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Summary

Background Oxytocin (OXT) and corticotropin-releasing hormone (CRH) are both produced in hypothalamic
paraventricular nucleus (PVN). Central CRH may cause depression-like symptoms, while peripheral higher
OXT plasma levels were proposed to be a trait marker for bipolar disorder (BD). We aimed to investigate dif-
ferential OXT and CRH expression in the PVN and their receptors in prefrontal cortex of major depressive
disorder (MDD) and BD patients. In addition, we investigated mood-related changes by stimulating PVN-OXT
in mice.

Methods Quantitative immunocytochemistry and in situ hybridization were performed in the PVN for OXT and
CRH on 6 BD and 6 BD-controls, 9 MDD and 9 MDD-controls. mRNA expressions of their receptors (OXTR,
CRHR1 and CRHR2) were determined in anterior cingulate cortex and dorsolateral prefrontal cortex (DLPFC) of 30
BD and 34 BD-controls, and 24 MDD and 12 MDD-controls. PVN of 41 OXT-cre mice was short- or long-term acti-
vated by chemogenetics, and mood-related behavior was compared with 26 controls.

Findings Significantly increased OXT-immunoreactivity (ir), OXT-mRNA in PVN and increased OXTR-mRNA in
DLPFC, together with increased ratios of OXT-ir/CRH-ir and OXTR-mRNA/CRHR-mRNA were observed in BD, at
least in male BD patients, but not in MDD patients. PVN-OXT stimulation induced depression-like behaviors in
male mice, and mixed depression/mania-like behaviors in female mice in a time-dependent way.

Interpretation Increased PVN-OXT and DLPFC-OXTR expression are characteristic for BD, at least for male BD
patients. Stimulation of PVN-OXT neurons induced mood changes in mice, in a pattern different from BD.
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Research in context

Evidence before this study

Oxytocin (OXT) and corticotropin-releasing hormone
(CRH) are produced in the hypothalamic paraventricular
nucleus (PVN). OXT shows anxiolytic effects while CRH
stimulates the stress system and is proposed to be
responsible for symptoms of depression. Previous stud-
ies indicate that elevated OXT in peripheral plasma
might be a trait marker for bipolar disorder (BD). How-
ever, at present no information is available whether
there are distinct central OXT and CRH system changes
in BD and major depressive disorder (MDD).

Added value of this study

OXT and CRH expression levels in postmortem human
hypothalamic PVN of BD and MDD patients were com-
pared with their respective controls. In addition, their
receptor expression levels (CRHR1-mNRA, CRHR2-
mRNA, and OXTR-mRNA) in the anterior cingulate cor-
tex and dorsolateral prefrontal cortex (DLPFC) were
compared with their respective controls. We found dif-
ferent changes in these two molecular systems in BD
and MDD. Significantly increased OXT-peptide and
OXT-mRNA in the PVN, increased OXTR-mRNA in DLPFC,
and increased ratios of OXT(R)/CRH(R) were observed in
BD, at least in male BD patients, but not in MDD
patients. PVN-OXT stimulation induced depression-like
behaviors in male mice, and mixed depression/mania-
like behaviors in female mice in time-of-stimulation-
dependent way.

Implications of all the available evidence

The higher central levels of OXT are strongly implied as
a trait marker for BD. The time-of-stimulation-depen-
dent effect of OXT and the imbalance between OXT and
CRH activities may contribute to the cyclic alterations in
depression-like and mania-like symptoms in BD. Valida-
tion of an animal model for the increased release of
OXT showed indeed mood changes but there were
clear differences from the human brain disorder.

Introduction

Major depressive disorder (MDD) and bipolar disorder
(BD), although showing distinct symptoms, are both
characterized by hyperactive stress-related brain sys-
tems."? The different molecular mechanisms underly-
ing these two pathologies have not yet been revealed.
Neuropeptides of the hypothalamic paraventricular
nucleus (PVN) play a significant role in the stress
response, in mood regulation and in mood disorders.’
Both animal models and human studies show that oxy-
tocin (OXT) has anxiolytic effects while corticotropin-
releasing hormone (CRH) causes depression-like symp-
toms including anxiety.">* CRH is the motor of the

stress response and centrally released CRH is proposed
to be responsible for symptoms of depression.’ Intracer-
ebroventricular CRH administration in the rat caused
depression-like behaviors, and CRH receptor (CRHR)
antagonist showed an anti-depressive effect in
humans.”® OXT, on the other hand, is involved in pro-
social behavior and in reducing fear, anxiety and depres-
sion-like behavior.” ? Indeed, a negative correlation was
found between plasma OXT levels and Hamilton
Depression Rating Scale scores in MDD patients." It is
of interest to note that higher peripheral plasma OXT
levels were found in BD patients in both depressive and
remission periods, while the highest levels were
observed in a manic episode.” In addition, peripheral
plasma OXT levels were found to be much higher in BD
II, i.e. in BD patients who had experienced at least one
episode of hypomania (not mania as in BPI) and at least
one episode of depression, than in MDD patients or in
controls.”” These data indicate that an activated central
OXT system could be a trait marker for BD. However,
plasma OXT levels do not necessarily reflect central
OXT changes, and at present no information is available
on the different central OXT and CRH system changes
in BD and MDD.

Based upon the evidence mentioned above, we
hypothesized that there may be different OXT and CRH
system changes in BD and MDD patients, and that a
hyperactive OXT system may be characteristic for BD.
Therefore, in this study, we compared CRH and OXT
expression in the PVN in MDD and BD patients with
their respective controls, both, at the peptide and at the
mRNA level. In addition, we compared the mRNA
expression of their receptors (OXTR, CRHR1 and
CRHR2) in the anterior cingulate cortex (ACC) and dor-
solateral prefrontal cortex (DLPFC) of MDD and BD
patients with their respective controls. DLPFC and ACC
are terminal fields for the OXT and CRH systems,”"#
and both crucially participate in the pathology of mood
disorders” and are therapeutic targets for mood disor-
ders, such as for deep brain stimulation'®"” or for repet-
itive transcranial magnetic stimulation.'®"® Finally, we
activated PVN-OXT by chemogenetics in mice to vali-
date whether mood-related behavior changes could be
induced by specific PVN-OXT stimulation.

Methods

Part I: postmortem human brain studies

Postmortem hypothalami of MDD or BD patients and
their respectively matched controls were obtained from
the Netherlands Brain Bank (NBB). Postmortem pre-
frontal cortices (DLPFC, ACC) of MDD or BD patients
and their respectively matched controls were obtained
from Stanley Medical Research Institute (SMRI). Diag-
noses of MDD or BD were made according to the Diag-
nostic and Statistical Manual of Mental Disorders
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(DSM)-ITI-R/DSM-IV criteria. The absence of neuro-
pathological changes, both in the mood disorders and
in the controls, was confirmed by systematic neuropath-
ological investigation.

