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Cellular/Molecular

Chronic Desipramine Reverses Deficits in Cell Activity,
Norepinephrine Innervation, and Anxiety-Depression
Phenotypes in Fluoxetine-Resistant cFlko Mice

Faranak Vahid-Ansari, Amin Zahrai, ““Mireille Daigle, and ““Paul R. Albert
Ottawa Hospital Research Institute (Neuroscience), University of Ottawa, Ottawa, Ontario K1H-8M5, Canada

Selective serotonin (5-HT) reuptake inhibitors are only 30% effective for remission in subjects with major depression, and the best
treatments for SSRI-resistant patients remain unclear. To model SSRI resistance, we used cFlko mice with conditional deletion of the
repressor Freud-1/CC2D1A in adult 5-HT neurons. Within weeks, this deletion leads to overexpression of 5-HT1A autoreceptors,
reduced serotonergic activity, and fluoxetine-resistant anxiety—depression phenotype. We hypothesized that desipramine (DES),
which targets norepinephrine (NE), may be effective in cFlko mice. The actions of chronic DES treatment on behavior, chronic
cellular activation, and NE projections were examined in both sexes of cFlko and WT mice. In contrast to fluoxetine, chronic
DES reversed the behavioral phenotypes in cFlko mice, while in WT littermates DES slightly increased anxiety and depression-
like behaviors. Deficits in FosB+ cell counts were seen in the entorhinal cortex, hippocampal CA2/3 layer, and BLA of cFlko
mice and were reversed by chronic DES treatment, especially in GABAergic neurons. In cFlko mice, widespread reductions were
seen in NE axons, varicosities, and especially 30-60% reductions in NE synaptic and triadic contacts, particularly to inhibitory
gephyrin-positive sites. DES treatment also reversed these reductions in NE innervation. These results indicate the dynamic plasticity
of the adult noradrenergic system within weeks of altering serotonergic function that can be normalized by DES treatment.
Accompanying these changes, DES but not fluoxetine reversed the behavioral alterations in cFlko mice, suggesting a key role for
noradrenergic plasticity in antidepressant response in this model of reduced serotonin activity.
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Reduced activity of the serotonin system is implicated in major depression. We have modeled this using cF1ko mice that over-
express the 5-HT1A receptor on serotonin neurons to inhibit them. These mice show depression-like behavior and do not
respond to serotonin reuptake inhibitor fluoxetine, so we hypothesized that they would respond to desipramine (DES), which
targets norepinephrine (NE) reuptake. DES not only reversed the behavioral phenotype but also restored NE innervation and
cellular activity that were reduced in these mice. We conclude that DES induces a novel mechanism of region-specific
noradrenergic reinnervation to restore NE activity and mediate behavioral recovery in cFlko mice. These studies suggest
that in this depression model with reduced serotonergic activity, antidepressant-induced neuroplasticity of NE projections
may mediate behavioral improvement.
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Introduction
Major depressive disorder (MDD) is a pervasive mental illness
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with the greatest global lifetime disability (WHO, 2017), yet it
remains poorly understood. MDD is thought to involve reduced
serotonin (5-HT) activity (Jans et al., 2007; Krishnan and Nestler,
2008; Warner-Schmidt, 2013; Booij et al., 2015), although the
clinical data supporting this remain unclear. Serotonin reuptake
inhibitors (SSRIs), which increase synaptic 5-HT, remain the
first-line treatment (Kennedy et al., 2016; Artigas et al., 2018).
However, SSRI treatment requires >4 weeks for clinical benefit,


https://orcid.org/0000-0003-1005-4750
https://orcid.org/0000-0002-1809-3554
mailto:palbert@uottawa.ca

2 « J. Neurosci., January 17, 2024 - 44(3):e1147232023

and 60% of patients who do not remit are sequentially switched
to other SSRIs or antidepressants targeting other monoamine
systems (Trivedi et al., 2006; Rush et al., 2009) such as desipra-
mine (DES), which primarily targets the norepinephrine (NE)
transporter (NET) (Dziedzicka-Wasylewska et al, 2006).
However, a rational treatment strategy is lacking, and repeated
treatment failures occur in 30% of patients, who are classified
as “treatment-resistant.”

Response to SSRIs is associated with desensitization of 5-HT1A
autoreceptors in rodent models of depression (Le Poul et al., 2000;
Riad et al, 2004, 2017; Rainer et al, 2012), as well as in
SSRI-treated MDD subjects (Gray et al., 2013). The 5-HT1A auto-
receptor is a major negative regulator of 5-HT activity and down-
regulation of the receptor correlates with enhanced 5-HT release
(Albert and Lemonde, 2004; Albert et al., 2011; Garcia-Garcia et
al., 2014), resilience to stress, and accelerated and augmented
response to SSRI treatment (Richardson-Jones et al., 2010). In
humans, the rs6295 5-HT1A promoter polymorphism leads to
increased transcription of the 5-HT1A gene in 5-HT cells
(Lemonde et al., 2003; Jacobsen et al., 2008) and has been associ-
ated with increased raphe 5-HTIA autoreceptor levels in
depressed subjects compared to controls (Parsey et al, 2006,
2010; Hesselgrave and Parsey, 2013), but reductions in cortical
5-HT1A postsynaptic receptors (Donaldson et al., 2016; Kautzky
et al, 2017). Postmortem studies of depressed suicide brains
have also shown increased levels of dorsal raphe (DR) 5-HT1A
autoreceptors compared to control brains (Stockmeier et al.,
1998; Boldrini et al., 2008). Together, these results suggest that
excessive inhibition of 5-HT activity by an increase in 5-HT1A
autoreceptors may contribute to resistance to SSRI treatment.

To address the role of 5-HT1A autoreceptors in antidepressant
response, we conditionally knocked out the 5-HT1A gene repressor
Freud-1/CC2D1A in 5-HT neurons of adult mice, generating cF1ko
mice (Vahid-Ansari et al., 2017). The cF1ko mice display increased
5-HT1A autoreceptor binding and function and reduced raphe
5-HT levels and activity resulting in an SSRI-resistant depression
and anxiety phenotype (Vahid-Ansari et al., 2017). We have used
these mice to address which antidepressants are effective when
genetic variation reduces the activity of the 5-HT system.

