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Abstract

Background—Major depressive disorder (MDD) is a pervasive and debilitating syndrome
characterized by mood disturbances, anhedonia, and alterations in cognition. While the prevalence
of MDD is twice as high for women compared to men, little is known about the molecular
mechanisms that drive sex differences in depression susceptibility.

Methods—We discovered that Slit Guidance Ligand 1 (SLIT1), a secreted protein essential for
axonal navigation and molecular guidance during development, is downregulated in the adult
ventromedial prefrontal cortex (vmPFC) of depressed women compared to healthy controls, but
not depressed men. This sex-specific downregulation of S/t was also observed in vmPFC of
mice exposed to chronic variable stress. To identify a causal, sex-specific role for SLIT1 in
depression-related behavioral abnormalities, we performed knockdown (KD) of S/it1 expression in
vmPFC of male and female mice.
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Results—When combined with stress exposure, vmPFC S/itZ KD reflected the human condition
by inducing a sex-specific increase in anxiety- and depression-related behaviors. Further, we
found that vmPFC S/itZ KD decreased the dendritic arborization of vmPFC pyramidal neurons,
and decreased the excitability of the neurons, in female mice, effects not observed in males.
RNA-sequencing analysis of vmPFC after S/itZ KD in female mice revealed an augmented
transcriptional stress signature.

Conclusions—Together, our findings establish a crucial role for SLIT1 in regulating
neurophysiological and transcriptional responses to stress within the female vmPFC, and
provide mechanistic insight into novel signaling pathways and molecular factors influencing sex
differences in depression susceptibility.
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Introduction

Major depressive disorder (MDD) is a highly prevalent and debilitating syndrome
characterized by mood changes, an inability to feel pleasure, and alterations in physiological
functions, cognition, and psychomotor activity (1). Depression is caused by a complex
interplay between genetic, epigenetic, and environmental factors, and its multifaceted nature
has made the identification of genes contributing to depression susceptibility difficult to
identify. Further confounding this complexity is the fact that susceptibility to MDD is
associated with a striking sex difference: women are affected at twice the rate of men (2-4).
Furthermore, men and women tend to display a distinct presentation of depression (5), with
women on average having an earlier age of onset, longer depressive episodes, heightened
symptom severity, and tendency to respond to different pharmacological treatments (6). In
addition, females display higher rates of comorbid anxiety disorders, while males exhibit
more comorbid substance use disorders (7). While the predominance of women suffering
from MDD is well-established, substantially less is known about the molecular mechanisms
that underlie the sex differences observed in depression risk and presentation (8).

One predominant type of neuroadaptation in response to stress is structural changes

within the cerebral cortex, including dendritic remodeling, synaptic turnover, and neuronal
replacement. These adaptations have been implicated as part of structural manifestations of
the depressed brain (9). Postmortem studies report a decrease in synapse numbers in medial
prefrontal cortex (mPFC) of subjects suffering from depression (9). Preclinical studies
extend these findings, demonstrating reductions in dendritic complexity and spine density
within mPFC and hippocampus in response to chronic stress (10, 11). Atrophy of mPFC
pyramidal neurons is observed after even short periods of stress (12-14), indicating that
these cells are especially sensitive to environmental insult. The majority of these studies
have been conducted in male rodents. However, stress has been shown to promote dynamic
changes in the neuronal dendritic tree in a sex-specific manner (15). Specifically in mPFC
pyramidal neurons, stress induces opposing effects on apical dendritic length in male vs.
female rats (16). Yet, the molecular mechanisms by which stress causes these sex-specific
structural alterations in mPFC remain poorly understood.
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Guidance cues, including the Slit, Netrin, and Semaphorin families, determine the fine
organization of neuronal circuits during embryonic and postnatal development (17), and
are being increasingly recognized as potential targets for neurological and psychiatric
disorders, including depression (18-20). One molecular pathway that has been associated
with neuronal plasticity in the developing brain is the SLIT/ROBO pathway (21-24).

Slit Guidance Ligands (SLITZ1, SLIT2, SLIT3) are evolutionary conserved secreted
glycoproteins that are implicated in axonal navigation and molecular guidance in cellular
migration during neural development (25-27). SLIT1, the family member most highly
expressed in the central nervous system, has been shown to positively regulate dendritic
growth in cortical cells in vitro (28). Although SLIT/ROBO signaling has been well-
characterized in neuronal development, the role for SLIT1 in regulating plastic changes
during adulthood or in response to stress have not been explored.

Here, we examined how SLIT1 function within mPFC contributes to stress susceptibility
and MDD in a sex-specific manner. We first identify downregulation of S/jzZ mRNA
expression in the ventral mMPFC (vmPFC), specifically in females, induced by chronic stress
in mice and depression in humans. We then demonstrate that S//tZ KD in mouse vmPFC
promotes behavioral susceptibility to stress, leads to sex-specific alterations in dendritic
morphology and excitability of vmPFC pyramidal neurons, and is linked to genome-wide
changes in gene expression by RNA-sequencing (RNA-seq). Overall, these investigations
highlight a novel contribution of SLIT1 to stress responses and provide further insight

into understanding the signaling pathways and molecular factors that contribute to sex
differences in stress susceptibility and MDD.

