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Abstract

BACKGROUND

Major depressive disorder (MDD) is a highly disabling psychiatric syndrome
associated with deficits of specific subpopulations of cortical GABAergic
interneurons; however, the underlying molecular mechanism remains unknown.
Type 3 adenylyl cyclase (ADCY3, AC3), which is important for neuronal
excitability, has been implicated in MDD in a genome-wide association study in
humans. Moreover, a study reported that ablation of AC3 in mice caused similar
symptoms as MDD patients.

AIM
To determine if disruption of the AC3 gene in different subtypes of GABAergic
interneurons of mice causes depression-like behaviors.

METHODS

Using immunohistochemistry, we investigated the expression of AC3 in two
major subtypes GABAergic interneurons: Somatostatin-positive (SST*) and
parvalbumin-positive (PV*) neurons. Genetic manipulations were used to
selectively disrupt AC3 expression in SST*or PV*interneurons. A series of
behavior tests including rotarod test, open field test (OFT), elevated plus maze
test (EPM), forced swimming test (FST), and tail suspension test (TST) were used
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to evaluate the motor ability, anxiety- and depression- like behaviors,
respectively.

RESULTS

Our results indicate that approximately 90.41% of SST* and 91.22% of PV*
interneurons express AC3. After ablation of AC3 in SST* interneurons, the mice
spent comparable time in the center area in OFT, but significantly less time in the
open arms and low frequency of entries to the open arms in EPM. Furthermore,
these mice showed prolonged immobility in FST and more freezing in TST.
However, there were no significant changes in these behaviors after specific
disruption of AC3 in PV* interneurons.

CONCLUSION

This study indicates that ablation of AC3 in SST* interneurons of mice increases
anxiety- and depression-like behaviors in mice, supporting the general hypothesis
that decreased AC3 activity may play a role in human depression.

Key Words: Type 3 adenylyl cyclase; Somatostatin; Parvalbumin; Anxiety; Depression;
Mice

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Dysfunction of cortical GABAergic interneurons are thought to contribute to
the pathophysiology of stress-related psychiatric disorders. Little is known about the
regulation of GABAergic interneurons in depression. Type 3 adenylyl cyclase (AC3) is
important for the neuronal excitability and was reported as a top-ranked gene in major
depressive disorder (MDD). Here, we found that majority of somatostatin-positive
(SST") and parvalbumin-positive (PV') GABAergic interneurons express AC3.
Selective disruption of AC3 in SST* but not PV"' interneurons caused anxiety- and
depression-like behaviors. Our data suggest that AC3 in specific subtype interneurons
played a key role in the etiology of depression, providing new insights for therapeutic
interventions for the treatment of MDD.

Citation: Yang XY, Ma ZL, Storm DR, Cao H, Zhang YQ. Selective ablation of type 3 adenylyl
cyclase in somatostatin-positive interneurons produces anxiety- and depression-like behaviors
in mice. World J Psychiatr 2021; 11(2): 35-49

URL: https://www.wjgnet.com/2220-3206/full/v11/i2/35.htm

DOI: https://dx.doi.org/10.5498/wjp.v11.i2.35

INTRODUCTION

Major depressive disorder (MDD) is a severe psychiatric disorder that affects up to one
in six individuals worldwide!l. Despite long-lasting efforts to explore the etiology and
pathophysiology of depression, the underlying neurobiological mechanisms are not
well defined. Current antidepressant pharmacological treatments are mainly focused
on monoaminergic neurotransmission, which is based on the traditional catecholamine
and serotonin hypotheses of mental disorders””. However, only approximately 33% of
patients experience remission after pharmacological treatments, and up to one-third of
these patients have a poor response to regular antidepressant treatmentst*. Therefore,
it is important to identify new drug target sites for treatment of depression.