We hypothesized that antidepressants targeting non-5-HT
systems may improve behavior in the SSRI-resistant cFlko
mice (Vahid-Ansari et al., 2019). Thus, the cFlko mice were
treated with DES to increase the activity of the NE system
(Tremblay and Blier, 2006). We found that in contrast to SSRI
treatment, the cFlko mice responded to chronic DES treatment
in multiple validated anxiety and depression tests. To address the
NE-mediated mechanisms involved in DES response, we exam-
ined brain-wide changes in FosB+ cells as an index of chronic cel-
lular activity (Nestler, 2015). We also examined changes in NE
innervation by quantifying NET+ axonal volume and varicosity
number (Belmer et al., 2017; Zahrai et al., 2020). To visualize
NE synapses with glutamate or GABA neurons, we quantified
NET-synaptophysin pre-synapses located proximal (<0.6 pm)
to PSD95- or gephyrin-labeled postsynaptic densities, respec-
tively. We found reduced NE varicosity density and NE synapses
in the cFlko mice compared to WT mice, and DES treatment
reversed these deficits to WT levels. We propose that DES
induces a novel mechanism of region-specific NE reinnervation
to restore NE activity and mediate behavioral recovery in
SSRI-resistant cFlko mice. These studies suggest a rational
approach to the clinical treatment of SSRI resistance: in patients
with reduced 5-HT activity, antidepressants targeting other
monoamines may be effective (Blier and El Mansari, 2013).
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Material and Methods

Mouse models

The University of Ottawa Animal Care Committee, in accordance with the
Canadian Council on Animal Care, approved all animal protocols,
and both sexes of mice were used. Animals were maintained on a 12 h
light/dark cycle (7:00 A.M. to 7:00 P.M.) with ad libitum access to food
and water. The cFlko mice were generated by crossing CC2DIA
(Freud-1)™™ mice with TPH2-CreERT2 mice (stock#016584, C57BL/
6N background, Jackson Laboratory; Vahid-Ansari et al, 2017).
TPH2-CreERT2-Freud-1flx/flx (cF1ko) and TPH2-CreERT2-Freud-1 wt/
wt (WT) littermates were examined. As described previously, at 8-9 weeks
of age, CreERT2 was activated using three injections of tamoxifen [180 mg/
d (~3 mg/kg), i.p., Sigma #T5648] over 5 d, which induces a 50% increase in
5-HT1A receptor binding specifically in 90% of 5-HT cells (Vahid-Ansari et
al., 2017). Mice were treated with 160 mg/L DES (Sigma D3900) in drinking
water (Santarelli et al., 2003). Fluid consumption was not different between
water at 5.08+0.6 ml/d (n=21, 11 WT +10 cFlko) and DES at 5.36 +
02ml/d (n=19, 10 WT+9 cFlko) for a final DES concentration of
~20 mg/kg/d. Treatment was done for 3 weeks and during subsequent
behavior analyses.

Genotype analysis. At 3 weeks of age, ear punches were obtained
from all mice, and DNA was extracted using the REDExtract-N-Amp
Tissue PCR kit (Sigma). PCR was done using the following primers
(Table 1) and conditions: for CC2D1AM™™ 2.5 nf: 5-TAG AAA
CAC TTA CCC TCC ACA TTG-3'and cc2-3'sh: 5-TAG GAA GTG
CCC ACC CAG A-3. The PCR conditions were as follows: 94°C,
4 min; 15 cycles at 94°C, 30 s; 70°C, 30 s, —0.5°C/cycle; and 72°C, 30 s
and then 20 cycles at 94°C, 30's; 62°C, 30's; 72°C, 30 s; 72°C, 10 min;
and 10°C. This protocol results in 202 bp (WT) and 382 bp (cFlko)
products detected using a green dye master mix (New England Biolabs).

The following are the primers used for TPH2-CreERT2:
TPH2-11679: 5-GCT GAG AAA GAA AAT TAC ATC G-3,
CRE-12523: 5'-TGG CTT GCA GGT ACA GGA GG-3', OIMR8744:
5-CAA ATG TTG CTT GTC TGG TG-3/, and OIMR8745: 5-GTC
AGT CGA GTG CAC AGT TT-3'. The PCR conditions were as follows:
94°C, 1 min; 35 cycles at 94°C, 15 s; 57°C, 20 s; 72°C, 10 s; 72°C, 2 min;
and 10°C. This protocol results in 200 bp (WT) and 300 bp (transgenic)
products using easy Taq DNA polymerase (TransGen Biotech, Civic
Bioscience).

Behavioral tests

Behavioral tests were conducted following the timeline shown in
Figure 1. Mice were housed under normal light conditions, and tests
were performed beginning at 10:00 AM, after at least 1 h of habituation
to the testing room. Testing was performed under white light illumina-
tion except for the forced swim test (FST), which was performed under
red light. Throughout testing and behavioral analyses, the experimenter
was blind to the mouse genotype. In experimental groups, no differences
between male and female mice were observed in the tests; therefore, the
data were pooled.

Elevated plus maze test. The mice were placed in the center of an ele-
vated two-arm plus maze, measuring 20 x 6 x 75 cm® (Noldus) with one
arm open and the other closed, with overhead illumination (100-110
lux) and a camera. Mice were placed in the center of the maze and
explored the maze for 10 min. The mouse movements were tracked
and the time spent in closed and open arms was determined
(EthoVision XT 11.5, Noldus IT, RRID: SCR_000441).

Open field (OF) test. The mice were placed in a corner of the arena
(45x45x45 cm) and explored the new environment for a total of
10 min at light levels of 300 lux. Mouse movements were videotaped,
and the time spent on the outside of the center (24 x24 cm?) of the
OF arena was analyzed (EthoVision XT 11.5).