The MDD patients and BD patients were matched
with their respective controls for potential confounding
factors including age, sex, postmortem delay (PMD), fix-
ation time (for hypothalamus material), storage time in
paraffin (for hypothalamus material), RNA integrity
number (RIN) value (for prefrontal cortices), clock time
of death, month of death, CSF-pH (a measure of agonal
state), brain weight and Braak stages of Alzheimer’s
pathology.>® The pH of either brain tissue or CSF,
obtained at autopsy, is influenced more by agonal state
rather than by postmortem delay. Since the pH of CSF
indicates the agonal state of a donor, it has been intro-
duced as a routine procedure in the NBB so that brain
samples can be matched for agonal state. Exclusion cri-
teria for control subjects were in the first place the use
of corticosteroids, as they inhibit the CRH cells in the
human hypothalamus.*" Clinico-pathological details
and p-values of matching are given in Tables 1, 2, Tables
S1, S2. Information for sub-group matching is shown in
Supplementary Material S1. It should be mentioned
that most of the BD patients (n=6) were men (n=s5). In
addition, it should be noted that the medication use can-
not be matched between the mood disorder group and
its control group. The possible effect of medicine on our
results is discussed in the Discussion section.

Immunocytochemistry, in situ hybridization and
quantification on hypothalamic material

The hypothalami were dissected at autopsy and fixed in
o-1M phosphate buffered 4% w/v formaldehyde (pH 7-
2) for 1—2 months, and were embedded in paraffin. Par-
affin-embedded blocks were serially-sectioned at Gpm
along the rostro-caudal direction. Thionin staining was
performed on every 10oth section throughout the hypo-
thalamus to localize the PVN. In addition, every rooth
section was stained for CRH or OXT. The rostral and
caudal PVN borders were defined as the sections show-
ing no CRH- or OXT-stained cells, respectively. Sections
at the peak level of CRH-ir and OXT-ir were selected for
CRH-mRNA and OXT-mRNA in situ hybridization,
respectively. Moreover, sections around the central part
of the PVN (according to the thionin staining) were
used to test the possible presence of co-localization of
CRH and OXT by immunocytochemistry.

Immunocytochemistry and quantification

Information and specificity of CRH and OXT antibod-
ies, as well as key information of immunocytochemical
staining and double staining are shown in Table S3 and
Table S6. OXT-ir and CRH-ir was quantified by the
image analysis procedure described in our previous
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studies.>**? In brief, the set-up consisted of an image
analysis system (Image-Pro version 6.3, Media Cyber-
netics, Rockville, USA) connected to a black and white
camera (SONY XC-77E) mounted on a microscope
(Zeiss Axioskop with Plan-NEOFLUAR Zeiss objectives,
Carl Zeiss GmbH, Jena, Germany). Quantitative image
analysis was carried out by one investigator (L. Guo)
who was blind to the experimental conditions. For quan-
tification, the PVN area covered by either CRH-ir or
OXT-ir signal was outlined manually at 20x objective.
The threshold for the positive signal was set at 2-5 times
of the optical density (OD) of the background. The com-
puter determined the OD of the pixels and the surface
area covered by the signal (area mask, Fig. S1a-b). To get
a measure of signal in a given surface area, the inte-
grated optical density (IOD) was calculated by multiply-
ing the OD by the area of the mask. Completeness of
the CRH or OXT staining in the hypothalamus was con-
firmed by graphically presenting the IODs measured in
every section from rostral to caudal, with a line drawn
by the Excel trend-line option ‘Moving Average’. The
value under each curve represented the total IOD of the
subject (Fig. Sic). For the analysis of CRH-OXT double
staining, Nuance 3.0.1.2 software was used to build up
spectral libraries of the chromogens 2. In brief, a single
CRH-stained or OXT-stained slide was scanned using a
40x objective to define the respective spectral curves,
which were then used to distinguish the two chromo-
gens in the double-stained sections for signal recogni-
tion. To define the specific signal during masking, the
OD threshold was set at 3 times the background value
for both the red and blue chromogens (Table S3).

