphPad Software, San Diego, CA, USA). Data
sets were checked for normal distribution by one-sample
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Kolmogorov—Smirnov and Shapiro—Wilk tests. When not
or partly not normally distributed, the impact of Zdhhc7-
deficiency, that is KO vs. WT, was analyzed using the
Mann—Whitney U test for non-parametric testing separately
in males and females, respectively. Otherwise, if normally
distributed, the Student’s ¢ test was applied analogously.
The level of statistical significance was set to a=0.05, but
adjusted individually following Bonferroni correction for
multiple testing in case of hippocampal fiber statistics: test-
ing FA data sets three times (minimal, maximal, and mean
FA) resulted in adjusted a=0.017; testing hippocampus or
medioventral hippocampal CA region data sets two times
each (maximal and mean fiber length) resulted in adjusted
a=0.025, respectively. All data were presented as group
means (£ SEM).

Results

Zdhhc7 KO increases locomotion but reduces
anxiety-related behavior only in female mice

To investigate the effect of Zdhhc7-deficiency on locomo-
tor, anxiety-related, social, and despair behaviors, as well as
learning and memory, we analyzed KO and WT mice of both
sexes in a series of behavioral tests. In the OFT, female KOs
traveled a significantly longer distance than WTs (Fig. 2a,
t=-3.05, df=17, p=0.007), while males did not differ
between the genotypes (p >0.05). Regarding anxiety-related
behavior, female KOs displayed significantly more entries
into the center (Fig. 2b, t=—3.24, df=17, p=0.005) and
also spent more time therein (Fig. 2c, t=—2.66, df=17,
p=0.017). While the first measure could be a result of
increased locomotor activity, the latter indicates reduced
anxiety-related behavior in female KOs. Male mutants, in
contrast, showed comparable levels of anxiety-related behav-
ior compared to the WT controls (Fig. 2b, c, all p>0.05).

In the EPM, alternation between the arms as indicator of
locomotion did not differ statistically between mutants and
WTs of both sexes (Fig. 2d, all p> 0.05). Regarding anxiety-
related behavior, female KOs also did not differ from WT
mice in relative open arm entries (Fig. 2e, p > 0.05), while
they spent significantly more time in the open arms than
WTs (Fig. 2f, t=-3.29, df=12.153, p=0.006); this sup-
ports the findings from the OFT that female KOs showed
reduced anxiety-related behavior. In males, relative open
arm entries and relative time in open arms did not differ
statistically between KOs and WTs (Fig. 2e, f, all p > 0.05),
suggesting that Zdhhc7 is more relevant for anxiety-related
behavior in female mice.

To assess spontaneous alternations as a measure of spa-
tial working memory (Hughes 2004), we applied the SAT.
Female and male KO mice showed significantly more
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alternations than WTs (Fig. 2g, female: t=—2.95, df=17,
p=0.009; male: t=—-2.39, df=19, p=0.027). With regard
to the percentage of correct alternations, there were no dif-
ferences between KO and WT in either sex (Fig. 2h, all
p>0.05). In addition, no differences were observed with
respect to sociability, behavioral despair, and object reloca-
tion and recognition (Online Resource Suppl. Fig. 6). Thus,
in the above-mentioned behavioral domains, Zdhhc7-defi-
ciency affects locomotion in both females and males, yet
anxiety-related behaviors are affected exclusively in female
mice.