FST. Each mouse was placed into a clear plastic cylinder 22 cm in
diameter x 37 cm high and filled with water (24°C). The mouse
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Table 1. Materials for genotyping
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Reagent type Designation Source or reference Identifiers Additional information
Genetic reagent (Mus (C2D1A C. Manzini PMID: 26826102 Strain code: CRL:027; RRID:
musculus) IMSR_CRL:027
Genetic reagent (Mus TPH2-(reERT2 (Tg(Tph2-icre/ERT2)6Gloss/)) Jackson Lab MGI: 5049908 Stock #: 016584; RRID:
musculus) PMID:19936315 IMSR_JAX:016584
Commercial assay or kit Extraction solution * Millipore Sigma (atalogue #: E7526—24 ml * REDExtract-N-Amp Tissue
PCR kit
Commercial assay or kit Tissue preparation solution * Millipore Sigma (atalog #13073—30 ml * REDExtract-N-Amp Tissue
PCR kit
Commercial assay or kit neutralization solution * Millipore Sigma (atalog #N3910—24 ml * REDExtract-N-Amp Tissue
PCR kit

Sequence-based reagent  CC2D1A primer, cc2-5'NF 5'-TAG AAA CAC TTA CCC TCC

ACA TTG-3

Sequence-based reagent  CC2D1A primer, c2-3’ sh. 5'-TAG GAA GTG CCC ACC
CAG A3

Sequence-based reagent  TPH2-CreERT2 primer, TPH2-11679 5'-GCT GAG AAA
GAA AAT TAC ATC G-3

Sequence-based reagent  TPH2-CreERT2 primer, CRE-125235'-TGG CTT GCA GGT
ACA GGA GG-3'

Sequence-based reagent  TPH2-CreERT2 primer, OIMR8744 5'-CAA ATG TTG CTT

GTC TGG TG-3

Sequence-based reagent  TPH2-CreERT2 primer, OIMR8745 5'-GTC AGT (GA GTG
CAC AGT TT-3

Other Taq PCR master mix (green dye)

Other Easy Tag DNA polymerase

New England Biolabs
TransGen Biotech (Civic

PMID: 26826102

PMID: 26826102

PMID: 29636529

PMID: 29636529

PMID: 29636529

PMID: 29636529

(atalog #M04896L
(atalog #AP111

Bioscience)

movement was videotaped to measure the duration of immobility time
for 6 min under red light illumination using an automated video tracking
software from Med Associates (EthoVision XT 11.5).

Tail suspension (TS) test. The tail of the mouse was securely taped to a
vertical bar, and the mouse was suspended for 6 min in TS boxes (Med
Associates). An automated detection device (ENV-505TS Load Cell
Amplifier) was used to determine immobility time through Med
Associates software (EthoVision XT 11.5).

Novelty-suppressed feeding test. Animals were food-deprived for 16 h.
After a brief habituation in a new cage, animals were individually placed in
an arena (45 x 45 x 45 cm; 300 lux) with a food pellet placed in the center.
The latency of the mouse to attempt eating food was recorded manually
within 10 min. The mice were placed in their home cage, and the latency
to approach the food and the amount of food consumed in 5 min were
measured.

Immunofluorescence

FosB-, CamKlIla-, GAD67-, VGLuTI- or VGLuT3-, and TH-positive
neuronal cells. Tissues were collected 24 h after the last behavioral test
to reduce acute activation due to the last test and were compared to con-
trols under the same conditions. Mice were anesthetized by lethal injec-
tion (0.01 ml/g, ip.) of sodium pentobarbital (Somnitol; MTC
Pharmaceuticals) and perfused by cardiac infusion of 30 ml PBS and
then 25 ml 4% paraformaldehyde. Whole brains were isolated, cryopro-
tected overnight in 20% sucrose, and frozen at —80°C. Coronal brain
slices (25 um) were prepared using the coordinates summarized in
Table 2 (Paxinos and Franklin, 2001). Slices were thaw-mounted on
Superfrost slides (Thermo Fisher Scientific) and kept at —80°C. The sec-
tions were washed in PBS (3 x 10 min), blocked 1 h in PBS with 1% BSA,
10% NDS, and 0.1% Triton X-100, and incubated overnight at 4°C with
primary antibodies (Table 3). The sections were then washed in PBS (3 x
10 min) and incubated for 1h in the mixture of related secondary
antibodies (Table 3) and 4',6-diamido-2-phenylindole (DAPI, Thermo
Fisher Scientific #D1406, RRID AB_2629482, 1:10,000) at 22°C.
During analysis, a coding system was used so that the counter was blind
to the treatment.

FosB immunofluorescence. To quantify FosB+ cell number, images of
different brain areas (Table 2) were acquired with the AxioVision imaging
software on a Zeiss Axio Observer D1 microscope (1 =4/group). The num-
ber of cells co-stained for FosB and DAPI (nuclear FosB when colocalized)
was counted on images taken under 20x magnification of 25 pum slices.
FosB+ staining colocalized with GAD67 or CaMKIla was counted as
FosB/GAD67+ or FosB/CaMKIla+ for forebrain cells. FosB+ cells were
quantified per area/section, and the mean values were then averaged. For
DR, FosB/VGIuT3+ and FosB/GAD67+ cells were quantified. For locus
coeruleus (LC), FosB/TH+, FosB/VGIuT1+, and FosB/GAD67+ cells
were quantified. Positively stained cells were manually counted within a
standardized template (134.95 x 134.95 um) using Image]J 1.48 version soft-
ware (RRID: SCR_003070).

NET immunofluorescence. To quantify NE innervation, immu-
nofluorescence was done for NET at dilution indicated in Table 3.
Sections (25 pm) were incubated at 22°C for 1 h in blocking solution
(4% normal goat serum, 1% BSA, 0.3% Triton X-100%, and 0.05%
Tween20 in PBS) and then with rabbit anti-NET and mouse
anti-PSD95 diluted in blocking solution for 24 h at 4°C. The sections
were then washed with blocking solution (3 x 10 min) and incubated
in goat anti-rabbit Alexa488 and goat anti-mouse Cy5 diluted in block-
ing solution (4 h, 22°C). The sections were then washed in blocking
solution and PBS (3 x 10 min each), incubated in a mixture of normal
rabbit (10%) and mouse (5%) sera in blocking solution for 1 h at 22°C,
and finally washed with blocking solution (3 x 10 min). The sections
were then incubated in goat anti-mouse and goat anti-rabbit monova-
lent F(ab) antibody fragments diluted in PBS and agitated for 1 h at 22°
C. Monovalent antibody F(ab) fragments were used to block exposed
immunoglobulins on the sections stained for triad formations with
multiple primary antibodies from the same species (Belmer et al,
2017). The sections were then washed in blocking solution (3 x 10 min);
stained with a mixture of mouse anti-synaptophysin and rabbit anti-
gephyrin, which was diluted in blocking solution (24 h, 4°C); and washed
in blocking solution (3 x 10 min). The sections were then incubated in
a mixture of goat anti-mouse Alexa405 and goat anti-rabbit Alexa555
(1/1,000) diluted in a blocking solution (4 h, 22°C). The sections were
then washed in blocking solution and PBS (3 x 10 min each) and imaged
as described below.
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Table 2. Coordinates relative to bregma of areas assessed by immunofluorescence
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Brain area @G PL IL NAc LSN (A1

CA2/3 DG

DR

LC

Bregma (mm) 17 17 17 1.1 0.5 =17 =17 =17

—4.72

=54

(G, cingulate cortex; PL, prelimbic; IL, infralimbic; NAc, nucleus accumbens; LSN, lateral septal nucleus; CA1, CA2/3, hippocampal regions; DG, dentate gyrus; DR, dorsal raphe; EC, entorhinal cortex; LC, locus coeruleus.