In situ hybridization and quantification

Chimeric 2’-O-methyl/LNA oligoribonucleotide probes
were obtained from Eurogentec (Odense, Denmark).
The sequence of the CRH-mRNA anti-sense probe was:
5-FAM- TmUmG CmUmG TmGmA GmCmU
TmGmC TmGmU G-3’ with “FAM” denoting a fluores-
cein tag, “LNA” denoting a locked nucleic acid at the
first position of each triplet and “m” 2’-O-methyl modi-
fied ribonucleic acid. The sequence of the scrambled
probe for CRH-mRNA was: §5-FAM-CmGmA TmUmG
GmUmG GmUmC TmGmU TmGmC T-3' The
sequence of the OXT-mRNA anti-sense probe was: 5'-
FAM-AmGmC CmAmU CmAmA GmUmU TmCmA
GmCmG C-3'. The sequence of the scrambled probe for
oxytocin-mRNA  was: 5-FAM- CmAmU TmAmC
CmGmA CmGmU GmCmA AmUmC G-3'. The proto-
col used for in situ hybridization was the same as in our
previous study.># In brief, sections were rehydrated and
boiled in 0-05M Tris-HCI (pH 9-0) for 10 min, followed
by 20 min 0-2N HCl wash. After phosphate-buffered
saline wash, sections were treated with proteinase K at
2jig/ml (37°C) for 15min, and the reaction was stopped
by glycine buffer. The labeled probe was dissolved in
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NBB Group Sex Age at PMD FT CSF BW (g) Storage CcTD MOD Braak Medication in Medication in the Suicide Cause of death
death (y) (hr:min) (d) pH time (d) stage the past last 3 months attempt
92-003 MDD F 55 6:45 52 6-4 1320 295 7:45 n 0 BZD, SSRI, TeCA SSRI, BZD, Yes Suspected urosepsis, heart
bromocriptine, failure
94-032 MDD M 71 16:15 38 ND 975 267 16:15 2 0 ZUC, BZD, MAQ!I, None Yes Probably bronchopneumonia,
clomipramine next to cerebral ischemia
94-017 MDD F 72 22:00 39 ND 1287 269 19:00 1 1 TeCA, BZD, TeCA, BZD, No Bronchopneumonia,
prednisone prednisone mesothelioma
12-097 MDD F 73 5:45 61 6-7 1205 45 15:30 9 3 TeCA TCA,TeCA, BZD, pan- No Heart failure, legal euthanasia
curonium, Ba
95-036 MDD M 74 62:55 35 ND 1444 255 17:05 3 0 SSRI, BZD, cisordinol SSRI, BZD, cisordinol Yes Suicide by hanging
02-051 MDD M 81 6:00 34 65 1280 168 15:30 6 3 None Hal No Renal insufficiency
11-058° MDD M 83 10:40 57 6-5 1200 59 5:00 7 2 TCA, TeCA, Hal, BZD, gabapentin, Mo No PTSD with depression, acute
Pipamperone, heart failure
SSRI
08-076 MDD F 91 5:20 36 65 1163 94 9:05 8 3 Hal, SSRI, BZD, SSRI, BZD, No Cachexia and dehydration by
levothyroxine levothyroxine pneumonia and renal
insufficiency
08-031 MDD F 93 4:20 51 6-8 1023 929 4:55 3 2 SSRI, BZD Mo, BZD, SSRI Yes Pneumonia
median 74 6:45 39 6-5 1205 168
09-003 CTR M 62 7:20 47 6-4 1520 89 3:30 1 1 None Chemo and radio No Pancreas carcinoma,
therapy metastases
97-042 CTR F 65 12:50 28 6-9 910 230 2:00 4 1 None Adrenalin, dopamine No Cardiac arrest, pneumonia,
pulmonary edema
92-049 CTR M 71 5:40 32 7-4 1250 290 0:00 4 0 None None No Found dead
98-104 CTR F 74 7:25 31 1167 215 9:50 7 2 BZD BZD, B No Necrosis of the intestines sec-
ondary to thrombosis
94-039 CTR M 78 53 88 ND 1354 269 12:00 1 0 None Nitroglycerine No Myocardial infarction
00-022 CTR F 83 7:45 34 65 1072 196 21:00 2 2 Digoxin, Digoxin, No Acute myocardial infarction
methimazole methimazole
09-075 CTR M 88 7:00 44 6-8 1230 80 2:25 10 3 Salbutamol, Mo, Hal, gosereline No Cachexia and dehydration by
prednisolone, rectum carcinoma and pros-
tates carcinoma
97-068 CTR F 61 10:15 33 7-2 1311 229 10:15 5 1 Homeopathy None No Ovarian carcinoma with
metastases, cachexia,
pneumonia
08-105 CTR F 89 3:52 58 73 1258 90 0:10 12 3 prednisolone Hal, digoxin, Mo No Pneumonia
Median 74 7:25 34 69 1250 215
p-Value 0-696 0773 0-251 0-070 1-0 0-930 >0-05 >0-05

Table 1: Clinico-pathological information of major depressive disorder patients and their controls for hypothalamus study.
Note: Ba, barbiturate; Braak stage, progression of pathological changes for Alzheimer’s disease according to Braak et al., 1991; BW, brain weight; BZD, benzodiazepine; CSF, cerebrospinal fluid; CTD, clock time at death; CTR, con-
trol; CVA, cerebrovascular accident; ECT, electroshock treatment; F, female; FT(d), fixation time in days; Hal, haloperidol; Li, lithium; M, male; MAOI, monoamine oxidase inhibitor; MDD, major depressive disorder; Mo, mor-
phine; MOD, month of death; NBB, Netherlands Brain Bank; ND, no data; None, no medication; NSAIDs, nonsteroidal anti-inflammatory drugs; PMD, postmortem delay; PTSD, posttraumatic stress disorder; SSRI, selective
serotonin reuptake inhibitor; Storage time: the time the tissue was stored in paraffin; TCA, tricyclic antidepressant; TeCA, tetracyclic antidepressant; ZUC, zuclopenthixol. a: Patient also diagnosed with PTSD. p-Value: differences
between CTR and MDD group were tested using the Mann-Whitney U test.
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NBB Group Sex Age at PMD FT CSFpH BW Storage CTD MOD Braak Medication in the Medication in the Suicide Cause of death
death (y) (hr:min) (d) (9) time (m) stage past last 3 months attempt
02-014 BD M 68 12:00 30 6-6 1414 172 0:00 2 1 Li, Hal, ZUC, MAOI MAOI No Subdural hematoma, after fall
99-118 BD M 68 5:55 33 6-8 1174 200 23:15 10 1 Li, SSRI Li No Cardiac ischemia
00-088° BD M 73 5:15 36 6-4 1145 191 9:30 7 2 Li, BZD, SSRI, Hal, Li, SSRI, Hal, No Cachexia, dehydration
ECT, MAOI, Methylphenidate
Methylphenidate
98-010 BD F 75 4:00 38 ND 1123 221 20:45 1 1 TeCA, TCA BZD, TeCA, SSRI, Hal, No Acute abdomen secondary to
Mo a perforation of stomach /
intestines due to NSAIDs
12-048 BD M 81 6:40 60 6/7 1283 49 20:00 5 1 Li, prednisolone Li, BZD, amitriptyline, No Legal euthanasia
valproate
12-110 BD M 87 3:15 53 6-4 1285 44 23:00 10 3 BZD, valproate BZD, Mo, valproate No CVA, pneumonia
Median 74 5:35 37 6-6 1228-5 1815
99-044 CTR F 88 5:55 34 6-1 1115 206 7:00 4 1 BZD BZD No Cardiac arrest
00-007 CTR M 85 15:10 35 69 1328 197 22:30 1 2 None None No Myocardial infarction
90-080 CTR M 85 4:55 28 6-3 1035 307 11:50 1 3 None None No Myocardial infarction
99-101 CTR M 69 19:15 41 6-4 1352 202 3:30 8 1 None B, Hal, BZD No Pneumonia, small infarction in
brainstem
09-001 CTR M 88 4:43 51 62 1418 89 19:47 1 2 BB BB No Gastro-intestinal bleeding
92-043 CTR M 72 8:00 73 82 1150 290 0:00 4 0 None None No Shock
Median 85 6:58 38 6-4 1239 204
p-Value 0-198 0-297 1.0 0-584 1.0 0-109 >0.05 >0.05