Zdhhc7 KO differentially alters the excitatory
and inhibitory synaptic transmissions in mPFC
of male and female mice

Subsequently, we tested excitatory glutamatergic synap-
tic transmissions in prelimbic mPFC of female and male
Zdhhc7 KO and WT mice (Fig. 3). In female mutants, the
frequency of mEPSC, but not SEPSC was significantly
depressed (mEPSC U=471.0, z=2.12, p=0.033; Fig. 3b,
d). In male mutants, the frequencies of both sEPSC and
mEPSC were similarly depressed compared to frequen-
cies in the respective WT controls (sEPSC t=2.31, df=29,
p=0.028, mEPSC U=320.0, z=2.25, p=0.024; Fig. 3b, d),
whereas the amplitudes did not differ statistically in KOs vs.
WTs in both sexes (all p > 0.05; Fig. 3a, ¢). In addition, the
mEPSC decay time of male KOs was prolonged compared
to the decay time in WTs (U=13.0, z=—-2.16, p=0.030;
Fig. 3e). In contrast, there was no alteration of decay time
in female mice between genotypes (18.3 +3.5 ms in WT vs.
18.2+3.1 ms in KOs; p>0.05; Fig. 3e). In sum, the impact
of Zdhhc7-deficiency on excitatory synaptic transmission is
more pronounced in male than in female mice.

Analysis of inhibitory GABAergic synaptic transmission
of Zdhhc7 mice revealed distinct sex-specific differences
(Fig. 4). It is worth mentioning that the average amplitude of
sIPSC were observed to be lower in female WT as compared
to amplitudes in male WT animals (Fig. 4a). Strikingly, both
sIPSC and mIPSC amplitudes were significantly upregulated
in female KOs compared to the amplitudes in female WTs
(sIPSCs U=163.5, z=—-2.36, p=0.017, Fig. 4a; mIPSCs
t=3.07,df=57, p=0.003, Fig. 4c). The average amplitudes
of sIPSCs reached comparable values in male and female
Zdhhc7 mutant mice. On the other hand, the frequencies
of both sIPSCs (r=2.81, df=42, p=0.008; Fig. 4b) and
mIPSCs (r=2.43, df=46, p=0.019; Fig. 4d) were down-
regulated in male KOs compared to the frequencies in male
WTs. Moreover, current decay of mIPSCs in female mutants
was significantly slower compared to the same parameter
in WTs (15.6+0.6 ms in WTs vs. 19.8+2.2 ms in KOs,
U=113.0, z=-2.15, p=0.032; Fig. 3f), while there was
no significant difference between genotypes in male mice

(18.6+2.1 ms in WT vs. 18.14+2.4 ms in KOs; p> 0.05;
Fig. 3f). Subsequently, we also explored palmitoylation
of GABARRI1 and mGluR2 utilizing the ABE method.
No altered palmitoylation was statistically apparent in the
Zdhhc7-deficiency mice vs. WT mice in both sexes and for
both proteins (Online Resource Suppl. Fig. 7; both p > 0.05).
Hence, while Zdhhc7-deficiency impaired excitatory synap-
tic transmission in both sexes but stronger in male mutants,
it affected inhibitory transmission in both sexes inversely in
a distinctly sex-specific manner.

Synaptic plasticity is significantly impaired
at Schaffer collateral CA1 synapses of both female
and male Zdhhc7 mutants

We then tested the hippocampal LTP induced at Schaffer
collateral CA1 synapses. In female KOs vs. WTs, both the
input—output curves as well as the paired-pulse facilitation
were unaltered, suggesting that there were no genotype-
specific changes in basal excitability (Online Resource
Suppl. Fig. 8). However, after high-frequency stimulation
(HFS), STP, determined as the average of responses in the
first 5 min after HFS, was significantly decreased in female
mutants (U=25.0, z=2.50, p=0.012; Fig. 4e, f). Simi-
larly, the magnitude of LTP, determined as the average of
responses between 50 and 60 min, was also significantly
decreased in female mutants (U=100.0, z=3.74, p <0.001;
Fig. 4g). Similar to the results obtained in females, both
the input—output curves and paired-pulse facilitation were
unaltered in male KOs vs. WTs (Online Resource Suppl.
Fig. 8). In addition, the magnitudes of both STP and LTP
were significantly decreased in male mutants vs. WTs
(U=25.0,z=2.50, p=0.007, t=13.95, df=18, p<0.001;
Fig. 4h—j). Collectively, these data show that deficiency of
Zdhhc7 similarly impaired LTP in the hippocampus of both
female and male animals.