Methods

See supplemental information for detailed Methods.

Human brain postmortem tissue

Human postmortem brain tissue and RNA-seq data from MDD and control subjects were
collected, analyzed, and reported as part of a published study (29).

Animals

C57BL/6J female or male mice were used for all experiments.

Electrophysiology

Recordings were performed on vmPFC GFP-positive cells the day after miR-LacZ or miR-
Slit1 infection. mEPSC peak amplitudes and interevent intervals were collected.

Dendritic morphology

Brains were collected four days after miR-LacZ or miR-S/it1 infection. GFP-positive
pyramidal cells within layer 11-111 of the vmPFC were stained and manually traced.
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RNA sequencing and data analysis

Using 7 individual female mice per group, library preparation and RNA-seq were performed
according to previously described methods (30).

Statistical analysis

GraphPad Prism 8.0 software package was used for analyzing the data.

Results

Female-specific downregulation of Slitl in vmPFC of MDD patients and chronically
stressed mice

To identify sex-specific gene targets in the SLIT/ROBO pathway regulated in depression, we
leveraged RNA-seq datasets previously generated by our laboratory from human depressed
subjects and chronically stressed mice. The human dataset includes the transcriptomes

of postmortem ventral medial prefrontal cortex (vmPFC), dorsolateral PFC (dIPFC),
orbitofrontal cortex (OFC), nucleus accumbens (NAc), anterior insula (aINS), and ventral
subiculum (vSUB) of male and female depressed and control human subjects (29). From
this dataset, we identified a female-specific downregulation of S/itZ mMRNA in vmPFC of
depressed subjects compared to controls, with no change observed in any other brain region
(Fig. 1A). Notably, in control subjects there was a trend for higher levels of S/jtZ mRNA

in vmPFC of females compared to males (Suppl. Fig. 1A). No other S/itor Robo family
member displayed significantly altered expression in vmPFC of depressed females or males,
and minimal regulation of these genes was apparent in the other brain regions studied
(Suppl. Fig. 1B).

We next examined whether this sex-specific regulation of S/it1 is also observed in mice
subjected to chronic stress. To that end, we used a previously generated dataset that
employed a 21-day chronic variable stress (CVS) procedure, a model well-known to induce
equivalent degrees of anxiety- and depression-like behaviors in both sexes of mice as well
as to mimic a subset of transcriptional abnormalities associated with human depression (29).
Similar to the human findings, we identified a downregulation of S/itZ mRNA in vmPFC

of female mice exposed to CVS compared to controls, with no change seen in the NAc

(Fig. 1B). There was no change in other S/itor Robo family members in either brain region
(Suppl. Fig. 1C).

We confirmed these sex-specific gene expression findings by performing qPCR on the same
human and mouse tissue samples used to generate the prior RNA-seq datasets (Fig. 1C,D).
SlitI mRNA levels were significantly lower in vmPFC of female MDD patients (Two-way
ANOVA, Fgender(1,35)=9.7, P=0.0036; Fyisease(1,35) =7-6, p=0.0088) vs. female controls (post
hoc Tukey test: p=0.0112). No differences were observed between male MDD and control
patients. Similarly, female mice subjected to CVS displayed significantly lower levels of
SlitI mRNA in vmPFC (Two-way ANOVA, Fgender(1,34)=5-4, pP=0.0256; Fyisease(1,34)=9-3,
p=0.0044) compared to unstressed females (post hoc Tukey test: p=0.0227), whereas male
animals exhibited no difference in S/it1 gene expression following chronic stress. These
analyses confirm that stress suppresses S/itZ expression in a sex-specific manner.
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To characterize the cell-type enrichment of S/itZ, we explored existing datasets of cell
type-specific gene expression (31,32). We identified neuronal cells as the principal cell type
that exhibits high expression levels of S/itZ mRNA in the adult human (Suppl. Fig. 2A) and
mouse (Suppl. Fig. 2B) brain. We next used RNAscope® fluorescent in-situ hybridization
(FISH) on adult vmPFC tissue of mice to examine whether S/t is expressed predominantly
in glutamatergic or GABAergic neurons (Fig. 1E). S/itI mRNA was co-expressed in cells
positive for either the GABAergic marker glutamic acid decarboxylase 2 (Gad2) or the
glutamatergic marker vesicular glutamate transporter 2 (S/c17a6), with a slightly higher
percentage of GaaZ positive neurons expressing S/itI (t9)=3.613, p=0.0056) (Fig. 1F).