Table 2: Clinico-pathological information of bipolar disorder patients and their controls for hypothalamus study.
Note: BB, beta-blocker; Ba, barbiturate; BD, bipolar disorder; Braak stage, progression of pathological changes for Alzheimer’s disease according to Braak et al., 1991; BW, brain weight; BZD, benzodiazepine; CSF, cerebrospinal
fluid; CTD, clock time at death; CTR, control; CVA, cerebrovascular accident; ECT, electroshock treatment; F, female; FT(d), fixation time in days; Hal, haloperidol; Li, lithium; M, male; MAOI, monoamine oxidase inhibitor; MDD,
major depressive disorder; Mo, morphine; MOD, month of death; NBB, Netherlands Brain Bank; ND, no data; None, no medication; NSAIDs, nonsteroidal anti-inflammatory drugs; PMD, postmortem delay; PTSD, posttraumatic
stress disorder; SSRI, selective serotonin reuptake inhibitor; Storage time: the time the tissue was stored in paraffin; TCA, tricyclic antidepressant; TeCA, tetracyclic antidepressant; ZUC, zuclopenthixol. b: Patient also diagnosed
with old cerebrovascular accident and mild dementia. p-Value: differences between CTR and BD group were tested using the Mann-Whitney U test.
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hybridization buffer (HEPES pH 7-5, 0-6M sodium
chloride, 5 x Denhardt’s solution, imM EDTA, 50%
Formamide, 200pg/ml herring sperm DNA) to final
concentrations of snM (CRH) and o-5nM (OXT). Each
section was first treated with yopl of hybridization
buffer, covered with Nescofilm and prehybridized at 55°
C for 1h. Then the section was provided with 7opl of
diluted CRH or OXT probe, covered with Nescofilm and
hybridized overnight at 55°C. The next day, Nescofilms
were removed and sections were washed in 2 x SSC, o-5
x SSC, and o-2 x SSC, each for smin at 55°C. Signal
detection was done through incubation with anti-FAM-
alkaline phosphatase antibody (cat. no. 1426338, Roche
Life Sciences, Germany), and NBT/BCIP to develop the
color. The specificity of the CRH-mRNA or OXT-mRNA
antisense probes was checked with their respective
scrambled probes. The image analysis procedure for
CRH-mRNA and OXT-mRNA quantification was the
same as for CRH-ir and OXT-ir signals as mentioned
above, except that the threshold for positive signal was
set at 3-5 times of the background OD. The corrected (c)
10D of CRH-mRNA or OXT-mRNA was calculated by
dividing the IOD of CRH-mRNA or OXT-mRNA by the
total delineated area of PVN. The cIOD was used as the
final density parameter of CRH-mRNA or OXT-mRNA
in the PVN for each subject. The method was originally
fully described in a previous study by our group.*

Quantitative PCR (qPCR) for mRNA expression of
OXTR, CRHR1 and CRHR2 on DLPFC or ACC

RNA samples isolated from the grey matter of the ACC
(Brodmann area 24) and DLPFC (Brodmann area 40)
were obtained from SMRI. Complementary DNA (cDNA)
synthesis was performed as described previously.>® Details
on genes and primers are shown in Table S4. The expres-
sion of target genes was normalized using the sets of stable
reference genes, including tubulin alpha (TUBw), glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), and ubiqui-
tin-C (UBC, Table S4). cDNA template (equivalent to sng
of total RNA) was amplified in a final volume of 20pl
using a SYBR Green PCR master mix (Applied Biosys-
tems, CA, USA) and a mixture of forward and reverse pri-
mers (each 2pmol/pl, Table S4). Data were acquired and
processed automatically by the Applied Biosystems 7300
Real-time PCR System. The procedures and data analysis
are same with a previous study of our group.>® The relative
amount of target genes were calculated by
10°°XE Y(E = 10~ /*°P9) 27 The ‘mRNA relative value’
were interpreted in relation to housekeeping gene tran-
script levels. All analyses were performed by investigators
unaware of the group information.

Part II: stimulation of mouse PVN-OXT via
chemogenetics

OXT-cre mice (C57BL/6G] background, Jackson’s Lab,
USA; RRID: IMSR_]JAX:024234) were housed (1zh

light-dark cycle) with food and water ad libitum. Male
and female OXT-cre mice were bred in the facility and
were 8-12 weeks of age (male: 25-35g, female: 20-30g) at
the beginning of each experiment. The genotypes were
determined using PCR analyses. Mice were randomly
assigned to hM3Dq group or control group, and were
anesthetized by isoflurane. Virus (AAV-hSyn-DIO-
hM3Dq-eGFP or AAV-hSyn-DIO-eGFP; Taitool Biosci-
ence, Shanghai, China) was injected into hypothalamic
PVN at both sides of OXT-cre mice that were placed in a
stereotaxic frame with bregma and lambda in a horizontal
plane (A-P: -romm, M-L: +1-2mm, D-V: -5.1mm) with
the angle of 10° (Figure 4a-b in Result). Injection speed
was Gonl/min, and injection volume was 250nl. After
injection, the mice received prophylactic penicillin.

Chemogenetic stimulation of PVYN-OXT neurons and
behavior tests

Mice which were injected with AAV-DIO-hM3DGq
virus (male n=23; female n=18) or control virus (male
n=12; female n=14) were randomly assigned to a ‘short-
term OXT stimulation’ or a ‘long-term OXT stim-
ulation’ group (details see Figure 4g-h in Results). The
sample size was calculated by the resource equation
approach,®® and was considered to be sufficient.”” After
5 weeks of recovery, animals were injected with cloza-
pine-N-oxide (CNO, smg/kg, i.p.),’° according to a
short-term or a long-term schedule. Each behavior test
took place at 15 min after injection. Behavior tests were
conducted according to previous studies of our group
and others,*"** details are presented in the Supplemen-
tary Materials S2. Behavior tests were carried out and
analyzed by investigators who were blind to the experi-
mental conditions. CNO is a metabolite of clozapine
and was reported to be possibly converted to clozapine
in mice and rats.**?* So it might affect behaviors in
Open Field test (OFT) and Elevated Plus Maze (EPM)
test.” Therefore, we performed a pilot in C57BL/6] wild
type mice and excluded the CNO dosage used in our
study on mouse behaviors in OFT or EPM test (Supple-
mentary material Fig.S3).

There is no animal model that can mimic the cycling
depression and mania symptoms of human BD. So far,
in the field of BD studies, some mood-related behaviors
were regarded as mania-like or depression-like behav-
iors. We used five mood-related behavior tests, i.e. OFT,
EPM, Light-Dark Box (LDB) exploration test, Social
Interaction (SI) test and Forced Swim test (FST) to
check mania-like behaviors, according to previous stud-
ies.® 3% In these studies, mania-like behaviors included
‘increase time spent in the light box’ in LDB,**3% and
‘more approaches’ and ‘spent more time approaching’
in SI*® while depression-like behaviors included ‘less
time in the interaction zone in SI’,>° and ‘less time in
the light compartment in LDB’.*° In addition, the
increased locomotor activity has been regarded as
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mania-like behavior.*' It should be noted that LDB and
SI tests are also used for checking anxiety-like behaviors
that mimic symptoms of depression in clinical popula-
tions: Less time in the lighted section in LDB and
decreased social behavior in SI are considered to mimic
increased anxiety in depression.’?'*° Details of behavior
tests were presented in supplementary material S2.