Zdhhc7-deficiency alters the hippocampal fiber
structures in male and female mice

Finally, we measured effects of Zdhhc7-deficiency on hip-
pocampus using MRI and DTI fiber tractography. While hip-
pocampal volumes, average fiber numbers, as well as mean
and maximum FA values were similar between genotypes
of both sexes (all p>0.05; Online Resource Suppl. Fig. 9),
the minimal FA values appeared notably low in female WTs
(Fig. 5b). Zdhhc7-deficiency altered this finding, namely
female KOs revealed significantly higher minimal FA values
(t=-3.69, df=6, nominal p=0.010, Bonferroni corrected
p=0.031; Fig. 5b), resulting in values equaling those of
male mice. In contrast, Zdhhc7-deficiency did not statis-
tically affect minimal FA in male KOs vs. WTs (Fig. 5b;
p>0.05). With respect to hippocampal fiber statistics, only
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trend effects of sex-specificity were detectable. Mean fiber
length was, by trend, shorter in female KOs than in female
WTs (¢1=2.79, df=6, nominal p=0.031, Bonferroni cor-
rected p=0.063; Fig. 5¢), but not statistically different in
males (p>0.05). Maximal fiber length was. by trend, shorter
in male KO mice vs. WT mice (U=0.0, z=—1.96, nominal
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p=0.050, Bonferroni corrected p=0.100; Fig. 5d) but not
in females (p >0.05). In summary, hippocampal microstruc-
ture was affected by Zdhhc7-deficiency in a moderately sex-
specific manner.

In contrast, subregional analyses of the hip-
pocampal medioventral CA revealed strong effects of
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«Fig. 3 Differential effects of Zdhhc7-deficiency on excitatory syn-
aptic transmission and decay times in mPFC. a Upper part: sample
traces of spontaneous excitatory postsynaptic currents (SEPSCs)
in mPFC of female WT and KO mice; lower part: averaged ampli-
tudes of sEPSCs in layer II pyramidal neurons of prelimbic mPFC
of female (left) and male (right) WT and KO mice. b Upper: sample
traces of SEPSCs in mPFC of male WT and KO mice; lower: aver-
aged frequency of SEPSCs of female (left) and male (right) WT and
KO mice. ¢ Upper: sample traces of miniature excitatory postsynap-
tic currents (MEPSCs) in PFC of female WT and KO mice; lower:
averaged amplitudes of mEPSCs of female (left) and male (right) WT
and KO mice. d Upper: sample traces of mEPSCs in PFC of male
WT and KO mice; lower: averaged frequency of mEPSCs of female
(left) and male (right) WT and KO mice. e Upper part: comparison
of the shape of mEPSCs of female (left) and male (right) WT and
KO mice; lower: averaged decay time of mEPSCs of female (left) and
male (right) WT and KO mice. f Upper: comparison of the shape of
miniature inhibitory postsynaptic currents (mIPSCs) of female (left)
and male (right) WT and KO mice; lower: averaged decay time of
mIPSCs of female (left) and male (right) WT and KO mice. Bars rep-
resent group means (+SEM) with bottom numbers indicating sample
sizes per group (n/N: recordings/total number of animals), asterisks
depict the level of significance (*p <0.05)

Zdhhc7-deficiency, yet similar in both sexes. In WT mice,
fibers were longer and projected roughly towards mPFC
(Fig. 5e), while in KOs, fibers were shorter and remained
predominantly within the hippocampal medioventral area
(Fig. 5f). This finding was consistent for all KO and WT
mice of both sexes (Online Resource Suppl. Figs. 4, 5). Sta-
tistically, KOs of both sexes had significantly shorter mean
fiber length (females: t=6.25, df=6, nominal p=0.001,
Bonferroni corrected p=0.002; males: t=7.16, df=4,
nominal p =0.002, Bonferroni corrected p =0.004; Fig. 5g)
and shorter maximal fiber length (females: t=4.25, df=6,
nominal p=0.005, Bonferroni corrected p=0.011; males:
t=9.67, df=4, nominal p=0.001, Bonferroni corrected
p=0.001; Fig. 5h). However, fiber numbers did not dif-
fer statistically between genotypes of both sexes (Online
Resource Suppl. Fig. 9; both p>0.05). Compared to the mild
but sex-specific effects on whole hippocampus, deficiency
of Zdhhc7 impaired subregional hippocampal medioventral
CA strongly but similarly in both female and male animals.