This finding is in line with reports from humans, showing equivalent expression of S/itZ

in glutamatergic and GABAergic neurons in OFC (Suppl. Fig. 2C) (33). However, we
found that glutamatergic neurons expressed strikingly higher levels of S/itZ compared to
GABAergic neurons (t(9)=5.628, p=0.0003) (Fig. 1G). This cell-type specific difference in
expression is in line with a published single cell RNA-seq study from mouse somatosensory
cortex, showing strong enrichment of S/itZ in glutamatergic neurons (Suppl. Fig. 2D) (34).

Slitl knockdown (KD) in vmPFC promotes sex-specific susceptibility to stress

To test the causal, sex-specific role of S/t in depression- and anxiety-related behavioral
abnormalities, we generated HSV vectors, which infect neurons selectively, expressing an
artificial miRNA designed to target S/jtZ (miR-Slitl) or LacZas a control (miR-Lac2).
Infusion of miR-Slitl into vmPFC (Fig. 2A) leads to effective KD of S/itZ in this region

of female (t(33)=2.651, p=0.0061) (Fig. 2B) and male (t21)=1.782, p=0.0446) (Fig. 2C)
mice. We then combined S/it KD with a subthreshold (sCVS) procedure to test its ability
to induce sex-specific anxiety- and depression-like behaviors. Whereas sCVS by itself

is insufficient to induce stress-related behavioral abnormalities in normal animals, it can
reveal altered stress susceptibility when combined with viral-mediated manipulation of
specific genes (35). Due to divergent stress susceptibility at baseline, female mice were
subjected to 3 days of sCVS (Fig. 2D) and male mice to 6 days of sCVS (Fig. 2E),
followed by behavioral testing (35). When followed by sCVS, S/it1 KD in female vmPFC
increased latency to feed in the novelty suppressed feeding (NSF) test (Fig. 2F) (Two-way
ANOVA, Finteraction(1,38)=4-110, p=0.0497; Fgtress(1,38)=4.640, p=0.0376) compared to miR-
LacZ controls (post hoc Tukey test: p=0.0415), miR-S/it1 non-stressed mice (post hoc
Tukey test: p=0.0262), and miR-LacZsCV'S mice (trend, post hoc Tukey test: p=0.0589).
We found no differences in latency to feed in the home cage as part of the post-test

(Suppl. Fig. 3A), suggesting that the effects observed in NSF are not due to alternation

in appetite between the groups. Consistent with these results, miR-S/itZ sSCVS females
exhibited decreased sucrose preference (SP) compared to all of the other groups (Two-way
ANOVA, Finteraction(1,37)=4-781, p=0.0352; Fytress(1,37)=4-324, p=0.0446; post hoc Tukey
test: miR-S/itZ sSCVS vs. miR-LacZ control, p=0.0429; miR-S/it1 SCVS vs. miR-S/it1
control, p=0.0418; miR-S/it1 sSCVS vs. miR-S/it1 control, p=0.0249) (Fig. 2G). We observed
no differences between the groups in marble burying (MB) or the forced swim test (FST)
(Fig. 2H,1). By contrast, the same manipulation in combination with 6 days of sCVS did not
promote susceptibility to stress in male mice in any of these tests (figure 2J-L). Male mice
in the different groups had similar latencies to feed during the NSF post-test as well (Suppl.
Fig. 3B). Notably, we observed increased immobility time in the FST in male mice treated
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with miR-S/it1 regardless of stress exposure (Fyirys(1,33)=5.1, p=0.0297) (Fig. 2M). Together,
these findings suggest that S//tZ KD in vmPFC promotes abnormal stress responses in a
sex-specific manner that mimics the human phenomena.

Slitl KD decreases dendritic arbor length and branching and alters neurophysiological
properties of vmPFC neurons of female mice

We next explored the potential mechanisms linked to the behavioral effects of S/it1 KD.
SLIT1 has been reported to alter dendritic morphology in embryonic cortical mouse
neurons /n vitro (36), but there are no reports of its influence in the adult brain. To that
end, we performed immunohistochemistry on miR-S/it1 or miR-LacZ infected vmPFC
tissue of female adult mice. We focused our attention on pyramidal neurons from layer
[1/111 of vmPFC, as past studies have identified these cells to be critical for modulating
stress responses in mice (13,37). Figure 3A shows representative reconstructed pyramidal
neurons for each group. Following miR-S/it1 infection, pyramidal neurons displayed a
robust decrease in dendritic size and branching with no change in the soma surface area
compared to miR-LacZ controls (Suppl. Fig. 4A). The total apical dendritic arbor length
(t(35=3.135, p=0.0035) (Fig. 3B) and branching (tz¢)=2.490, p=0.0175) (Fig. 3C) were
decreased by S/it1 KD. Similarly, S/it7 KD decreased the total basal dendritic arbor length
(t(38)=2.486, p=0.0175) (Fig. 3D), branching (t(39)=3.499, p=0.0012) (Fig. 3E), and average
basal dendritic arbor length (t(39)=3.896, p=0.0004) (Suppl. Fig. 4B). Scholl analysis found
no difference between the two groups for apical dendritic length (Fig. 3F) or branching
(Suppl. Fig. 4C), but revealed a significant reduction in the dendritic length between
60-100um from the cell body (Fig. 3G) and the number of interactions in basal arbors
(Suppl. Fig. 4D), indicating that dendritic restructuring induced by miR-S/itZ was confined
to proximal basal dendritic branches.