Selective AAV-DIO-hM3DGq virus expression and
activation of the OXT neurons

After behavior tests, mice were anesthetized and the
whole brain tissues were first perfused with 4% parafor-
maldehyde for one day, then dehydrated with 30%
sucrose overnight. The tissues were then sectioned into
20-pm coronal slices using a sliding microtome (Leica,
Germany). PVN sections were used for immunocyto-
chemical staining of OXT (H-o51-01, Phoenix Pharma-
ceuticais, Germany; RRID: AB_2876858) and c-fos
(226003, SYSY, Germany; RRID: AB_2231974), to
make sure the AAV-DIO-hM3DGq virus infected PVN-
OXT neuron specifically and the infected neuron were
activated by CNO. After PBS washing and BSA block-
ing, the brain slices were incubated with OXT or c-fos
antibody at 4°C for 48 hours, followed by TBS washes
and secondary antibody incubation for 2 hours. Images
were captured with a confocal microscope (ZEISS, Ger-
many), and the fluorescent intensity was analyzed using
Image J. We verified the expressing area and cell type
specificity of virally labeled neurons. Injection of AAV-
DIO-hM3DGq virus in PVN resulted in clear and selec-
tive expression in the OXT neurons (Figure 4f in
Results). Most virally labeled neurons were OXT-ir neu-
rons. In the AAV-DIO-hM3DGq virus group, CNO
administration leads to more co-localization of AAV-
DIO-hM3DGq virus signals with c-fos-ir signals when
compared to control group (Figure 4c-e in Results).

Ethics statement

Postmortem hypothalami of mood disorder patients and
their matched controls were obtained from the Nether-
lands Brain Bank (NBB) using well standardized proto-
cols with written informed consent obtained by the
NBB for a brain autopsy and for the use of the material
and clinical information for research purposes. RNA
samples isolated from the grey matter of the ACC and
DLPFC were obtained from the Stanley Medical
Research Institute using well standardized protocols,
which included permission for the use of brain material
that was provided by the next of kin. Use of human tis-
sue for post mortem studies have been reviewed and
approved by the institutional review board of the inde-
pendent Ethics Committee of Zhejiang University
School of Medicine (No.2018002), and by the Medisch
Ethische Toetsingscommissie of VU medisch centrum
(No. 2009148), and the study is in line with the
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Declaration of Helsinki. Mice were humanely eutha-
nized at defined end points and all experimental proce-
dures had prior approval (No. 12267) from the Animal
Care and Use committee at Zhejiang University.

Statistics

Kolmogorov-Smirnov test and Shapiro-Wilk test were
used to analyze the normality of data. The postmortem
human brain data were sometimes not normally distrib-
uted and nonparametric statistics were applied. The dif-
ferences between 2 groups were evaluated by Mann-
Whitney U test. Cohen’s d analysis was applied to justify
the group comparisons that showed trend of differences,
and the trend would be excluded if Cohen’s d <o-4. The
Kruskal—Wallis H test was applied for multiple compari-
son, and if a significant difference was identified, Mann-
Whitney U test with Bonferroni correction was performed
for further comparison between two groups. Correlations
were examined with the Spearman test. Differences in
cock time and month of death were analyzed with the
Mardia—Watson—Wheeler test. The OXT-cre mice data
were normally distributed and t-test was applied to the
comparisons between two groups. There was no exclu-
sion of the samples or data. SPSS 25-0 (IBM Corp.,
Armonk, NY) was applied for Statistics. All tests were 2-
tailed and p<o-o5 was considered to be significant, o-
05<p<o0-I to be a trend.

Role of funder

The funders had no role in the study design, data collec-
tion, analysis, interpretation, decision to publish, or
writing the manuscript. None of the authors have been
paid to write this article by a pharmaceutical company
or other agency.

Results
Part I: postmortem human brain studies

OXT and CRH expression in the hypothalamic PVN of
BD and MDD patients. OXT-ir and OXT-mRNA, and
CRH-ir and CRH-mRNA signals were clearly and
widely distributed in the hypothalamic PVN (Figure 1).
Increased OXT-ir (p=0-037, Mann-Whitney U test) and
increased OXT-mRNA (p=0-055, Mann-Whitney U test,
Cohen’s d =1-40) were found in BD but not in MDD
patients compared with their respective controls
(Figure 2a-d). For CRH, a trend of lower CRH-ir (p=o-
o078, Mann-Whitney U test, Cohen’s d =-0-83) but
higher CRH-mRNA (p=0-037, Mann-Whitney U test)
levels were found in BD but not in MDD patients com-
pared with their respective controls (Figure 2e-h). In
addition, a highly significant increased ratio of OXT-ir/
CRH-ir was found in BD (p=0-006, Mann-Whitney U
test, Figure 2i), but not in MDD, patients compared
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Figure 1. Immunocytochemistry and in situ hybridization images of oxytocin and corticotropin-releasing hormone in the human hypothalamic paraventricular nucleus. (a) Sche-
matic representation of the nuclei of the human hypothalamus. Abbreviations: OX, optic chiasma, NBM: nucleus basalis of Meynert, hDBB: horizontal limb of the diagonal band of Broca,
SDN: sexually dimorphic nucleus of the preoptic area, SCN: suprachiasmatic nucleus, BST: bed nucleus of the stria terminalis, (c = centralis; m = medialis; | = lateralis; p = posterior); PVN: para-
ventricular nucleus, SON: supraoptic nucleus; Dpe: periventricular nucleus dorsal zone, VPe: periventricular nucleus ventral zone, fx: fornix, 3V: third ventricle, ac: anterior commissure (From
Swaab, Dick. (2003). The Human Hypothalamus. Basic and Clinical Aspects. Mycological Research. 79), please note that PVN is marked in red. (b-c) Overview and higher magnification images
of oxytocin (OXT)-immunoreactivity (ir) (b) or OXT-mRNA (c) signal in the PVN. (d-e) Overview and higher magnification images of corticotropin-releasing hormone (CRH)-ir (d) or CRH-mRNA
(e) signal in the PVN. Scale bar=200..m in the overviews of b-e; and scale bar=50p.m in the higher magnification images of b-e.
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Figure 2. Analysis on the expression of oxytocin and corticotropin-releasing hormone in the hypothalamic paraventricular
nucleus in mood disorder patients and their controls. (a-b) Oxytocin (OXT)-ir showed a significant increase in bipolar disorder
(BD) patients compared with their controls (p=0-037, Mann-Whitney U test, a), while no significant difference was present between
major depressive disorder (MDD) and their controls (b). (c-d) A trend of increased OXT-mRNA (p=0-055, Mann-Whitney U test, c) was
found in BD patients compared with their controls, while no significant difference in OXT-mRNA (d) was found between MDD
patients and their controls. (e-f) PVN CRH-ir showed a trend of lower expression in BD patients compared with their controls (p=0-
078, Mann-Whitney U test, e), but no significant difference between MDD patients and their controls (f). (g-h) Significantly increased
CRH-mRNA (p=0-037, Mann-Whitney U test, g) was found in BD patients compared with their controls, but no significant difference
in CRH-mRNA (h) was found between MDD patients and their controls. (i) The ratio of OXT-ir/CRH-ir was significantly higher in BD
patients compared with their controls (p=0-006, Mann-Whitney U test). (j) Significant positive correlation was found between OXT-ir and
CRH-ir in male BD patients (p=0-001, Spearman test). Columns are shown as median with interquartile range. CTR: control. * p <0-05.