Discussion

Our data demonstrated for the first time that Zdhhc7-defi-
ciency caused alterations of brain structure and function
on a system level. Mutant mice of both sexes displayed
impairments that included structural connectivity from hip-
pocampus to mPFC (Fig. 5e-h), LTP-based synaptic plas-
ticity in hippocampus (Fig. 4e—j), and miniature excitatory
transmission in mPFC (Fig. 3d). Interestingly, all three find-
ings appeared to be directly linked. Indeed, hippocampus
and mPFC are structurally connected in mice (Franklin and
Chudasama 2012; Allen Mouse Brain Connectivity Atlas:

Online Resource Suppl. Fig. 3), which was substantiated
by MRI-DTI data obtained from our Zdhhc7 WT mice
(Fig. 5e-h; Online Resource Suppl. Figs. 4, 5). Moreover,
early experiments in rats characterized an anatomical hip-
pocampus—mPFC pathway to be an excitatory glutamatergic
connection, which also expresses LTP (Doyere et al. 1993;
Jay et al. 1996). More recent experiments in mice also
identified a monosynaptic hippocampus—mPFC pathway to
likely be a glutamatergic connection (Tripathi et al. 2016).
Finally, excitatory glutamatergic function could be shown
to be directly related to LTP as reviewed by Lynch (2004).
Such a hippocampus—mPFC pathway might be structurally
altered in Zdhhc7 inactivated mice; this is hinted at by our
neuroimaging results. As a consequence, this might have led
to the impaired excitatory glutamatergic function and the
subsequent decreased LTP that our results revealed.

However, all other Zdhhc7-deficiency underlying altera-
tions in brain structure, function, and behavior appeared in a
distinct sex-specific manner. Male Zdhhc7 mutants displayed
additional impaired excitatory function (SEPSC frequency),
slower excitatory decay times, reduced inhibitory transmis-
sion, and only slightly increased locomotion. In contrast,
female Zdhhc7 mutants revealed reduced anxiety combined
with distinctly increased locomotion as well as increased
inhibitory transmission, inhibitory decay time, and minimal
hippocampal FA values. Thus, sex-specific differences due
to Zdhhc7-deficiency were pronounced as hypothesized and
discussed below.

The impact of Zdhhc7 deficiency on male mice

Meitzen et al. (2017) demonstrated that ZDHHC?7 is con-
cordantly regulated with CAV1 with respect to development
and sex-specificity of the brain. They assumed that normal
excitatory glutamatergic transmission in adult male brains
might depend on a functional ZDHHC7/CAV 1-ERa path-
way. Decreased CAV1 might then lead to diminished trans-
mission (Meitzen et al. 2017). If this assumption holds true
also for decreased ZDHHC7, Zdhhc7-deficiency might lead
to diminished transmission as well. It might be even more
likely, since ZDHHCY7 is involved in the regulation of CAV1
function via increasing its palmitoylation (Tonn Eisinger
et al. 2018). Indeed, in the present study, the frequencies of
sEPSC and mEPSC were reduced and decay times prolonged
in male mutants vs. WTs (Fig. 3b, d, e), indicating changes
in the subunit composition of different glutamatergic post-
synaptic receptors. On the other hand, structural alteration
of the hippocampus—mPFC pathway might have led to the
diminished transmission as discussed above (Doyere et al.
1993; Jay et al. 1996; Lynch 2004; Tripathi et al. 2016).
However, the observation of stronger impairments in male
Zdhhc7-deficient mice (in contrast to female mutants) sug-
gests rather a combination of both structural and functional
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ZDHHC7/CAV1-ERa pathway effects to diminish gluta-
matergic transmission.