We repeated the same experiment in male mice. Figure 3H shows representative
reconstructed pyramidal neurons for each group. Following miR-S//t1 infection, pyramidal
neurons displayed no change in the soma surface area compared to miR-LacZ controls
(Suppl. Fig. 4E). S/it1 KD increased the total apical dendritic arbor length in males
(t(34y=2.185, p=0.0351) (Fig. 31). No change was seen in the total apical dendritic branching
(Fig. 3J), total basal dendritic arbor length (Fig. 3K) and branching (Fig. 3L), or in

the average basal dendritic length (Suppl. Fig. 4F). However, Scholl analysis revealed a
significant increase in the apical dendritic length of the male miR-S//tZ group compared to
controls between 60-140um from the soma (Fig. 3M) and the number of interactions (Suppl.
Fig. 4G). In addition, between 40-100um away from the cell body, we observed a significant
increase in the basal dendritic length (Fig. 3N) and the number of interactions (Suppl. Fig.
4H) in the miR-S/itZ group compared to the miR-LacZ mice. Together, these results show
that S/it1 KD leads to reduced dendritic length and branching in females, while increasing
apical dendritic length in males, which confirms a sex-specific role for S/t in dendritic
remodeling in the rodent adult brain.

We followed up on these morphological findings by assessing the impact of S/itZ KD on the
electrophysiological properties of pyramidal neurons in vmPFC of female and male mice.
We show representative mEPSC traces of vmPFC neurons after miR-S/it1 or miR-LacZ
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infection (Fig. 4A,B). In females, miR-S//t1 reduced the amplitude of mMEPSCs compared to
miR-LacZ controls (Fig. 4C) per cell (Mann-Whitney U=42, n;=17, n~=15, p=0.0008) (Fig.
4D) and per animal (Mann-Whitney U=0, n;=n=4, p=0.0286) (Fig. 4E), with no change
observed in interevent interval (Fig. 4F-H). In contrast, we found no differences for male
mEPSC amplitude (Fig. 41-K), and increased interevent interval following S/itZ KD (Fig.
4L) analyzed per cell (Mann-Whitney U=86, n;=21, n=15, p=0.0213) (Fig. 4M), although
this effect did not hold up when analyzed per animal (Fig. 4N). Together, these results
demonstrate that S/itZ KD alters synaptic function of adult vmPFC pyramidal neurons in a
sex-specific fashion, which may contribute to aberrant behavioral responses to stress.

Slitl KD enhances stress-induced transcriptional activation

Next, we used RNA-seq to explore the molecular mechanisms by which S/it1 controls
neuronal morphology, physiology, and stress-related behavior. We surveyed genome-wide
transcriptional changes in female mouse vmPFC tissue after miR-S/itZ or miR-LacZ
infection at baseline or after sSCVS (Fig. 5A). Analysis of differentially expressed genes
(DEGS), using cutoff: p<0.05 and fold-change>30%, showed that S//tZ KD in vmPFC
neurons alone increased the expression of 172 genes and reduced expression levels of 117
genes (Fig. 5B). In combination with SCVS, S/itZ KD increased the expression of several-
fold more genes with only modest increases in the number of downregulated transcripts. The
union heatmaps presented in Figure 5C confirms an enhanced transcriptional upregulation

in response to sCVS in the S/itZ KD condition compared to LacZ controls. Gene ontology
(GO) analysis revealed that the DEGs in the miR-LacZsCVS group were enriched for
biological processes related to hormonal responses, such as estrogen biosynthesis and
androgen metabolism, while the miR-S/itZ sCVS group terms were directly relating to
known functions of SLIT1, including extracellular matrix organization (38,39) and collagen
fibril organization (40) (Fig. 5D). Notably, miR-S/jt1 followed by subthreshold stress alters a
large subset of genes related to different aspects of synaptic functioning (Suppl. Table 3).