Recent evidence suggests that the functional interaction between the glutamatergic
excitatory and GABAergic inhibitory connectivity is altered during depression and
chronic stress exposurel* suggesting that impairment of y-aminobutyric acid (GABA)
neurotransmission may contribute to the neurobiology of MDDl The cortical
GABAergic interneurons are divided into different subtypes according to their
morphology, electrophysiological properties, and expression of calcium-binding
proteins and neuropeptides!'l. Most research concerning GABAergic interneurons in
depression and anxiety has focused on two major subtypes expressing somatostatin
(SST) or parvalbumin (PV), which make up approximately 70% of GABAergic
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inhibitory neurons!>”l. Studies focusing on SST in MDD suggest a reduction of SST in
several corticolimbic brain regions in postmortem MDD patients, including the
dorsolateral prefrontal cortex, subgeual anterior cingulate cortex (sgACC), and
amygdala*'’l. Mice lacking SST (SST global knockout mice) display similar behavioral
and molecular features as human depression. This includes increased circulating
corticosterone, elevated anxiety/depressive-like behaviors, and reduced gene
expression of brain-derived neurotrophic factor (BDNF), cortistatin, and glutamate
decarboxylase 67 (GAD67)!"l. However, there is less evidence for consistent alterations
of PV* interneurons in MDD. Most studies have reported that there are no significant
changes in PV expression in either MDD subjects!"**! or rodent models®”*. Several
studies have indicated decreased PV expression in tissues of post-mortem MDD
patients®! or in rodent models®*l. By contrast, increased PV expression has been
reported when female mice are exposed to unpredictable chronic stress for 2 wk!.
Since SST* and PV" interneurons differentially target specific cellular domains (distal
dendritic vs perisomatic regions) of pyramidal neurons and other interneurons, it is
reasonable to believe that they might play different roles in the pathology of MDD.

Type 3 adenylyl cyclase (AC3, ADCY3), is widely expressed in primary cilia in
neurons of the central nervous system!”!. AC3 is stimulated by Gs-coupled receptors
and inhibited by Gi-coupled receptors and Ca?*/calmodulin-dependent protein kinase
111, In 2012, a genome-wide association study in humans implicated the ADCY3 gene
in MDD, Moreover, a study published by Chen et al"”! showed that AC37- mice have
similar symptoms as MDD patients. This includes increased rapid eye movement sleep
time, anosphrasia, and anxiety and -depression-like behaviors.

However, there is little information on how decreases in AC3 activity contribute to
the pathophysiological process of MDD. In this study, we took advantage of several
transgenic mice lines. We bred AC3%¥f* mice with subtype-specific GABAergic
interneuron Cre lines in which the Cre recombinase (Cre) is expressed under the
control of SST or PV promoters to explore the roles of AC3 in SST* and PV*
interneurons in the development of anxiety and depression mood disorders.

MATERIALS AND METHODS

Animals

Male C57BL/ 6] mice were obtained from the Shanghai Experimental Animal Center of
the Chinese Academy of sciences. AC3%/* mice were generated as previously
reported™. SST-Cre mice (JAX013044), PV-Cre mice (JAX008069), and Ail4 mice
(JAX007914) were purchased from Jackson Laboratory (Bar Harbor, ME, United
States). All mice were backcrossed into the C57BL/6] genetic background for at least
six generations. Mice were genotyped using their tail tissue after cracking by lysis
reagent (Direct PCR Lysis Reagent [mouse tail], QIAGEN, Hilden, Germany) and
proteinase K (Proteinase K, QIAGEN). Seventy-eight male mice used in behavioral
analysis were age 8-12 wk old with comparable body weight. Eleven male adult mice
were used for immunohistochemistry. All mice were group-housed (3-6 per cage) and
maintained on the a 12/12 h light/dark cycle, 50% humidity, at 23.1 °C with access to
food and water ad libitum. All experimental procedures were designed to minimize
pain or discomfort to the animals, approved by the Experimental Animal Ethics
Committee of Shanghai Medical College and the Institutional Animal Care & Use
Committee (IACUC) of Fudan University (Permit No. SYXK2009-0082; Shanghai,
China) and followed the ethical guidelines of the International Association for the
Study of Pain regarding the use of laboratory animals.