Interestingly, the aforementioned relation between
excitatory glutamatergic function and LTP is mainly based
on mGluRs (Lynch 2004). MGluRs functionally inter-
act with ERs through pairing with different CAVs (e.g.,
Boulware et al. 2005; Meitzen et al. 2012); this seems to
be both CAV specific and tissue specific. For example,
CAV1 couples mGluR1 with ERa in hippocampus, and
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mGluRS5 with ERa in striatum. In contrast, CAV3 couples
mGluR2 with ERa and ERp in hippocampus, and mGluR3
with ERa and ERf in striatum (Boulware and Mermel-
stein 2009; Meitzen and Mermelstein 2011). In all cases,
ERs are palmitoylated; thus, the coupling we observed—
particularly the first example of CAV1-mGluR1-ERa—
strongly resembles the aforementioned ZDHHC7/
CAVI1-ERa pathway suggested by Meitzen et al. (2017).
Therefore, it is plausible that Zdhhc7-deficiency impairs
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«Fig. 4 Differential effects of Zdhhc7-deficiency on inhibitory synap-
tic transmission in mPFC and on synaptic plasticity in hippocampal
areas. a Upper part: sample traces of spontaneous inhibitory post-
synaptic currents (sIPSCs) in mPFC of female WT and KO mice;
lower part: averaged amplitudes of sIPSCs in layer II pyramidal neu-
rons of prelimbic mPFC of female (left) and male (right) WT and
KO mice. b Upper: sample traces of sIPSCs in PFC of male WT and
KO mice; lower: averaged frequency of sIPSCs of female (left) and
male (right) WT and KO mice. ¢ Upper: sample traces of miniature
inhibitory postsynaptic currents (mIPSCs) in mPFC of female WT
and KO mice; lower: averaged amplitudes of mIPSCs of female (left)
and male (right) WT and KO mice. d Upper: sample traces of mIP-
SCs in PFC of male WT and KO mice; lower: averaged frequency of
mIPSCs of female (left) and male (right) WT and KO mice. e Long-
term potentiation (LTP) at the SC-CA1 synapse in female WT and
KO mice. Insets show sample traces of responses before and after
high-frequency stimulation (HFS). Slopes of fEPSP were normalized
to baseline and plotted against time. Time point O represents HFS
application (arrow). f Short-term potentiation (STP) magnitude was
significantly impaired in KO mice when compared to WT mice. g
LTP magnitude was significantly impaired in KO mice vs. WT mice.
h LTP at the SC-CA1 synapse in male WT and KO mice. Insets show
sample traces of responses before and after HFS. i STP magnitude
was significantly impaired in KO mice when compared to WT mice. j
LTP magnitude was significantly impaired in KO mice vs. WT mice.
(n/N:n=recordings, N=total number of animals). Bars represent
group means (+SEM) with bottom numbers indicating sample sizes
per group (n/N: recordings/total number of animals), asterisks depict
the level of significance (*p <0.05; **p <0.01; ***p <0.001)

excitatory glutamatergic function via mGluR candidates as
shown in the present study (Fig. 3). However, one promis-
ing candidate, the mGluR2 (Mateo and Porter 2007; Pilc
et al. 2008; Wright et al. 2013), was not differentially pal-
mitoylated in female or in male WT vs. KO in our study.
This suggests that other candidates might be responsible
and requires systematic testing in subsequent analyses.

The stronger impairments observed in male mutants
might also be due to an involvement of both ERa and ERf
in the modulation of pre- and postsynaptic glutamatergic
signaling as shown by Oberlander and Woolley (2016).
In contrast, in female Zdhhc7 mutants less impairment of
glutamatergic function was observed, maybe due to the
fact that no ERa-involvement was detected in pre- and
postsynaptic glutamatergic signaling (Oberlander and
Woolley 2016).