Table 3. Primary/secondary antibodies used for immunofluorescence staining

Host Dilution Company (atalog # RRID
Primary antibody
(aMKlla G 1/250 Thermo Fisher Scientific PA5-19128 AB_10986857
FosB R 1/500 Santa Cruz Biotechnology sc-48 AB_631515
FosB M 1/500 Abcam ab11959 AB_298732
GAD 67 M 1/500 Millipore Sigma MAB5406 AB_2278725
Gephyrin R 1/1000 Abcam ab32206 AB_2112628
NET R 1/300 Synaptic Systems 260,003 (SY) AB_2619974
PSD95 M 1/1000 Abcam ab2723 AB_303248
Synaptophysin M 1/500 Millipore Sigma MAB5258 AB_95185
TH R 1/1000 Millipore Sigma AB152 AB_390204
VGLuT1 GP 1/100 Millipore Sigma AB5905 AB_2301751
VGLUT3 GP 1/100 Millipore Sigma AB5421-I AB_2819014
Secondary antibody
Anti-rabbit 488 G 1/1000 Thermo Fisher Scientific A11034 AB_2576217
Anti-mouse 405 G 1/100 Thermo Fisher Scientific A-31553 AB_221604
Anti-mouse Cy5 G 1/1000 Abcam AB6563 AB_955068
Anti-rabbit 555 G 1/1000 Thermo Fisher Scientific A-21428 AB_2535849
Anti-guinea pig cy5 D 1/250 Jackson ImmunoResearch Laboratories 706-175-148 AB_2340462
Anti-mouse ¢y3 D 1/250 Jackson ImmunoResearch Laboratories 715-165-150 AB_2340813
Anti-rabbit 488 D 1/1000 Thermo Fisher Scientific A-21206 AB_2535792
Anti-guinea pig 594 G 1/200 Thermo Fisher Scientific A-11076 AB_2534120
Anti-rabbit 594 G 1/200 Abcam A-11037 AB_2534095
Monovalent F(ab) (anti-rabbit) G 1/100 Jackson ImmunoResearch Laboratories 115-007-003 AB_2338476
Monovalent F(ab) (anti-mouse) G 1/100 Jackson ImmunoResearch Laboratories 111-007-003 AB_2337925

Imaging for triadic synapses with NET-positive axons. Images (1,024
x 1,024 pixels) were acquired using confocal laser scanning on a Zeiss
LSM880 AxioObserver Z1 microscope with a Zeiss AxioObserverZ1
mot inverted stand fitted on an IX83 automated inverted platform
with a Plan Apochromat oil-immersed 63x objective lens (1.4 NA)
and solid-state lasers (405, 488, 561, and 639 nm) at an exposure of
0.42 us/pixel and z spacing of 0.3 um. The region of interest template
size (um) was 134.95x134.95x15.6 (n=4/group). Channels were
sequentially scanned to avoid any overlap in excitation/emission wave-
lengths (405/639 and 488/561 nm). Images were taken using the
ZenBlack 2.3 software. This led to a pixel size of 0.13 um and a resolution
limit of 145 um according to Abbe’s law (Wang and Smith, 2012). The
channels were mostly imaged sequentially using the adjustable emission
band path to avoid any bleeding through. First, the Alexa 555 was excited
by the laser diode 561 nm, and the emission band path was set at 569-
657 nm. Alexa 488 nm was visualized using the Argon laser, 480 nm
line, and emission band path: 493-604 nm. Alexa 405 and Alexa 647
were then imaged simultaneously, with the HeNe 633 nm laser and
the diode 405 nm laser combined with the emission band path set at
410-501 nm and 638-745 nm, respectively. To compensate for light
scattering and the point spread function (PSF), acquired images
were deconvolved using AutoQuant X3.1 software with 10 iterations,
high noise level, adaptive PSF, theoretical PSF, and a refractive index
value for the objective lens’ immersion medium of 1.515. A correction
for the distance from the coverslip was also applied where the length of
the unblurry region of the Y-Z plane was measured (4-8 um) and
entered for three-dimensional deconvolution. To maintain the x/y/z
voxel size, each deconvolved image was saved as an Imaris file
(Bitplane IMS 5 file).

Image analysis using Imaris x64 9.1.2 for synaptic triad formations.
Analysis with Imaris was done as previously described (Schatzle et al.,
2012; Fogarty et al., 2013; Klenowski et al., 2015). NET immune-labeled

fibers were reconstructed in 3D with Imaris’ surface rendering function,
and axonal volume density was calculated. Imaris’ masking function was
then used to remove intra-fiber labeling and conserve the fluorescently
tagged synaptophysin, gephyrin, and PSD95 located outside of the
NET surfaces made previously (Syn®", Geph®", and PSD95°", respec-
tively). This was then used to mark putative inhibitory (gephyrin) and
excitatory (PSD95) neurochemical synapses. Also, removing synapto-
physin’s fluorescence signal outside of the created NET surfaces ensured
that only synaptophysin within the NET+ fibers was being identified, and
putative noradrenergic synaptic boutons (SYN™*) were then quan-
tified. Imaris’s spot detection tool was then applied to each of the con-
structed masks with noradrenergic boutons marked as SynNET+,
inhibitory synapses as Syn™“'*/Geph®™, and excitatory synapses as
Syn™ET*/PSD95°" for detection of spots within a diameter of 0.6 um.
This size was selected based on the Z step-size to ensure that spots
were present in a minimum of two confocal optical slices and that spots
are present in 3D space and are not just artifacts from Imaris, as previ-
ously described (Fogarty et al., 2013; Klenowski et al., 2015). Imaris’s
spot colocalization tool was then used to label either Syn™*"*/Geph°™
or Syn"™ET*/PSD95°™ spot pairs, within 0.6 um between spots within a
pair, to identify pairs of putative inhibitory or excitatory synapses,
respectively. Syn°* boutons that were located within 0.6 ym of Syn™**
*/Geph®™ (putative inhibitory synapse) or Syn“F™* /PSD95°*" (putative
excitatory synapse) spots pairs were also labeled as adrenergic inhibitory
and excitatory triads, respectively (Belmer et al., 2017). NET+ fibers were
reconstructed using Imaris’s filament tool, with the filament diameter
being 0.5-0.6 pm, and the axonal volumes were determined using surface
reconstruction of the axons. A minimal ratio of branch length to trunk
radius of 1.5-2.5 to reduce the background signal, with further filter pro-
cessing was done to remove artificial fibers. The length and volume of
NET+ axons were then determined. The number of NET+ varicosities
was also determined using the spot detection tool in Imaris, with spots
of varying sizes fitted into corresponding varicosities.
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Statistical analysis