Behavioral studies

Mice were handled at least 3 d by the experimenters before the behavioral tests, and
habituated to the test room for 30 min before behavioral test. All behavioral tests were
performed by investigators blind to genotypes.

Accelerating rotarod test

The rotarod test was performed as previously described™l. Briefly, the mice were
placed on an accelerating rotarod (IITC Life Science, Woodland Hills, CA, United
States) (4-40 rpm acceleration in 5 min) for 4 consecutive days. Training consisted of 4
trials per day at 5 min intervals. The trial ended when the mouse fell off the roller. We
calculated the average latency to fall from the last two trials performed on the last day.
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Open field test

The apparatus consisted of a square box (40 cm X 40 cm x 30 cm, length x width x
height) with blue floor and without a celling. Both the box and floor were made of
Perspex plates. During testing, the floor was separated into 16 small squares of equal
area. The four squares in the center were designated the central area, and the others
are called the limbic area. The light level was maintained at approximately 25 lux in
the open field area. The test began when the mice were put in the center of the square.
After free movement for 5 min, the mice were returned to their home cages. Video
tracking software (Ethovision XT v11.5; Noldus Information Technology Inc.,
Leesburg, VA, United States) was used to record the distance traveled and time spent
in each zone.

Elevated plus maze test

The elevated plus maze consisted of a central platform (6 cm, 6 cm), two open arms (30
cm, 6 cm) and two closed arms (30 cm, 6 cm) with protective walls 15 cm high. The
apparatus was elevated 50 cm above the floor and was placed in a room with an
illumination of 30 lux. Mice were put on the central platform facing an open arm, and
allowed to freely explore the maze for 5 min. The traces were recorded by the video
tracking system (Ethovision XT v11.5; Noldus BV). The time spent exploring time in
the open arm and the frequency of entries to the open arm were calculated by Video
Tracking software (Ethovision XT v11.5; Noldus BV).

Forced swimming test

Mice swam individually in a cylindrical glass container (diameter: 18 cm, height: 50
cm, depth: 12 cm) filled with water (24.1 °C). The test comprised two sessions: A
training session (10 min) on the first day and a test session (5 min) on the next day,
which were recorded by a video camera. Immobility in mice was defined as no active
movements except for single limb paddling to keep the head and nose above the
water.

Tail suspension test

The apparatus for the tail suspension test (TST) was a white plexi-glass box with a
hook on the ceiling of the box. The mice were suspended 15 cm above the floor on the
hook with a tape at 2 cm proximal to the tail tip. The test session lasted 6 min and was
recorded with a video camera. The freezing time was scored for the last 4 min of the
session.

Immunohistochemistry

Mice were deeply anesthetized with urethane (1.5 g/kg) and perfused transcardially
with normal saline followed by 40 g/L paraformaldehyde in phosphate-buffered
saline (PBS). The brains were collected, post-fixed in the same fixative for additional 4
h at 4 °C, and dehydrated in graded sucrose solutions (10 g/L, 20 g/L, 30 g/L).
Continuous coronal sections of brains (35 pm) were prepared on a cryostat (Leica,
Germany) and stored at -20 °C. Sections were washed with 0.01 mol/L PBS and
blocked in 10% donkey serum in 0.01 mol/L PBS, pH 7.4, with 0.3% Triton X-100 for 2
h at room temperature (RT). For triple immunostaining of SST/AC3/NeuN, SST-
Cre:Aifreporter mice were used. Sections were incubated with a mixture of rabbit
anti-AC3 (1:1000, SC-588; Santa Cruz, Dallas, TX, United States) and mouse anti-NeuN
(1:1000, MAB377; Millipore, Burlington, MA, United States), followed by the
corresponding secondary antibodies (1:200, Alexa Fluor 647 donkey anti-rabbit, 711-
605-152, Jackson Laboratory; 1:200, Alexa Fluor 488 donkey anti-mouse, A-21202,
Invitrogen, Carlsbad, CA, United States) for 2 h at 4 °C. For triple immunostaining of
PV/AC3/DAPI, the sections were incubated with a mixture of rabbit anti-AC3 and
mouse anti-PV (1:500, P3088; Sigma, St. Louis, MO, United States) overnight at 4 °C,
followed by their corresponding secondary antibodies (1:200, Alexa Fluor 546 donkey
anti-rabbit, A-10040, Invitrogen; 1:200, Alexa Fluor 488 donkey anti-mouse, A-21202,
Invitrogen) for 2 h at 4 °C. The nuclei were counterstained with DAPI (1:20000, 62248;
Thermo Fisher Scientific, Waltham, MA, United States) for 3 min at RT. All sections
were coverslipped with a mixture of 50% glycerin in PBS. Images were captured with
a confocal laser-scanning microscope (FV1000; Olympus, Tokyo, Japan). The interval
between two adjacent focal planes was 2 pm (z-stack). Image analysis was performed
by Photoshop or FV10-ASW 1.7 Viewer software (Olympus).
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Fluorescent in situ hybridization using RNAscope and double staining with