We performed Ingenuity Pathway Analysis (IPA) to identify predicted transcriptional
upstream drivers of the genes regulated by S/itZ manipulation (Suppl. Table 4). We identified
Ccnd1, encoding the cell cycle regulatory protein cyclin D1 (41), as the highest-ranked
upstream regulator for the miR-S/itZ sCVS vs. baseline DEG list (Fig. 5E). In contrast,
Ccnd1 was not a predicted regulator of the DEGs for the miR-LacZsCVS vs. baseline
comparison. Our IPA analysis also predicted that Ccnd is upregulated in the miR-S/it1
sCVS condition (Fig. 5F). Indeed, we found that CcndZ mRNA levels are significantly
upregulated in our miR-S/it1 SCVS vs. baseline RNA-seq data. Additionally, of the genes
predicted to be regulated by Ccndl, 38 are differentially expressed within our miR-S/itZ
SCVS vs. baseline comparison (Fig. 5G). Interestingly, however, Ccnd1 expression is not
altered in vmPFC in human depression or mouse CVS (data not shown). Together, these
results suggest that S/itZ KD alters behavioral and neurophysiological responses to stress
potentially through modulation of CCND1 signaling pathways.
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Discussion

Our current understanding of the molecular mechanisms leading to an increased depression
risk in women is limited. Previously, our laboratory reported that the molecular
abnormalities associated with MDD are strikingly divergent between males and females,
with limited overlap of transcriptome changes in the two sexes (29), a finding replicated

by another group in an independent cohort (42). The present study identified S/itZ as a
sex-specific target that is linked to female MDD risk. We show that this neuronal-enriched
gene is downregulated in vmPFC of female, but not male, MDD patients and, likewise, is
lowered in vmPFC of female and not male mice after CVS. This pattern can be interpreted
as masculinization of S/it1 expression by stress and depression given the higher basal levels
of S/it1 seen in normal females. We go on to demonstrate that viral-mediated S/itZ KD in
vmPFC neurons promotes behavioral sensitivity to stress in a sex-specific manner: females
display increased depressive- and anxiety-like behaviors in the NSF and SP tests. In contrast,
male mice did not show behavioral differences in these tests upon S/t KD, but exhibited
increased immobility in the FST. This result might relate to sex differences in depression
symptoms (5), in which women report higher levels of comorbid anxiety compared to males
(7). We demonstrate further in female mice that S/itZ KD alters synaptic physiology and
leads to shrinking of dendritic trees of vmPFC pyramidal neurons, as well as augments the
effects of stress on gene expression on a genome-wide scale. Together, this work identifies
Slit1 as a novel target in MDD and provides insight into signaling pathways and molecular
factors contributing to sex differences in depression and stress susceptibility. As well, this
study is another example that, despite the highly heterogeneous and complex nature of
MDD, manipulating a single target gene in mouse mPFC can alter behavioral responses to
stress in a sex-specific fashion (30,35).

SLIT1 has been found to increase the growth and branching of mouse cortical dendrites /n
vitro (36). As dendritic branching and synaptic plasticity are critical for learned responses
to stress and other environmental factors (43), we investigated whether S/i¢Z manipulation
affects the dendritic structure of vmPFC pyramidal neurons. Our morphological data show
that KD of S/it1 decreases arbor length and branching of the apical and basal dendrites of
these neurons in female mice. In contrast, we found increased apical arbor length in male
mice. These results thereby confirmed a sex-specific role for S/it1 in regulating dendritic
morphology in the adult mouse brain. The apical and basal dendrites of pyramidal neurons
in PFC occupy distinct cortical layers, and receive information from axons originating from
distinct cortical brain regions (44). Whereas the apical tuft is thought to integrate feedback
information, the basal dendrites receive feedforward sensory input (45), which allows the
pyramidal neurons to integrate separate sets of inputs independently. Maintaining the right
balance is essential for the proper relay of cortical information processing. The loss of
branching and elongation at the level of dendrites may lead to inadequate responses to
environmental stimuli, which could affect neuronal plasticity and leave female mice more
susceptible to stress (10).

Previous studies, predominantly conducted in male rodents, have shown that chronic
stressors were capable of inducing atrophy of apical and basal dendrites in layer I1-11l mPFC
pyramidal neurons (12,46,47). However, a recent study demonstrated that repeated stress

Biol Psychiatry. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Zee et al.

Page 9

decreased branching of layer I1/111 apical dendrites in vmPFC of both male and female rats
(48). Other studies have shown sex-specific results following stress. For example, Garrett et
al. showed that chronic stress decreased apical dendritic branch number and length of male
rat pyramidal neurons in PFC, whereas the same stressors increased apical dendritic length
in female rats (16). Similarly, social instability stress during adolescence reduced apical
length in female rats, while reducing basilar length in males (49). These findings along with
ours highlight the need for future studies systematically testing the effects of different types
of stressors during different developmental windows on dendritic morphology, as well as
spine volume and number, in both sexes.