The data were plotted and analyzed using the Statistical Package for the
Social Sciences (GraphPad Prism version 9.4.1 for Windows, GraphPad
Software; www.graphpad.com, RRID: SCR_002798). Data are expressed
as mean + SEM. Since no sex difference was seen, data from both sexes
were pooled. Images from four mice were averaged for each brain region.
Two-way ANOVA was performed for comparing WT, cFlko, WT + DES,
and cFlko + DES groups, with significance being set at p < 0.05. Post hoc
comparisons were also made with Tukey’s multiple comparison test.

Results

Chronic DES treatment restores behavioral phenotypes

in cFlko mice

The effect of chronic treatment with DES on behavior was
examined, comparing both sexes of cFlko mice and WT (WT)
littermates. The mice received tamoxifen injections at 8 weeks
of age (Fig. 1A), initiating CreERT2-mediated knockout of the
Freud-1 gene in 5-HT neurons, shown to induce 5-HT1A auto-
receptor expression and reduce 5-HT activity (Vahid-Ansari et
al., 2017). Treatment with DES (20 mg/kg in drinking water)
or vehicle (V) was started at 11 weeks and continued throughout
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behavioral testing. In the elevated plus maze (EPM) test, a sign-
ificant treatment x genotype effect was seen, with cF1ko spending
50% less time in the open arms than WT mice with no difference
in closed arm time (Fig. 1B). No differences in total distance trav-
eled were seen (data not shown) indicating that change in open
arm time was not due to altered locomotor activity, consistent
with anxiety-like behavior. In the OF test, cF1ko mice spent sign-
ificantly less time (about 50%) in the center of the arena (Fig. 1C).
Thus, the cFlko mice showed consistent anxiety-like behavior.
Depression-like behavior was also detected in the cFlko versus
WT mice, with increased immobility in FST (Fig. 1D) and TS
tests (Fig. 1E). Similarly, in the novelty-suppressed feeding
(NSE) test, the cFlko mice displayed significantly greater latency
to feed compared to WT mice, whereas no difference was
observed in feeding latency (Fig. 1F) or food consumption
(data not shown) in the home cage, again consistent with an
anxiety-like phenotype. These data indicate that the knockout
of Freud-1 in 5-HT neurons during adulthood in the cFlko
mice is sufficient to induce both anxiety- and depression-like
phenotypes (Vahid-Ansari et al., 2017).
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Figure 1. Chronic DES treatment reverses anxiety- and depression-like behaviors in cF1ko mice. WT or cF1ko mice were treated with DES, 20 mg/kg, per oral or vehicle (V) for 3 weeks and

throughout the behavioral assays (4, timeline). Data from male (filled dots) and female (open dots) mice are shown and plotted as mean + SEM. B, C, Anxiety phenotype: chronic DES
reduced anxiety in cF1ko mice. B, EPM, significant changes in time spent in open arms in EPM test (two-way ANOVA treatment X genotype interaction, F(; 35 = 21.63; p < 0.0001). Data
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NSF, the left panel shows latency to approach food in the novel arena (two-way ANOVA treatment x genotype interaction, Fq 3¢ = 17.08; p = 0.0002). *p < 0.05 versus WT-V; *p < 0.01
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ANOVA F; 36 = 0.2539, p=0.6174. Data represent results from individual animals with mean = SEM; n = 9-11/group.
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A significant effect of chronic DES compared to vehicle treat-
ment was also seen but differed between WT and cFlko mice.
Unexpectedly, in the EPM test, chronic DES treatment in WT
mice reduced open arm time but had no significance in the OF
test compared to vehicle (Fig. 1B,C). Kaplan-Meier analysis of
NSF data also showed an increased latency to feed in
DES-treated WT mice (Fig. 1F), indicating a test-dependent
anxiogenic action of DES in WT mice. In WT mice, DES also
significantly increased immobility in FST, with a trend in TS
(Fig. 1D,E), suggesting a partial pro-depressive action.
Conversely, in cFlko mice, DES significantly increased open
arm time in EPM, reduced latency to feed in the NSF test, and
increased time in the center in the OF, reversing the anxiety-like
phenotype of cFlko mice to levels seen in vehicle-treated WT
mice (Fig. 1B,C,F). Compared to vehicle, chronic DES treatment

Vahid-Ansari et al. ® Norepinephrine Reinnervation for Behavior Recovery

(Fig. 1D,E). These results indicate that, while SSRI was ineffective
(Vahid-Ansari et al.,, 2017), chronic DES treatment reverses the
anxiety- and depression-like phenotypes seen in the cF1ko mice.