immunohistochemistry

Brain sections (14 pm) were cut using a cryostat and mounted onto Colorfrost Plus
slides (Thermo Fisher Scientific). In situ hybridization (ISH) was performed using the
RNAscope system (Advanced Cell Diagnostics, Newark, CA, United States) according
to the manufacturer’s protocol. Sections were pretreated with hydrogen peroxide for
10 min at RT, followed by target-retrieval solution and Protease III using RNAscope
2.5 Universal Pretreatment Reagents (#322381; Advanced Cell Diagnostics). Then the
commercial probe for AC3 (#478071-C1) was used. After hybridization, the RN Ascope
Multiplex Fluorescent Detection Kit v2 (#323110) was used to amplify signal. After
ISH, sections were labeled with anti-SST antibody (goat, 1:500, sc-7819; Santa Cruz),
followed by its corresponding secondary antibody (Alexa Fluor 488 donkey anti-goat,
1:200, A-11055; Invitrogen). Images were captured with a confocal laser-scanning
microscope (Model FV1000; Olympus).

Statistical analysis

All data are presented as the mean * standard error of the mean and were analyzed
using Prism 7.0 (GraphPad Software, San Diego, CA, United States). Comparisons
between two groups were performed using the two-sided Student’s t-test. One way
analysis of variance (ANOVA) followed by post hoc Tukey’s multiple comparisons
test was used for data comparison between three groups. P < 0.05 was considered
statistically significant.

RESULTS

Expression of AC3 in SST- and PV: interneurons in mice

As a starting point, we examined the expression of AC3 in two major subtypes of
cortical GABAergic interneurons. As shown in Figure 1, AC3 immunostaining was
extensively distributed in the brain area examined (Figure 1A and D). Consistent with
previous reports”), the high magnification of imaging showed that AC3 was
exclusively expressed in primary cilia with a rod-like shape (Figure 1B and E). To
observe the expression of AC3 in SST* interneurons, we bred SST-Ai14" transgenic
mice in which SST* interneurons were labeled with the tdTomato fluorescent protein
carried by the Ai14 gene. Statistical analysis showed that approximately 90.41% of SST*
interneurons expressed AC3 (Figure 1C). We also examined the expression of AC3 in
PV* interneurons using double immunostaining. Similar to SST*, about 91.22% of PV*
interneurons expressed AC3 (Figure 1F). Our results indicated that the majority of
SST* and PV* GABAergic interneurons express AC3.

Deletion of AC3 from SST* neurons results in anxiety- and depression-like behaviors
To explore the functional role of AC3 in specific cell type interneurons, SST-Cre mice,
PV-Cre mice, and AC3f/#* mice in which exon 3 of the ADCY3 gene was flanked by
two loxP sites were used. We assessed a series of general behaviors of AC3¥/flx mice
that served as controls. As shown in Figure 2, the behaviors of AC3%/fx mice
analyzed in the open field test (OFT) (Figure 2A), elevated plus maze (Figure 2B),
forced swimming test (FST) (Figure 2C), TST (Figure 2D) and rotarod test (Figure 2E)
were largely indistinguishable from wild-type mice, indicating that the floxed AC3
mice showed normal emotion-related behaviors and motor ability.