Palmitoylated ERs have also been shown to be associ-
ated with GABAergic neurons in hippocampus (e.g., Hart
et al. 2007). In addition, estradiol affects the GABAer-
gic synaptic transmission in the developing hippocam-
pus (Wojtowicz et al. 2008). In adolescent male mice,
GABAergic signaling has been shown to be prominent in
the prelimbic mPFC (Fernandez et al. 2015). These data
led to the discovery that ERa is required for the mas-
culinization of GABAergic neurons (Wu and Tollkuhn
2017). In the current study, not only glutamatergic, but
also GABAergic transmissions were compromised in
male Zdhhc7 mutants (Fig. 4b, d). As a result—although

the palmitoylation of GABAZR1 was unaltered (Online
Resource Suppl. Fig. 9)—the loss of ZDHHC7-mediated
palmitoylation of ER by embryonic Zdhhc7 deficiency
might be responsible for the observed decreased inhibi-
tory GABAergic transmission of male mutants in the pre-
sent study.

The impact of Zdhhc7 deficiency on female mice

Meitzen et al. (2017) reported that ZDHHC7 and CAV1
are abundant in developing (neonatal) rat hippocampi, but
are decreased in hippocampi of adult females. Consistent
with this, Oberlander and Woolley (2016) identified ERp
and GPERI to be important for pre- and postsynaptic glu-
tamate signaling in young adult females. However, only
ERp depends on palmitoylation and thus on the presence
of ZDHHC7 (Meitzen et al. 2013; Pedram et al. 2012). If
these observations also apply to mice, then Zdhhc7-defi-
ciency should mainly affect the early life stages of females.
In contrast, in males Zdhhc7-deficiency should affect adults
as well. Therefore, it is plausible to assume that the impact
of Zdhhc7-deficiency on females should be less pronounced.
Our findings regarding excitatory glutamatergic transmission
supported this assumption; females were less impaired than
males (see above). However, all other Zdhhc7-deficiency-
induced phenotypes were more pronounced in female com-
pared to male mutants (Figs. 2a—c, f, g; 3f; 4a, c, e-g; 5b, ¢),
which initially seemed counterintuitive.

Boulware et al. (2005) identified rapid estradiol actions
via membrane ER-mGluR coupling that regulate phospho-
rylation of cAMP response element-binding (CREB) protein
only in neonatal hippocampi of female but not male animals.
Moreover, appropriate regulation of CREB phosphorylation
via ERa/ERP coupling to mGluR in female hippocampal
neurons was crucial for the development of a normal female-
specific hippocampus organization (Boulware et al. 2005).
This physiological regulation was eliminated when neonatal
females were exposed to testosterone/estradiol that led to a
masculinization of female brains (Meitzen et al. 2012). Since
ZDHHCYT is necessary for ERa/ERp palmitoylation, consti-
tutive inactivation of Zdhhc7 already affecting the embry-
onic stage as observed in the present study, might possibly
impair this female-specific pathway of hippocampus organi-
zation. Instead, Zdhhc7 deficiency might favor male-spe-
cific pathways and signaling, similar to neonatal exposure
to testosterone/estradiol (Meitzen et al. 2012). Indeed, in
the present study, female Zdhhc7 mutants displayed altered
behavior, inhibitory GABAergic transmission, and hip-
pocampal minimal FA values that appeared in a more male-
typical pattern (c.f. Figs. 2c, f, 4a, 5b). It was previously
suggested that changes in FA values could be caused by
alterations in brain structure and organization as a result of
myelination, neurite alignment, or axonal density (Anacker
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et al. 2016). Enhancement of such structures and organiza-  decrease FA in gray matter such as the hippocampus (Ham-