Chronic DES treatment induces recovery of cellular FosB
levels in cF1ko mice

To address brain activity changes that might underlie the
observed behavioral changes, brain sections of corticolimbic
areas and midbrain raphe and LC (Fig. 2A) were obtained after
behavioral tests, immunostained for FosB as a marker of chronic
cellular activation (Nestler, 2015; Vialou et al., 2015), and the
number of FosB-labeled cells was quantified. It should be noted
that both acute- and chronic-expressed forms of FosB are
detected and could reflect in part experience-dependent changes.
Regions examined included 5-HT projection areas with detect-

able FosB-labeled cells counted at coordinates described in
Materials and Methods. Based on different behavioral actions

also significantly reduced the immobility duration of cF1ko mice
in the FST and TST to levels seen in vehicle-treated WT mice
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compared to saline (vehicle)-treated WT (*); veh-treated cF1ko (#); or between DES-treated WT and cF1ko (/); p < 0.05 (one symbol), 0.01 (two symbols), 0.001 (three symbols), 0.0001 (four
symbols). D, Representative images of FosB, GAD67, and CaMKlla staining in BLA showing reduced FosB/GAD67 (merge, yellow) and FosB/CaMKlla (merge, white) colocalization in the template
(boxed) of cF1ko versus WT mice, with recovery upon DES treatment. 2D images taken on inverted epifluorescent Z1 microscope (10x above, 20 below); scale bar, 50 and 20 pm. E,
Representative images of FosB (yellow) and TH (green) staining in LC from WT and cF1ko mice. At the left is the quantification of TH and Fos/TH positive cell number. Data represent quantification
of samples from individual animals as mean + SEM; n= 3/group, analyzed by unpaired two-tailed ¢ test (t =7.028, df=4), **p < 0.01 versus WT.
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of DES in WT and cFlko mice in some tests, we hypothesized
that there would be genotype x treatment interactions on FosB
expression in some brain areas, and this was the case (Fig. 2, leg-
end). In other regions, similar actions of DES on FosB were
observed in WT and cFlko mice, consistent with the behavioral
improvement seen in both genotypes.

Comparing total FosB+ cell counts in cFlko to WT, wide-
spread reductions were observed, most strongly in the lateral sep-
tal nucleus (LSN), hippocampal CA2/3, and entorhinal cortex
(EC) (Fig. 2A). Chronic treatment with DES restored FosB+
cell counts in cF1ko mice to or above WT levels in hippocampus
CA2/3 and EC. In LC, DES treatment increased the number of
FosB+ cells in WT but not cFlko mice. Oppositely, in LSN
DES increased FosB+ cells in WT mice but had no effect in
cFlko mice, indicating a differential response to DES in cFlko
versus WT mice. Overall, these results show that DES treatment
in cF1ko mice was effective in restoring normal total FosB activ-
ity in corticolimbic regions most impaired compared to WT
mice, especially hippocampal CA2/3 and EC.

A. NET immunostaining-BLA
WT

cF1ko
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To identify the cell types activated, co-immunostaining for
FosB with neuronal markers for glutamate/pyramidal cells
(CaMKIla, vGlutl or vGlut3, Fig. 2B) or y-aminobutyric acid
(GABA) interneurons (GAD67, Fig. 2C) was quantified in brains
from mice treated with vehicle or DES. Figure 2D shows a repre-
sentative image of co-staining for FosB and CaMKIIa or GAD67
in the BLA. In the LC, TH staining was used to identify NE neu-
rons (Fig. 2E). Comparing cFlko to WT brains, in the BLA of
cFlko mice, the number of FosB+ CaMKIla and GAD67 cells
was similar to that in WT. In the LSN, EC, and partly CA2/3,
the decrease in FosB in cFlko versus WT mice was mainly in
FosB/GADG67+ cells, suggesting a reduction in GABAergic activ-
ity in the EC-CA2/3 circuitry in cFlko mice. In the DR, FosB/
vGlut3+ cells were increased with no change in FosB/GAD67+
cells suggesting that the reduction in total FosB in DR may reflect
reduced FosB/TPH+ cells due to increased 5-HT1A autoreceptor
expression (Vahid-Ansari et al., 2017). In the LC, a decrease in
FosB/GAD67+ as well as in FosB/TH+ cells was seen (Fig. 2E,F),
with no change in FosB/vGlutl+ cells. Thus, in cFlko versus
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Figure 3.

NET+ axonal volume changes in vehicle or DES-treated WT and cFTko. Immunofluorescence for NET was done on brain sections from WT or cF1ko mice treated with DES or vehicle

(V) obtained after behavioral testing (timeline, Fig. 14). A, Chronic DES reverses the reduction in NE axonal volume in BLA of cF1ko. 2D images taken on an inverted epifluorescent Z1 microscope
(20x) scale bar, 20 pm of NET-stained sections of the BLA in different conditions at 20x magpnification. Scale bar, 20 pm. B, Quantification of NET+ axonal volume normalized to tissue volume.
The density of NET+ axons was significantly reduced in BLA and DR of cF1ko versus WT and was partially rescued by DES treatment, while DES increased NET+ axons in CA1 and LC of WT but not
cF1ko mice. Data were analyzed by two-way ANOVA: (G = cingulate cortex, F; 1 = 3.280, p = 0.0952; *PL = prelimbic, F(; 1,y = 7.485, p = 0.0181; *IL = infralimbic, F; 15 = 5.948, p = 0.0312;
NAc = nucleus accumbens, F; 12 = 0.03386, p =0.8571; LSN = lateral septum, f( 5= 1.173, p=0.3001; *BLA = basolateral amygdala, F(; 12 = 6.895, p = 0.0221; hippocampal regions—
(A1, Fy12= 4084, p=0.0662, and; CA2/3, Fiy 13 = 1122, p = 0.3103; DG, Fyy,13 = 0.3423, p = 0.5693; EC = entorhinal, F; 1 = 1.356, p = 0.2669; **DR = dorsal raphe, F1 15 =13.89, p =
0.0029; **LC = locus coeruleus, F(; 1= 18.09, p = 0.0011. Data points (red circles) represent individual animals and shown are mean = SEM; n = 4/group, *p < 0.05, **p < 0.01 by Tukey's post

hoc test, as indicated.
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WT mice, reduced GABAergic activity in the LC and
EC-hippocampal circuitry, as well as in LSN, was seen. By contrast,
FosB+ excitatory cells were not significantly altered in these areas
in cF1ko versus WT mice.