with their respective controls. Moreover, a significant
positive correlation was found between OXT-ir and
CRH-ir in BD (n=6, Rho=0-900, p=0-037, Spearman
test), the samples of which were mainly males (n=j,
Rho=0-991, p=0-001, Spearman test, Figure 2j). This
correlation was not seen in MDD patients, nor in con-
trols. The double-labeling of CRH-ir (blue) and OXT-ir
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(red) experiment in the PVN showed no co-localization
(Supplementary material S3 and Fig. S2).

OXTR-mRNA and CRHR-mRNA expression in the DLPFC
and ACC of BD and MDD patients. To identify the pre-
frontal downstream changes in the OXT and CRH
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systems, we analyzed mRNA levels of OXTR and CRHR
in the DLPFC and ACC of BD and MDD patients and
their respective controls. It turned out that male BD,
but not female BD nor MDD patients, showed signifi-
cantly increased OXTR-mRNA levels in the DLPFC
(p=0-001, Mann-Whitney U test) compared to their
respective controls (Figure 3a-d, Table 3). In addition,
male BD patients showed significantly increased ratios

Whitney U test) and OXTR-mRNA/CRHR2-mRNA
(p=0-007, Mann-Whitney U test) in the DLPFC, as well
as increased ratio of OXTR-mRNA/CRHR2-mRNA in
the ACC (p=0-043, Mann-Whitney U test), as compared
with their controls (Figure 3i-k).

On the other hand, MDD patients but not BD
patients showed a trend of lower CRHR2-mRNA in the
DLPFC (p=0-056, Mann-Whitney U test, Cohen’s d=-o-

of OXTR-mRNA/CRHRI-mRNA (p=0-040, Mann- 71, Figure 3e-h, Table 3) compared with their controls.
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Figure 3. Analysis on the mRNA expression of oxytocin receptor and corticotropin-releasing hormone receptors in the pre-
frontal cortex of mood disorder patients and their controls. (a-b) oxytocin receptor (OXTR)-mRNA levels in the dorsolateral pre-
frontal cortex (DLPFC) in bipolar disorder (BD) patients showed no significant difference compared with their controls (a), while
male BD patients showed significantly increased OXTR-mRNA in DLPFC compared with male controls (p<0-01, Mann-Whitney U
test) (b). (c-d) No significant change was found within OXTR-mRNA levels in DLPFC of major depressive disorder (MDD) patients and
their controls. Still, no significant difference was found after male patients were separated from female patients. (e-f) No significant
change of CRHR2-mRNA was found in the DLPFC in BD patients compared with their controls, and no sex difference was found. (g-
h) A trend (p=0-056, Mann-Whitney U test) of lower CRHR2-mRNA was found in the DLPFC in MDD patients compared with their
controls, and no sex difference was found. (i) Significantly higher ratio of OXTR-/CRHR1-mRNA was found in the DLPFC of male BD
patients compared with male controls. (j-k) Significantly higher ratio of OXTR-mRNA/CRHR2-mRNA was found in both the DLPFC (j)
and anterior cingulate cortex (ACC, k) of male BD patients compared with male controls. Columns are shown as median with inter-
quartile range. ** p<0-01; * 0-01< p <0-05.
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CRHR1

CRHR2 OXTR

MDD vs. CTR

ACC Pooled
Male
Female
DLPFC Pooled
Male
Female
BD VS. CTR ACC Pooled
Male
Female
DLPFC Pooled
Male

Female

V¥ p=0-056, Cohen'’s d=-0-71

APp=0-056, Cohen'’s d<0-4

APp=0-069, Cohen’s d<0-4

APp=0-10, Cohen’s d<0-4
Ap=0-001

Table 3: The significant or trend of changes in CRHR1-, CRHR2- and OXT-mRNA expression in the ACC or DLPFC of MDD and BD patients.
Note: ACC: anterior cingulate cortex; BD: bipolar disorder; CTR: control; CRHR: corticotropin-releasing hormone receptor; DLPFC: dorsolateral prefrontal cor-
tex; MDD: major depressive disorder; OXTR: oxytocin receptor. W: decrease; A: increase.

As OXTR and CRHR were reported to be related to sui-
cide and psychotic symptoms,** %> we subsequently
analyzed whether suicidal behavior or psychotic symp-
toms of the BD or MDD patients might account for our
results. OXTR-mRNA levels were not affected by suicide
or psychotic symptoms in BD or MDD (Table Ss), while
a significant difference in CRHR2-mRNA expression
was found in the DLPFC (p=0-027, Kruskal—Wallis H
test) among suicide MDD, non-suicide MDD patients
and the controls. Subsequent analysis showed that
CRHR2-mRNA expression was significantly lower in
suicide MDD patients than in the controls (p=o-o1r,
Mann-Whitney U test with Bonferroni correction,
Table Ss).

Part II: stimulation of mouse PVN-OXT by
chemogenetics

In the OXT-cre mice, bilateral PVN injection of AAV-
DIO-hM3DGq virus but not control virus could activate
PVN-OXT with the intraperitoneal injection of CNO
(Figure 4c-e). In addition, the p values of all the signifi-
cant or trends for changes in behaviors are presented in
Table 4.

PVN-OXT stimulation induced anxiety/depression-like
behaviors in male mice

Short-term stimulation of PVN-OXT neurons in male
OXT-cre mice led to significantly less central time in
OFT (p=0-039, Student t test, Figure 4i), implying anxi-
ety/depression-like behavior, while long-term stimula-
tion of PVN-OXT led to significantly less distance in the
light zone (p=0-028, Student t test, Figure 5a) in LDB,
and significantly more interactions with object in SI test
(p<o-o21, Student t test, Figure 5b), implying also
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anxiety/depression-like behaviors. Taken together, these
results indicate that stimulation of PVN-OXT in male
mice caused anxiety/depression-like behaviors. Some
other behaviors which showed trends for changes also
support this finding (Table 4).