To characterize the functional role of AC3 in SST* neurons, we generated SST-
Cre:AC3/ mice by breeding SST-Cre mice and AC3%/f* mice to selective delete AC3
from SST* interneurons (Figure 3A). As expected, the immunoreactivity of ACDY3
transcript examined by RNAscope IST disappeared in SST* interneurons in SST-
Cre:AC3f mice but not in AC3f/fexmjce (Figure 3B). Then we subjected SST-
Cre:AC3"f mice to test for anxiety- and depression-like behaviors. In the OFT, although
the SST-Cre:AC3"f mice moved less distance in the apparatus compared with the other
two groups (one-way ANOVA, F,, ;, =3.871, P = 0.0312; Figure 3C), the SST-Cre:AC37*
mice did not show an obvious difference in the ratio of moving distance in central area
and the center area duration (one-way ANOVA, F, ;, = 0.2423, P = 0.7863, Figure 3D;
one-way ANOVA, F,, ;, = 0.0471, P = 0.9541, Figure 3E). In the elevated plus maze test,
the total entry frequency of both arms in SST-Cre:AC3"f mice was significantly lower
than that in the AC3"/"* mice and SST-Cre mice (one-way ANOVA, F, ,, =14.62, P <
0.0001; Figure 3F). Further analysis revealed that SST-Cre:AC3"f mice spent less time in
the open arms (one-way ANOVA, F,, ;, = 6.052, P = 0.0062; Figure 3G) and a decreased
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Figure 1 Expression of type 3 adenylyl cyclase in cortical somatostatin-positive and parvalbumin-positive GABAergic interneurons. A and
B: Representative images showing type 3 adenylyl cyclase (AC3) expression in somatostatin-positive (SST*) interneurons at low (A) and high (B) magnifications in
the prefrontal cortex brain slice. Solid arrows in B indicate SST* interneurons, which are also AC3-positve (SST-AC3* cells). Empty arrow in B indicates SST*
interneurons, which are AC3-negative (SST-AC3 cells); C: Proportion of AC3 expressed in cortical SST* neurons, n = 6; D and E: Representative images showing
AC3 expression in parvalbumin-positive (PV*) interneurons at low (D) and high (E) magnifications in the prefrontal cortex brain slice. Solid arrows indicate PV*
interneurons, which are also AC3-positve (PV-AC3" cells). Empty arrow in E indicates PV* interneurons, which are AC3-negative (PV-AC3 cells); F: Proportion of
AC3 expressing in cortical PV* neurons, n = 5. Scale bars represent 100 ym in D and 20 um in E, respectively.
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percentage of open arms entries (one-way ANOVA, F, ;, = 6.768, P = 0.0035;
Figure 3H) relative to AC3/x mice and SST-Cre mice.

We also used the FST and TST to evaluate the depression level of the mice, since
anxiety and depression are common comorbid psychiatric disorders among patients.
SST-Cre:AC3"f mice showed increased immobility time in the FST (one-way ANOVA,
Fp, 3 = 11.32, P = 0.0002; Figure 4A), and prolonged freezing time in TST (one-way
ANOVA, F, 5, = 8.509, P = 0.0011; Figure 4B) compared with AC3flox/flox mjce and SST-
Cre mice. These data suggest that the SST-Cre:AC3¥* mice exhibit depression-like
behaviors in two different test paradigms. There was no significant difference between
the AC3/fx group and SST-Cre mice in these behavioral tests.