The actions of chronic DES treatment on FosB+ cell types
were examined in WT and cFlko mice (Fig. 2). Strikingly, in
the mPFC [cingulate cortex (CG), IL, PL] of cFlko mice, DES
strongly increased FosB in CaMKIla+ cells with little or no
effect in GABAergic cells, while in WT mice both were strongly
increased. This indicates an overall activation of the mPFC by
DES in cFlko mice. In addition, in cFlko but not WT mice,
DES strongly induced excitatory (hippocampal CA2/3, BLA)
and inhibitory neurons (CA2/3, DG, BLA), restoring their activ-
ity to or above WT levels. In several regions (LSN, CA1, DG, EC),
FosB+ excitatory cells were not significantly altered by DES treat-
ment in cF1ko or WT mice, which reduced FosB+ inhibitory cells
in LSN (WT only) and EC. In the DR, DES-induced increase in
FosB/vGlut3+ cells was blunted in cFlko compared to WT mice,
consistent with 5-HT1A-induced inhibition of vGlut3 neurons in
these mice (Vahid-Ansari et al., 2017). By contrast, DES-induced
FosB/vGlutl+ cells were equally in the LC of both WT and cFlko
mice; however, the activation of interneurons in the LC was
blunted in the cFlko mice. In summary, the adverse actions of
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Figure 4.
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DES treatment on behavior in WT compared to cFlko mice
were associated with activation of inhibitory and CaMKIIa+ neu-
rons in the mPFC and LC and with inhibition of interneurons in
hippocampal CA2/3, LSN, and BLA. Conversely, the behavioral
recovery induced by DES in cFlko mice was associated with
strong activation of inhibitory and excitatory neurons in hippo-
campal CA2/3 and BLA. The results in cFlko mice and their
reversal by DES treatment suggest a role for altered NE input
in DES action.

Altered NE projections in cFlko mice and rescue by DES
treatment

We have previously shown that 5-HT and NE projections are
altered in a mouse model of poststroke depression (Zahrai et
al., 2020). To address whether NE projections are affected in
cFlko mice, NET immunofluorescence was used to detect NE
axons and varicosities, as shown for BLA (Fig. 3A). The volume
of NET+ processes and the density of NET+ varicosities were
measured in a defined volume as we previously described
(Zahrai et al., 2020). Only the DR and BLA showed a baseline
alteration in NET+ axonal volume in cFlko versus WT mice,
with small but significant reductions that were reversed by
chronic treatment with DES. Interestingly, there was a trend of
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increased axonal volume in cFlko LC of twofold that was
reduced by chronic DES, while in WT-DES significantly
increased NET+ axonal density by twofold. Thus, the LC showed
the highest density of NET+ axons and the largest fold changes in
cFlko or in response to DES treatment, while in most other
regions, minimal or no changes were seen.

In addition to NE axons, NE varicosity density was visualized
as presented in Figure 4A for BLA and quantified. In contrast to
NE axonal density, much more widespread changes were seen in
NET+ varicosity density in cFlko versus WT mice (Fig. 4B). In
cF1ko compared to WT mice, NET'+ varicosity density was sign-
ificantly reduced in NAc, BLA, and EC (by 10-15%) and weakly
in PL (5%). These changes were reversed by chronic DES treat-
ment, with induction above WT levels in PL and DG of cFlko
mice. In contrast, DES had little or no effect on NET+ varicosities
in most regions of WT mice. Oppositely, in the LC of cF1ko but
not WT mice, DES reduced varicosity density by 50%, consistent
with the trend of reduced LC axonal volume (Fig. 3). The
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Figure 5.
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reduction in LC varicosities may represent a compensatory adap-
tation of NE cells in cFlko mice to DES blockade of reuptake of
synaptic NE, possibly involving plasticity of pre-synaptic
a,-adrenergic autoreceptor signaling (Wagner-Altendorf et al.,
2019). Taken together, these results suggest that suppression of
5-HT activity in cFlko mice induces brain region-dependent
deficits in NET+ axons and varicosities that can be partially or
completely reversed by DES treatment.

Altered NE synapses and synaptic triads in cF1ko mice and
rescue by DES

To specifically examine changes in NE synapses to inhibitory and
excitatory synaptic sites, NET-synaptophysin co-immunofluores-
cence was used to label NE pre-synaptic sites (NET/Syn in), while
proximal (<0.6 um) PSD95+ or gephyrin+ postsynaptic sites
(NET/Syn out) were quantified to assess NE synapses with inhibi-
tory or excitatory synaptic sites, respectively. Figure 5, A and B,
shows the representative images of reconstructed NET contacts
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Chronic DES selectively reverses reductions of NET+ axonal synapse contacts in cF1ko. A, B, Representative reconstructed 63 confocal images of nucleus accumbens (NAc) from WT

mice are shown co-stained for NET (green), synaptophysin (blue), and gephyrin (red) or PSD95 (purple) to visualize NE synapses with inhibitory and excitatory synapses (within 0.6 ym) (white
boxes), respectively, distinct from non-NE synapses. Synaptophysin, gephyrin, and PSD95 houtons were reconstructed using Imaris software. Scale bar, 8 ym. NE synapses to excitatory and
inhibitory synapses were quantified in brain regions of WT and cF1ko mice with DES or vehicle (V) treatment. For quantification of NE synapses to inhibitory synapses, sections were co-stained for
NET, synaptophysin, and gephyrin; NET-synaptophysin+ boutons within 0.6 pm of gephyrin+ puncta were quantified and normalized to tissue volume. For quantification of NE synapses to
excitatory synapses, sections were co-stained for NET, synaptophysin, and PSD95: NET-synaptophysin+ boutons within 0.6 pm of PSD95+ puncta were quantified and normalized to tissue
volume. Data were analyzed by region using a two-way ANOVA. A-NET/syn/geph: (G, F(; 15 = 2.567, p=0.1351; PL, ****F; 15 =44.47, p < 0.0001; IL, ****F; 1= 52.13, p < 0.0001;
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=190.9, p <0.0001; LC, ***F15=50.22, p < 0.0001. Data of individual mice are shown as red dots in bars, which represent mean + SEM (n = 4), *p < 0.05, *p < 0.01, **p < 0.001,

*%p < 0.0001 (Tukey's post hoc test).
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Table 4. Summary of NET+ contacts with synaptic sites