tion initially increases FA (Anacker et al. 2016), whereas melrath et al. 2016). On the other hand, short-term motor-
ongoing network formation in later life stages should slightly ~ skill training already can increase hippocampal FA in mice
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«Fig.5 Differential effects of Zdhhc7-deficiency on hippocam-
pal microstructure. a MRI- and DTI-based images of fixated
mouse brains to obtain anatomical and fractional anisotropy (FA)
data. (1) Illustrates a T2w 3D anatomical image in axial plane
(40x40x60 pm3 voxel size) and (2) a DTI-MRI colour-coded FA
map in axial plane (30 diffusion directions, 100X 100X 200 um?® voxel
size). Major diffusion directions are indicated by red=Ileft-right,
green =anterior—posterior and blue =rostral-caudal. b Hippocam-
pal FA analysis disclosed significantly higher minimum FA values
in female KOs vs. WTs. ¢ DTI fiber tracking revealed mean fiber
length that was by trend (7 see statistics below) shorter in female KO
vs. WT mice, whereas d maximal fiber length was by trend shorter
in male KOs vs. WTs. e, f DTI&Fiber Tool-based images of fix-
ated mouse brains to obtain Mori fiber tracking data used to analyze
structural connectivity between medioventral hippocampal CA and
mPFC. e Illustrates a Zdhhc7 WT mouse compared to f a Zdhhc7
mutant mouse, both in the different imaging planes axial (1), coro-
nal (2), and sagittal (3). Corresponding fiber statistics of the medio-
ventral hippocampal CA revealed significantly reduced mean (g) and
maximal (h) fiber length in both male and female Zdhhc7 KO vs. WT
mice. Bars represent group means (+SEM) and asterisks depict the
adjusted level of significance after Bonferroni correction for multiple
testing (7 trend significance (0.05<p<0.1); *p<0.05; **p<0.01).
Sample sizes of female KO-WT littermates were n=4, sample sizes
of male KO-WT littermates n=3

(Scholz et al. 2015). Furthermore, Fish et al. (2018) cor-
related increased FA with prolonged EPM open arm time
and suggested a relation with prenatal alcohol exposure-
induced behavioral disinhibition. In the present study, DTI
analyses revealed higher hippocampal minimum FA val-
ues in female Zdhhc7 mutants resembling male minimum
FA values (Fig. 5b). In addition, we observed prolonged
open arm times indicating reduced anxiety-like behavior of
female Zdhhc7 mutants in the EPM (Fig. 2f). Together with
their increased locomotion in all tests, this might point to a
Zdhhc7-deficiency-induced behavioral disinhibition. Such
behavioral disinhibition in favor of increased exploration
was already described by others (Crawley 2007; Fish et al.
2018; Wilcoxon et al. 2007). All these changes could be
caused by pronounced alterations in hippocampal network
formation, structures, and connectivity in females, reflected
by increased FA values and resulting in behavioral and func-
tional adjustments.

Concluding remark

Overall, our newly generated mouse model demonstrated
for the first time that constitutive inactivation of Zdhhc7
causes alterations in brain structure/connectivity, function,
and behavior of mice. These alterations were identified on a
system level similarly affecting male and female brain struc-
ture and function. In contrast, other alterations differentially
affected brain subregional microstructures, functions, and
resulting behaviors in a predominantly sex-specific manner.
Therefore, investigation of Zdhhc7 mutants may provide

additional knowledge with respect to the impact of ZDHHC7
on resulting sex differences. Zdhhc7 deficiency might thus
represent a promising model for further investigation of
sex-specific alterations in the brain. Since hippocampus
and mPFC are important parts of the cortico-limbic system
related to anxiety, stress, and stress-induced mental dis-
orders, it is conceivable that Zdhhc7-deficiency mediated
alteration might be even more accentuated under acute or
chronic stress. In closing, Zdhhc7-deficient mice might pro-
vide a promising animal model for in-depth investigation of
potentially underlying sex-specifically altered mechanisms,
in particular with respect to humans and stress-related men-
tal disorders.
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