Deletion of AC3 from PV* neurons did not influence anxiety- and depression-like
behaviors

PV* interneurons are another major group of GABAergic interneurons which are
thought to play a vital role in mood disorders. Whether ablation of AC3 in PV*
interneurons influences anxiety- or depression-like behaviors was unknown. Here,
AC3f/flox mjce were crossed with the PV-Cre mice for specific disruption of AC3
expression in the PV* interneurons (Figure 5A). Ablation of AC3 expression in PV*
GABAergic interneurons in PV-Cre:AC3/f mice, but not in control AC3°/** mice, was
confirmed by double immunostaining (Figure 5B). Then we examined PV-Cre:AC3%*
mice for anxiety- and depression-like behaviors. The PV-Cre:AC3"f mice moved a
similar total distance and percentage of central distance (one-way ANOVA, F, ,; =
0.2446, P = 0.7849, Figure 5C; one-way ANOVA, F,, ,; = 0.08463, P = 0.9191, Figure 5D)
and spent a similar period of time in the center arena of the open field (one-way
ANOVA, F, », = 0.246, P = 0.7838; Figure 5E) either to control AC3"% or PV-Cre
mice. These mice also spent comparable time in the open arms (one-way ANOVA, F,
25 = 0.1231, P = 0.8847; Figure 5G) and the entries to both arms and the frequency of
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Figure 2 Type 3 adenylyl cyclase™ > mice exhibit normal emotion-related behaviors and motor ability compared with wild-type C57 mice.
A and B: Anxiety-related behavioral tests were illustrated by the open field test (A) and elevated plus maze (B); C and D: Depression-like behavioral tests were
examined by the forced swimming test (C) and tail suspension test (D); E: Motor ability was examined by the rotarod test. Bars represent the mean + standard error of
the mean. Data were analyzed using the Student's t-test. n = 7 for the wild-type (WT) group, n = 8 for the type 3 adenylyl cyclase (AC3)™™ group.
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entries to the open arms is similar compared with AC3%¥% mice and PV-Cre mice
(one-way ANOVA, F,, ,; = 0.082, P = 0.9219, Figure 5F; one-way ANOVA, F,, ,; =
0.7036, P = 0.5044, Figure 5H). Also, there was no significant differences in the
immobility in the FST (one-way ANOVA, F, ,;, = 0.3572, P = 0.7032, Figure 6A) or the
freezing time in the tail-suspension test when selective deletion of AC3 in PV*
interneurons (one-way ANOVA, F, ,;, = 0.136, P = 0.8735, Figure 6B). Taken together,
PV-Cre:AC3 mice did not exhibit a pro-anxiety or pro-depression phenotype.
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Figure 3 Somatostatin-positive-Cre recombinase:type 3 adenylyl cyclase” mice showed anxiety-like behavior. A: Strategy for generation of somatostatin-
positive-Cre recombinase: type 3 adenylyl cyclase™ (SST-Cre:AC3™) mice in which type 3 adenylyl cyclase (AC3, ADCY3) was selectively ablated in SST*
interneurons; B: Fluorescence in situ hybridization showing the representative micrographs of ADCY3 mRNA expression (red) in SST* interneurons (green) from
AC3™¥™ox control mice (left) and SST-Cre:AC3" mice (right). Solid arrows indicated that SST* interneurons are co-expressed ADCY3 mRNA in AC3"™“™ control mice.
Empty arrow indicated that ADCY3 mRNA fluorescence is missing in SST* interneurons in SST-Cre:AC3" mice. Scale bar: 10 ym; C-E: Showing SST-Cre:AC3" mice
showed less total distance (C) but comparable percentage of center distance (D) and center time (E) in the open field test; F-H: SST-Cre:AC3™ mice exhibited
decreased total arm entries (F), open arm time (G) and percentage of open arm entries (H) in the elevated plus maze test. Bars represent the mean + standard error
of the mean. Data were analyzed using one-way analysis of variance followed by post hoc Tukey’s multiple comparisons test. n = 12 for AC3™“"* group, n = 8 for
SST-Cre group, n = 15 for SST-Cre:AC3" group. 2P < 0.05 vs AC3™x 5P < 0,01 vs AC3™™x P < 0,01 vs SST-Cre. %P < 0.05 vs SST-Cre. °P < 0.001 vs SST-Cre.
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Figure 4 Somatostatin-Cre recombinase:type 3 adenylyl cyclase™ mice showed depression-like behavior. A and B: Somatostatin-Cre
recombinase (SST-Cre):type 3 adenylyl cyclase (AC3)" mice showed increased immobile duration in forced swimming test (A) and more freezing time in tail
suspension test (B). Bars represent the mean + standard error of the mean. Data were analyzed using one-way analysis of variance followed by post hoc Tukey's
multiple comparisons test. n = 12 for AC3™"* group, n = 8 for SST-Cre group, n = 15 for SST-Cre:AC3" group. P < 0.001 vs AC3™x 9P < 0,05 vs SST-Cre. .