PVN-OXT stimulation led to both mania-like and
depression-like behaviors in female mice

In female OXT-cre mice, short-term stimulation of
PVN-OXT neurons led to significantly more time con-
tacting with the mouse and significantly more entries to
all the compartments in SI test (p<o-o19, Student t
test, Figure 4j), indicating increased social behavior and
locomotoactivity, i.e. mania-like behaviors. On the other
hand, long-term stimulation of PVN-OXT led to signifi-
cantly more entries to the central area (p=0-006, Stu-
dent t test) in the OFT (Figure s5c¢), significantly more
immobility in FST (p=0-025, Student t test, Figure 5d),
and significantly less time interacting with the mouse
in SI (p=0-029, Student t test, Figure s5e), indicating
mixed mania-like and depression-like behaviors. Taken
together, these results indicate that stimulation of PVN-
OXT in female mice caused both mania-like and depres-
sion-like behaviors depending on the time of stimula-
tion. Some other behaviors which showed trends for
changes also support this finding (Table 4).

Discussion

In the present study, we observed significantly
increased OXT-ir, OXT-mRNA in the hypothalamic
PVN and increased OXTR-mRNA in the DLPFC in BD,
at least in male BD patients, but not in MDD patients.
In addition, we found higher ratios of PVN OXT-ir/
CRH-ir in BD and higher ratios of OXTR-mRNA/

1
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Figure 4. Significant mood-related behavior changes in mice with short-term oxytocin chemogenetic stimulation in hypothalamic paraventricular nucleus. (a-b) Virus (AAV-hSyn-
DIO-hM3Dg-eGFP, activated group) or AAV-hSyn-DIO-eGFP (control group), were injected with the angle of 10° into hypothalamic paraventricular nucleus (PVN) (A-P: -1.0 mm, M-L:
+1.2mm, D-V: -5.1mm) at the speed of 60nl/min, 250nl/side. (c-e) Co-localization (yellow) of the virus signal (green) and c-fos-ir signal (red) in the control group (d) and chemogenetic acti-
vated group (e). Quantification analysis (c) showed that there was less co-localization in the control group than in the activated group. (f) Co-localization (yellow) of the AAV-DIO-hM3DGq
virus signal (green) and oxytocin (OXT)-ir signal (red). The virus signal is fully co-existed with PVN-OXT signal as it shows in the highlight box, which indicates the virus expresses specifically
in the OXT neurons and the injection place is correct. (g-h) Time schedule of short-term or long-term PVN-OXT stimulation and behavior tests. In the short term PVN-OXT stimulation group,
behavior tests were conducted 15min after the first injection of clozapine N-oxide (CNO, i.p. g), while in the long term PVN-OXT stimulation schedule, behavior tests were conducted after at
least 3 days of CNO injection (once a day, h), and behavior tests began at 15min after the last injection. (i-j) Significant behaviors changes observed in short term PVN-OXT stimulation. Male
PVN-OXT-activated mice spent significantly less time in the central area in the open field test (OFT, p=0-039, Student t test) compared with male controls. The moving tracks of the median-
level mouse of each group were presented (i). In the social interaction (SI) test, female PVN-OXT-activated mice showed more entries into the mouse chamber (p<0-01, Student t test) and
more contact with the other mouse (p=0-018, Student t test), more entries into the object chamber (p=0-019, Student t test), and more total entries through three chambers (p<0-01, Stu-
dent t test) compared with their female control mice. The heatmap showed the median level of the mouse movement in each group (j). Columns are shown as mean with SD. Scale
bar=50m in image d-f. ** p<0-01; * 0-01< p <0-05.
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Short-term stimulation Long-term stimulation
hM3DGq vs. CTR hM3DGq vs. CTR
Behavior tests Parameters Male Female Male Female
OFT Distance A
Central entries A**
Central time v* A #
EPM Open arm entries Af
LDB Light zone entries A’
Light zone time A v
Distance in light zone A \ A
Latency of the first entry to the light A’
FST Immobile time A A*
Sl Contact with mouse A*
Contact mouse time \ A
Mouse chamber entries A
Mouse chamber time
Contact with object A*
Contact object time A
Object chamber entries A*
Object chamber time v A*
Total chamber entries AT Al
Table 4: The significant or trend of changes in mood-related behaviors of mice with hypothalamic paraventricular oxytocin stimulation.
Note: CTR: control, AAV-DIO virus group; EPM: elevated plus maze; FST: forced swim test; hM3Dq: AAV-DIO-hM3DGq virus group; LDB: light-dark box;
OFT: open field test; SI: social interaction test. Data was shown as Mean =+ SD. A represents higher levels in hM3Dq mice compared with CTR group. W repre-
sents lower levels in hM3DGq mice compared with CTR group. Short-term stimulation: In the short-term hypothalamic paraventricular oxytocin (PVN-OXT)
stimulation group, behavior tests were conducted 15min after the first injection of CNO, which could activate PVN-OXT neurons; Long-term stimulation: In
the long term PVN-OXT stimulation group, behavior tests were conducted after at least 3 days of CNO injection (once a day). ** p<o-o1; * 0-0I1<p<0-05;
*#0.05<p<o-1.

CRHR1-mRNA and OXTR-mRNA/CRHR2-mRNA in
male BD patients, but not in MDD patients. These find-
ings show different OXT and CRH system changes in
postmortem human brain of BD and MDD patients.
We further found in male mice that stimulation of
PVN-OXT led to anxiety/depression-like behaviors, and
mixed mania-like and depression-like behaviors in
female mice. Concluding, although stimulation of PVN-
OXT caused mood-related changes in mice, the sex-spe-
cific changes in the depression-like and/or mania-like
behaviors in mice are different from what we observed
in the sex differences in OXT system activation in BD
patients.