Dysregulation of synaptic plasticity in mPFC has been implicated as a sex-specific process
in MDD (50). Our data show that glutamatergic neurons expressed many-fold higher levels
of S/it1 compared to GABAergic neurons, and that S/t KD decreases the branching of
pyramidal cell dendrites in vmPFC of female mice. We therefore tested whether KD of
Slit1 also alters the excitability of these cells. Our analysis of postsynaptic currents revealed
that S/it1 KD significantly lowered the amplitude of mEPSCs, which suggests postsynaptic
changes. Similarly, inhibition of miR-214-3p in mPFC reversed depressive-like behavior

in male mice that underwent chronic social defeat, a finding that was accompanied by an
increase in mEPSC amplitude and number of dendritic spines (51). The synaptic changes
caused by S/it1 KD are consistent with the changes we observed in dendrite morphology.
The synaptic changes might be related to the wide range of synaptic proteins whose mMRNA
expression levels are altered upon S/t KD in vmPFC in our RNA-seq dataset. Additionally,
given that S/it7 is expressed in GABAergic neurons as well, future studies should explore
the effects of S/itZ KD on inhibitory postsynaptic currents and excitatory/inhibitory balance.

To examine the underlying molecular contributions to the observed changes in vmPFC
morphology and function, we performed RNA-seq after S/itZ KD. This analysis revealed
that S/it1 KD augments expression of genes that are induced by sCVS. Further, reduction
of S/it1 regulates DEGs that relate directly to the functioning of the SLIT/ROBO pathway,
such as extracellular matrix organization (38,39) and collagen fibril organization (40). Our
findings implicate Ccndl, encoding cyclin D1 (41), as a major driver of the transcriptional
changes following S/itZ1 KD in female vmPFC. Cyclin D1, which is expressed in the cortex
of the adult brain (52), belongs to the conserved cyclin-dependent kinase (CDK) family
which drives transitions through cell cycles and cell proliferation (53). In line with our
findings, CCNDJ has been shown to regulate neuronal morphology and the organization

of dendritic trees during development (54). Additionally, CCND1 is upregulated in the
amygdala following stress (55). SLIT/ROBO are suggested to influence members of the
RHO GTPase family, such as RHOA, which are key regulators of the actin cytoskeletal and
neuronal morphology (56). Interestingly, there is evidence that CCND1 acts as an effector of
RHOA (57,58). In our miR-S/it1 sSCVS vs. baseline comparison, RHOA was also identified
as a predicted upstream regulator of Ccndi. While Cendl was not altered in our human
MDD or mouse CVS data sets (29), it was upregulated following a subthreshold stress
paradigm in combination with S/itZ KD. This suggests that Ccnd? may play a molecular
role in the initial acute stress phase in females. Together, we hypothesize that the CCND1
pathway activated by RHOA as a result of S/itZ downregulation in the adult female vmPFC
contributes to reduced dendritic branching as part of the molecular, morphological, and
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physiological changes leading to increased susceptibility to stress and depression. In this
vein, it is interesting to note that, while SLIT1 is expressed predominantly in neurons,
CCND1 is expressed predominantly in non-neuronal cells, which highlights bidirectional,
inter-cellular communication as a key pathophysiological mechanism for stress-related
disorders.

To conclude, this study implicates a role for SLIT1 in the adult brain and in MDD, and
provides new insight into the growing field that recognizes the potential of axon guidance
molecules as targets for adult neurological and psychiatric disorders such as depression.
Further experiments are needed to extend our work to investigate the mechanisms that
underlie the sex-specific effects observed in our study. Nevertheless, our findings shed
light on a novel signaling pathway and its molecular constituents for the development of
innovative treatments for MDD.
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Figure 1. Neuronal Slitl is downregulated in the vmPFC of depressed human females and
chronically stressed female mice.

(A) Heatmap representing RNA-seq results indicating S/itZ downregulation in the vmPFC of
depressed females, but not males, compared to control. vmPFC, ventromedial prefrontal
cortex; dIPFC, dorsolateral PFC; OFC, orbitofrontal cortex; NAc, nucleus accumbens;
alNS, anterior insula; and vSUB, ventral subiculum. (B) Heatmap representing RNA-seq
results indicating S/itZ mRNA downregulation in the vmPFC of female, but not male,

mice after chronic variable stress (CVS). (C) Bar graph showing qPCR validation of

S/itI mRNA downregulation in vmPFC of depressed females only (n=8-11/group). (D)

Bar graph showing gPCR validation of S/itZ mRNA downregulation after CVS in female
mice only (n=8-10/group). (E) Representative vmPFC images from FISH for S/itZ (orange),
Gad2 (GABAergic marker, green) and Sc/17a6 (glutamatergic marker, red) mRNA (scale
bars, 50 pm). (F) Quantification of FISH images indicates that S//t1 is expressed in

both glutamatergic and GABAergic neurons with slightly higher co-localization in Gad2
expressing cells (n=5-6 animals). (G) Quantification of S/itZ mRNA shows markedly higher
expression levels per cell in glutamatergic neurons compared to GABAergic neurons (n=5-6
animals). *p<0.05, **p<0.01, ***p<0.001. Data are shown as mean * s.e.m.
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Figure 2. Slitl KD in vmPFC neurons controls a sex-specific anxiety- and depression-like

phenotype in mi

ce.