DISCUSSION

In this study, we determined if deletion of AC3 expression in two major GABAergic
interneurons increases anxiety- and depression-related behaviors in mice. Our results
indicated that the majority of SST* and PV* interneurons express AC3. Selective
ablation of AC3 in SST* but not PV* interneurons induced anxiety- and depression-like
behaviors, suggesting that loss of AC3 in the SST* interneurons may play an important
role in the development of anxiety and depression in humans.

The balance between excitation and inhibition of neuronal circuit in the brain is
interrupted in several neuropsychiatric disorders including MDDV Recent evidence
has shown that a deficit of inhibitory synaptic transmission contributes to the
pathophysiology and development of MDD. Two major GABAergic interneurons,
SST* and PV* cells, are subjects of interest in MDD. SST* interneuron synapses on the
dendritic tufts of the nearby pyramidal neurons and is critical for gating the pattern of
functional connectivity inputs™. In contrast to SST* interneurons, PV* GABAergic
interneurons mainly target the soma of pyramidal neurons, thereby regulating action
potential firing and promoting synchronization of electrical activity™. So, it is perhaps
not so surprising that these two types of GABAergic interneurons play specific roles in
different kinds of psychiatry disorders owing to their distinct electrical, neurochemical
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Figure 5 Parvalbumin-Cre recombinase:type 3 adenylyl cyclase™ mice did not show anxiety-like behavior. A: Strategy for generation of
parvalbumin-Cre recombinase:type 3 adenylyl cyclase” (PV-Cre:AC3™) mice in which AC3 was selectively deleted in PV* interneurons; B: Double
immunohistochemistry showing the representative micrographs of AC3 protein expression (red) in PV* interneurons (green) from AC3™“™* control mice (left) and PV-
Cre:AC3" mice (right). Solid arrows indicated that PV* interneurons have well colocalization with AC3 in AC3™™* control mice. Empty arrow indicates that AC3
immunostaining disappeared in PV* interneurons in PV-Cre:AC3"mice. Scale bar: 20 um; C-E: Showing PV-Cre:AC3™ mice showed similar total distance (C),
percentage of center distance (D) and center time (E) in the open field test to control group; F-H: PV-Cre: AC3™ mice exhibited comparable total arm entries (F), open
arm time (G) and percentage of open arm entries (H) in elevated plus maze test compared with AC3™"* mice and PV-Cre mice. Bars represent the mean + standard
error of the mean. Data were analyzed using one-way analysis of variance followed by post hoc Tukey's multiple comparisons test. n = 8 for AC3™™* group, n = 8 for
PV-Cre group, n = 12 for PV-Cre:AC3" group.
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Figure 6 PV-Cre:AC3 mice did not show depression-like behaviors in the forced swimming test (A) and tail suspension test (B). Bars
represent the mean + standard error of the mean. Data were analyzed using one-way analysis of variance followed by post hoc Tukey’s multiple comparisons test. n
= 8 for type 3 adenylyl cyclase (AC3)™™* group, n = 8 for the parvalbumin-Cre recombinase (PV-Cre) group, n = 12 for the PV-Cre:AC3™ group.