A previous study by our group showed higher PVN
OXT-ir in depression in a mixed group of MDD patients
and BD patients,*® while in the present study we
showed that higher OXT-ir is found only in BD but not
MDD patients. Our findings of significantly increased
OXT expression in the PVN at both protein and mRNA
levels, and significantly increased OXTR-mRNA in the
DLPFC, at least in male patients, are in accordance with
previous findings that BD patients have higher periph-
eral plasma OXT levels,”"* and higher DLPFC OXTR
levels.” We also found higher ratios of OXT-ir/CRH-ir
in BD but not in MDD patients, compared with their
respective well-matched controls. In addition, male BD
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patients showed increased ratios of OXTR-mRNA/
CRHR1-mRNA, OXTR-mRNA/CRHR2-mRNA in the
DLPFC, and OXTR-mRNA/CRHR2-mRNA in the ACC
compared with their controls. These data imply that in
BD, at least in male BD cases, increased expression of
PVN-OXT and increased expression of OXTR in pre-
frontal cortex exceed those of CRH and its receptors.
Moreover, a significant positive correlation between
OXT-ir and CRH-ir was observed in BD, implying a
close interaction between OXT and CRH systems in
BD. Previous studies in rat found that after OXT appli-
cation, changes in spontaneous inhibitory synaptic
transmission of PVN CRH neurons was observed.*” In
addition, it was found that in female rats, intracerebro-
ventricular OXT infusion may significantly attenuate
the increase of CRH-mRNA induced by a 30 min
restraint stress, and attenuate the release of adrenocorti-
cotropic hormone (ACTH) and corticosterone.*” These
data indicate that the inhibiting role of OXT on HPA
activity might take place at both the peripheral level, i.e.
the pituitary and/or adrenal gland, and the central level,
i.e. the local hypothalamic nuclei. While the decrease of
ACTH and/or glucocorticoid may further increase CRH
production via diminished negative feedback, the cen-
tral OXT release inhibits CRH excitability. Indeed, we
observed that BD patients showed a trend of decreased
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Figure 5. Significant mood-related behavior changes in mice with long-term oxytocin chemogenetic stimulation in hypotha-
lamic paraventricular nucleus. (a) Male paraventricular nucleus (PVN)-oxytocin (OXT)-activated mice showed significantly less
moving distance (p=0-028, Student t test) in the light zone in the light-dark box (LDB) compared with male control mice. The mov-
ing tracks of the median-level mouse of each group were presented. (b) In the social interaction (SI) test, male PVN-OXT-activated
mice showed more time in the object chamber, more interactions with the object and more time interacting with the object (p<0-
021, Student t test) compared with male control mice. The heatmap showed movements of the mouse that was at the median level
in each group. (c) Female PVN-OXT-activated mice showed significantly more entries (p<0-01, Student t test) to the central area in
the open field test (OFT) compared with female control mice. The moving tracks of the median-level mouse of each group were pre-
sented. (d) Female PVN-OXT-activated mice showed significantly more immobile time (p=0-025, Student t test) in the forced swim
test (FST). (e) Female PVN-OXT-activated mice showed less time interacting with the mouse (p=0-029, Student t test). The heatmap
showed movements of the median-level mouse of each group. Time schedule of long-term OXT chemogenetic stimulation see
Figure 4. hM3Dq: injected with AAV-hSyn-DIO-hM3Dg-eGFP virus; CTR: injected with AAV-hSyn-DIO-eGFP virus, control group, Col-

umns are shown as mean with SD. ** p<0-01; * 0-01< p <0-05.

CRH-ir (p=0-078, Mann-Whitney U test) but a signifi-
cantly higher CRH-mRNA in the PVN compared with
their controls, which is clearly different from MDD
cases. The higher CRH-mRNA combined with a rela-
tively lower CRH-ir in BD patients suggests a faster
transport of CRH from the PVN. Whether these data
may account, at least partly, for the distinct symptoms
of BD and MDD warrants further study.

Although OXT was often reported to exhibit an anxi-
olytic effect,%9°° its effect may be dose-dependent.
Lower doses of OXT (1mg/kg mice i.p.; 0-8 IU mice
intranasal; 24 IU human intranasal) not only led to
decrease of plasma corticosterone in mice, together
with more interaction with mice in SI test and less
freezing time in the Resident-Intruder test, but also
decrease of cortisol in humans. However, higher dose
of OXT (1omg/kg mice i.p.; 8 [U mice intranasal; 48 U
human intranasal) showed no effect on these parame-
ters.>" >3 It should be noted that a time-of-treatment-
dependent effect of OXT on social behaviors was also
shown in our study: short-term stimulation of PVN-
OXT caused more interaction with mice, while long-
term stimulation of PVN-OXT led to more interaction
with objects in female mice in the SI test. Moreover, in

a previous study with a relatively lower CNO dose (1mg/
kg) stimulation of PVN-OXT neurons promote social
interaction in male mice,>* while our study with a
higher CNO dose (5mg/kg) stimulation of PVN-OXT
neurons led male mice to show more contact with
objects. Undoubtedly, such a dose/time-dependent
effect of OXT on animal behavior changes strongly indi-
cates its important role in the pathogenesis of BD. The
possible mechanism, together with the potential sex dif-
ferences, deserves further study.

Our study has some limitations. For example, medi-
cation is one of the potential confounding factors in
postmortem case-control studies that cannot really be
matched for, but there is no indication that our main
conclusions were influenced by medication. Fluoxetine,
a selective serotonin reuptake inhibitor (SSRI), was
found in rats to decrease OXT levels in the hippocam-
pus, while no effect was observed on the OXT levels in
the medial preoptic area.”> In addition, no obvious
change in plasma OXT levels was observed during SSRI
or electroconvulsive treatment of depressed patients.>®
SSRIs can therefore not explain the stimulation of the
OXT system we found in BD patients. SSRIs also
showed no clear effect on PVN CRH-mRNA expression
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in rats.”” Moreover, chlordiazepoxide, a benzodiazepine,
inhibits OXT release in response to noxious stimuli,5®
but no study has shown its effect on OXT-mRNA and
OXTR-mRNA exprssion. In our study, the numbers of
BD patients and their controls who used benzodiaze-
pines in the last 3 months before death were equal
(n=3 vs n=3). Finally, although lithium was reported to
increase OXT-mRNA expression in rat hypothalamic
PVN,’® the amount of OXT-ir and OXT-mRNA of the
mood disorder patients who had used lithium in the
present study (median IOD=0-146 and o-0011) was not
higher than those who did not use lithium (median
IOD=0-134 and o-0014). Taken together, we do not
think that the antidepressants have affected our main
conclusion, i.e. the increased expression of PVN-OXT
and its receptor in DLPFC in BD, as drawn from post-
mortem human brain study.

In summary, increased PVN-OXT and DLPFC-
OXTR-mRNA, together with increased ratios of OXT-ir/
CRH-ir, OXTR-mRNA/CRHR1-mRNA, OXTR-mRNA/
CRHR2-mRNA in the DLPFC, and OXTR-mRNA/
CRHR2-mRNA in the ACC are characteristic for BD, at
least for male BD patients, and not for MDD patients.
This indicates BD and MDD hold different molecular
pathologies. Short-term or long-term stimulation of PVN-
OXT neurons caused different sex-dependent, mood-
related behavior changes in mice. The factor time should
be taken into account in the development of OXT-targeted
therapeutic strategies using animal models.
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