(A) Schematic representation of viral delivery to KD S/itZ in mouse vmPFC. (B, C)
Quantification of HSV-mediated knockdown of S/it1 in the vmPFC validates significant
downregulation in female (B) and male (C) mice (n=10-20). (D, E) Schematic
representation of the experimental design in female (D) or male mice (E) including surgery,
exposure to subthreshold chronic variable stress (SCVS), and behavioral tests used to assess
the impact of S/itZ KD compared to controls. (F, J) S/itZ KD in the female vmPFC followed
by sCVS increased latency to feed in the novelty suppressed feeding (NSF) test compared
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to their unstressed counterparts as well as unstressed controls (F), but had no effect in males
(J). (G, K) miR-S/it1 sCVS females consumed less sucrose as measured in the sucrose
preference (SP) test compared to all the other groups (G), with no effects observed in males
(K). (H, L) No differences in the marble burying (MB) test in both females (H) and males
(L). (I, M) No differences in the forced swim test (FST) in females (I), but increased
immobility time in miR-S/it1 males compared to controls. (M). *p<0.05. Data are shown as
means * s.e.m.
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Figure 3. Slitl KD affects dendritic arbor length and branching in vmPFC pyramidal neurons of

in a sex-specific manner.

(A) Representative tracings of pyramidal neurons in the vmPFC of female mice after miR-
LacZ (left) or miR-S/it1 infection (right). (B, C) Total apical dendritic arbor length (B)
and branching (C) were decreased after miR-S/it1 infection when compared to miR-LacZ
controls. (D, E) S/it1 KD decreased the total basal dendritic arbor length (D) and number
of branches (E) compared to controls (n=82-83 dendrites/group). (F, G) Scholl analysis
revealed no change in length of apical dendrites in vmPFC pyramidal neurons infected with
miR-S/it1 compared to miR-LacZ (F), but a decrease in the length (G) of basal dendrites
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mainly 60-100 pm from the soma. (H) Representative tracings of pyramidal neurons in

the vmPFC of male mice after miR-LacZ (left) or miR-S/it1 infection (right). (1) Total
apical dendritic arbor was increased after miR-S//t1 infection when compared to miR-LacZ
controls. (J-L.) No change was observed in apical branching (J), the total basal dendritic
arbor length (K) or number of branches (L) compared to controls (n=85-91 dendrites/
group). (M, N) Scholl analysis revealed an increase in the length of apical (M) and basal
(N) dendrites mainly 80-140 um from the soma. Per group: n=5 animals, 19-22 neurons.
*p<0.05, **p<0.01, ***p<0.001. Data are shown as means * s.e.m.
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Figure 4. Slitl1 KD modulates mEPSC amplitude in vmPFC pyramidal neurons of female mice.
(A, B) Representative membrane potential of pyramidal neurons in the vmPFC of female

(A) or male (B) mice after S/it1 or LacZKD. (C) Cumulative curves and scatter plots for
mEPSC amplitude of female mice. (D, E) Bar graphs indicate that S/itZ KD decreased the
amplitude of MEPSCs compared to miR-LacZon a “per cell” (n=15-17 cells/group) (D)

or “per animal” (n=4 animals/group) (E) basis. (F) Cumulative curves and scatter plots for
mEPSC interevent interval of female mice. (G, H) S/itZ KD in females had no effect on
mEPSC interevent interval per cell (G) or per animal (H). (I) Cumulative curves and scatter
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plots for mEPSC amplitude of male mice. (J, K) S/itZ KD in males had no effect on mEPSC
amplitude per cell (J) or per animal (K). (L) Cumulative curves and scatter plots for mEPSC
interevent interval of male mice. (M, N) Bar graphs indicate that S/itZ KD increased mEPSC
interevent interval compared to miR-LacZ per cell (n=15-21 cells/group) (M), but not per
animal (n=4-6 animals/group) (N). ***p<0.001.

Biol Psychiatry. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

van der Zee et al.

A

1. rﬁinLachontro[ (baseline)

2. miR-LacZsCVS (LacZ

sCVS)

3. miR-Slit1 control  (Slit1 control)