and structural properties. Our study indicates that the mice with selective ablation of
AC3 from SST* but not PV* interneurons showed an anxiety- and depression-like
behaviors, supporting the notion that specific subpopulation of GABAergic
interneurons are functionally different. Our data are also consistent with several
previous findings. For example, studies of brain samples from MDD corpses found
that SST neurons were significantly attenuated and that expression of SST mRNA was
reduced in multiple brain areas'“**. However, less obvious changes in PV*
interneurons in MDD patients were reported!**! although a reduced SgACC PV
expression has been reported®l. Moreover, contributions of SST* but not PV*
interneurons to the pathophysiology of MDD has been directly supported through
genetic and pharmacological manipulations in rodents. SST global knockout mice
showed increased anxiety- and depression-like behaviors, elevated corticosterone level
and decreased expression of BDNF, GAD67 and cortistatin genes expression!’l.
However, selective activation of PV* interneurons in the dentate gyrus of the
hippocampus did not affect depression-like behavior in the TST™!. Furthermore, mice
with reduced BDNF expression (heterozygous deletion of BDNF gene [BDNF*/"] or
targeted disruption of exon IV [BDNF*"]) exhibited depressive-like behaviors and a
robust and significant decrease of SST but not changes in PV expression*l. Taken
collectively, these previous studies and ours strongly indicated that central SST*
interneurons, as one type of susceptible GABAergic interneurons during MDD,
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participated in the pathophysiology of anxiety- and depression-related disorders.

Previous studies from mice and humans have suggested a role for deficiencies in
adenylyl cyclase and cAMP in depression and antidepressant responses™ . However,
the relationship with adenylyl cyclase and depression is more complex because of the
diversity of adenylyl cyclase isoforms. A notable finding of present study is that SST-
Cre:AC3"f mice produced anxiety- and depression-like behaviors after selective
disruption of AC3 in SST* interneurons, suggesting that reduction of AC3 expressed in
SST* interneurons may contribute to MDD. The data in this study is also confirmed
with our previous studies showing that disruption of AC3 gene globally,
conditionally, or targeted to forebrain caused depression-like behaviors in transgenic
mice™. We do not know why loss of AC3, which is expressed in the primary cilia of
CNS neurons, caused depression in mice. However, ablation of type III adenylyl
cyclase in mice causes reduced neuronal activity and altered sleep patternst™. This
suggests the interesting possibility that the depression-like behavior seen with AC3/-
mice might be caused by a chronically decreased SST* neuronal excitability,
subsequently impairment of GABAergic inhibitory synaptic input from SST*
interneurons to pyramid cells, which is consistent with the GABAergic deficit
hypothesis of MDD.

CONCLUSION

In summary, primary cilia in SST* interneurons may sense extracellular signals
through non-synaptic transmission and transduce it into the neurons. Then the cellular
signals may regulate by AC3 in primary cilia and effect on the activity of SST*
interneurons. The changes in SST* interneurons may further affect the downstream
neurons and modulate anxiety- and depression-like behaviors in mice.

ARTICLE HIGHLIGHTS

Research background
Major depressive disorder (MDD) is a highly disabling and phenotypically
heterogeneous psychiatric syndrome that is among the leading contributors to social
and economic burden.

Research motivation

Studies from patients and animal models suggest a key role for functional imbalances
between the excitatory and inhibitory neurotransmitters in the central nervous system.
Somatostatin-positive (SST*) and parvalbumin-positive (PV*) neurons are two major
GABAergic interneurons and play roles in excitation/inhibition balance. Type 3
adenylyl cyclase (AC3) has been reported as a top-ranked gene in MDD and our
previous study indicated that AC3 globally knockout mice showed depression-like
behaviors. We hope to know whether AC3 in these two subtypes of interneurons
contributes to the pathophysiological process of depression.

Research objectives
To determine whether ablation of AC3 gene in different subtypes of GABAergic
interneurons of mice produces depression-like behaviors.

Research methods
Immunohistochemistry, genetic manipulations, and a series of behavior tests were
used in this study.

Research results
We found that selective disruption of AC3 in SST* but not PV* interneurons caused
anxiety- and depression-like behaviors.

Research conclusions
AC3 in SST* interneurons play a key role in the etiology of depression.

Research perspectives
The AC3-dependent molecular mechanisms in SST* interneuron underlying MDD will
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be further explored.
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