Page 21

LacZsCVS = 90
vs baseline | 128

A : 144
4. miR-Slit1 sCVS (Slit1 sCVS) .
457 Sjit1 sCVS DN
{154 vs baseline A\ o)
C  Lossfou Change Slit1 control
— 518 40| 216 :
200 000 200 vs baseline
172
| LacZ sCVS vs baseline ¢ 7
‘ H ‘ HH H‘HH H‘ ‘ Slit1 control vs baseline
LR | @ .
JAMTHORMREN 0710 Sl 5CVS vs basslne
P
4"‘04"0
P
\"og)/ao
D LacZ sCVS vs baseline  Biological processes E LacZ sCVS vs baseline Upstream regulators F g\\\:b
Peripheral nervous system neuron development — | RARG - | . CCND1
Organic cyclic compound biosynthetic process | PPP4R3B - | 8 .. ZBTB17
Androgen metabolic process | ] PPPAR3A ] £l TerBi
Estrogen metabolic process | GATA6 1 2 [l csF2
Estrogen biosynthetic process | ] NEUROG3 < |l PTGER2
T 1 T T 1 z B cokniA
-log (pvalue) 2 3 -log (pvalue) 0 2 4 6 > Bl L.oR
3 MM RASSF1
= VEGF
Slit1 sCVS vs baseline Slit1 sCVS vs baseline %) B Foxu
Protein complex subunit organization ] CCND1 | g .. CDK4
Kinetochore organization —{ | ZBTB17 - | g - ERBB2
Collagen fibril organization | | TGFB1 | 2 Il e
Extracellular matrix organization | ] CSsF2 o ] = HE Tcrs
Regulation of attachment of spindle microtubules to e ] PTGER2 | | 3 L6
T T T 1 T T T 1 =
-og (pvalue) 0 2 4 6 8 -og (pvalue) 0 4 8 12 186 g B RaBLe
> M o
of © W yr
2 HGF
G Predicted activation Leads to activation ﬂg;
N © B oca
Leads to inhibition o
- Downregulated ) ) o . RARG
----- Inconsistent findings £ PRDM1
[j Upregulated —— Effect not predicted z . CX3CR1
SH e
2
g L4
35 GATA2
ﬂ JUNB
Cdc45
Cona2 Itgh3 e VEGF
R
S L6
-. 18 e
___________ g RARA
............. £ SHH
..... 3 CEBPA
------------------- 3 LCN2
Bics i IGF1
Asom ° == KLF4
GATA6
el Activation/Inhibition Z-score
2.00 0.00 200

-

= -

Figure 5. RNA-seq reveals transcriptional alterations in the vmPFC of female mice after Slitl
KD that predict Ccndl as an upstream regulator.

(A) List of experimental groups (n=7/group). (B) Venn diagrams showing the overlap in the
list of differentially expressed genes (DEGS) between the groups (DEG cutoff: fold change
>30% and p<0.05). (C) Union heatmap comparing DEG patterns between the LacZsCVS
vs. baseline (top lane), S/itZ control vs. baseline (middle lane), or S/itZ sCVS vs. baseline
(bottom lane) groups. S/it KD augmented the effects of sSCVS predominantly on upregulated
genes. (D) Top enriched GO ontology terms from analysis of the DEGs following LacZ or
Slit1 KD and sCVS in female vmPFC compared to baseline. (E) Top predicted upstream
regulators of DEGs regulated by sCVS after LacZ or Slit1 KD compared to baseline. (F)
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Top 20 upstream regulators and their activation or inhibition Z-score for S/itZ sSCVS (left
panel) or LacZsCVS (right panel) vs. baseline (green letters = activation; red= inhibition;
grey letters = non). (G) Illustration of the gene network identified within the DEGs of the
Slit1 sCVS vs. baseline comparison, which is predicted to have Ccndl as the top upstream
regulator.
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Specific

paper” if new.

for RRIDs at https:/
scicrunch.org/resources.

Resource Type Reagent or Source or Reference Identifiers Iﬁ‘%?mg?igln
Resource
Include catalog numbers,
Include name of stock numbers, database
Include manufacturer, company, IDs or accession Include any
Add additional rows as needed for species and repository, individual, or numbers, and/or RRIDs. additional
each resource type sex when research lab. Include PMID or RRIDs are highly information or
applicable. DOI for references; use “this encouraged; search notes if necessary.

BLOCK-iT Pol Il miR RNAI kit Invitrogen K493500
RNAscope® Multiplex Fluorescent . .
v2 Assay Advanced Cell Diagnostics 323110
mm-Slitl Mus musculus Advanced Cell Diagnostics 502491 Channel 1 Probe
mm-glutamic acid decarboxylase 2 Mus musculus Advanced Cell Diagnostics 415071-C2 Channel 2 Probe
mme-vesicular glutamate transporter 2 | Mus musculus Advanced Cell Diagnostics 319171-C3 Channel 3 Probe
P Secondary
Alexa 488 Donkey anti-Chicken Jackson ImmunoResearch 703546155 antibody 1HC
ProLong™ Diamond Antifade - .
Mountant Thermo fisher scientific P36961
RNeasy Micro Kit (50) Qiagen 74004
iScript™ cDNA Synthesis Kit Biorad 1708891
TruSeq RNA CD Index Plate (96 . .
Indexes, 96 samples) illumina 20019792
TruSeq Stranded Total RNA Library . .
Prep Gold (48 samples) illumina 20020598
Agencourt AMPure XP, 60 mL Beckman Coulter A63881
Agencourt RNAClean XP Beckman Coulter A63987
RNase-Free DNase Set (50) Qiagen 79254
gPCR primers IDT Custom
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