WT-veh vs cF1-veh vs

Regions WT-DES cF1-veh cF1-DES cF1-DES
NET+ contacts to inhibitory synapses

(G —50% **** —20% ** +25% *

PL —30% *** —30% **** —15% * +20% *

IL —30% *** +40%****

LSN —40%* —50%** +75% ***

(A1 —30% **** —60% **** —30% **** +25% **

CA2/3 —500 **** —50% **** —30% *** +25% *

DG —30% ** —50% **** +60% ****

BLA —60% **** —50% *** +30% **

LC +30% **** —60% **** +60% ****
NET-+ contacts to excitatory synapses

(G —70% **** —50% *** —50% ***

PL —30% ** +30% ***

IL —40% **** —30% **

NAc —50% * +50% *** +50% ***

LSN —40% *** —40% ** +50% **** +70% ****

(A1 —40% *** —40% *** +40% ***

CA2/3 —30% **

DG —50% *** —50% *** +30% * +60% ****

BLA —60% **** —65% **** —60% **** +20% *

LC —30% * +30% ** +40% ****

Data from Fig. 5 are tabulated as % of vehicle-treated wild-type (WT-veh) or vehicle-treated cF1ko mouse brains
(cF1-veh) versus DES-treated WT (WT-DES) or cF1ko (cF1-DES). Plus (+) and minus (—) signs denote relative
increase or decrease, respectively; regions with less than 5% or nonsignificant changes are blank. See Fig. 5 for
abbreviations and statistics; *p < 0.05, **p < 0.01, ***p < 0,001, ****p < 0.0001.

to inhibitory and excitatory synapses in NAc of WT mice. In
cFlko mice, several regions including mPFC (CG, PL, IL),
LSN, hippocampus (CA1l, CA2/3, DG), BLA, and LC showed
strong reductions (30-60%) in the density of NET+ contacts
with both inhibitory and excitatory synaptic sites (Table 4).
The reductions in NET+ contacts with inhibitory synapses in
cFlko brains were completely or partially reversed by DES treat-
ment. At excitatory synapses, DES reversed or increased NET+
contacts only in PL, NAc, LSN, CAl, DG, and weakly in BLA.
On the other hand, in WT mice, DES reduced by 30-60% the
density of inhibitory contacts in mPFC (PL), hippocampus
(CA1, CA2/3,and DG), LSN, and BLA (Table 4). Excitatory con-
tacts in DES-treated WT brains were strongly reduced by 40-
70% in some of the same regions including mPFC (CG and
IL), hippocampal CAl and DG, NAc, LSN, and BLA. In the
LC, cFlko mice showed a 60% reduction in inhibitory sites
with no change in excitatory sites, and DES restored inhibitory
sites and increased excitatory sites, while in WT mice, DES
increased inhibitory sites and reduced excitatory sites. These
results indicate a strong effect of altered 5-HT activity in the
cFlko mice on the synaptic organization of the NE system
with an overall reduction in NE synaptic input throughout the
brain. Importantly DES treatment largely reversed this deficiency
in cFlko mice, more effectively at inhibitory sites.

We also quantified NET+ synaptic triads, in which NET
+/synaptophysin staining is proximal to gephyrin+ inhibitory
synapse (either the pre- or postsynaptic side) or to a PSD95+
excitatory synapse (Figs. 6, 7). Figure 6A presents a reconstructed
image (see Materials and Methods) of synaptophysin within and
outside of a NET+ axon outline (Syn in or Syn out) in the CG of
WT mice. A pre-synaptic contact with either inhibitory (Syn in/
gephyrin) or excitatory (Syn in/PSD95) synapse is shown, where
Syn out is located within 0.6 pm of gephyrin or PSD95 and NET+
Syn in. In cFlko mice, inhibitory triads were greatly reduced
(30-50%) in NAc, DG (pre-synaptic only), and BLA and slightly
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(5-10%) reduced in CA1, CA2/3, and LC (Table 5). DES treatment
in cF1ko mice completely reversed reductions in inhibitory triads
in all affected regions except CAl and LC. Oppositely in WT
mice DES significantly decreased pre-synaptic inhibitory triads in
CAl and LC and postsynaptic triads in NAc, DG, and LC
(Fig. 6B,C). For excitatory triads (Fig. 7A) in cFlko versus WT
mice, a reduction in pre-synaptic triads (30%, Table 5) was seen
in CA2/3 and NAg, with a slight reduction in LC (Fig. 7B). DES
treatment restored these changes and increased triads in DG and
DR. For postsynaptic excitatory triads, in cFlko mice moderate
reductions (10-20%) were seen in mPFC (PL, IL) and NAc
(Fig. 7C, Table 5). DES treatment reversed these changes in
cF1ko mice. Oppositely, in WT mice, DES treatment reduced excit-
atory triads in several areas including NAc, CAl, and LC (pre-
synaptic) and PL, IL, NAc, and LC (postsynaptic). Thus, cFlko
mice show widespread reductions in NE synaptic triads, with the
most striking changes seen in hippocampal DG and BLA (inhibi-
tory triads) and CA2/3, IL, and NAc (excitatory triads). DES treat-
ment also had opposite actions to reverse reductions seen in cFlko
mice, while in WT mice, DES-induced reductions were comparable
to those seen in cFlko mice.

Discussion

DES reverses behavioral deficits in cF1ko mice

We have used cFlko mice as a model of SSRI-resistant anxiety
and depression, based on the overexpression of 5-HT1A autore-
ceptors (Vahid-Ansari et al., 2017), which is also seen in
SSRI-resistant MDD subjects (Hesselgrave and Parsey, 2013).
We hypothesized that DES, which requires NE for its antidepres-
sant actions (Cryan et al., 2001), would ameliorate behavior in
cF1ko mice (Vahid-Ansari et al., 2017). In contrast to fluoxetine,
chronic DES treatment improved anxiety and depression pheno-
types suggesting that by enhancing NE neurotransmission
(Danysz et al., 1986), DES mediates behavioral improvement
despite reduced 5-HT activity in cFlko mice. Consistent with
this, in mice lacking serotonin transporter (SERT) that do not
respond to fluoxetine, DES antidepressant response is unaffected
or even enhanced (Mitchell et al., 2015, 2017).

Interestingly, mice with gene knock-in of the human BDNF
Val66Met polymorphisic variant have reduced levels of BDNF,
which was associated with increased sensitivity to stress-induced
depression-related behaviors. Like cFlko mice, while fluoxetine
was ineffective, chronic DES reversed depression-like behaviors
in BDNF-Met mice (Chen et al, 2006; Yu et al, 2012).
Fluoxetine and DES (or imipramine) both signal in part through
induction of BDNF, particularly in the hippocampus and forebrain,
to mediate antidepressant responses in neurogenesis and behavior
(Monteggia et al., 2004; Sairanen et al., 2005; Jin et al, 2017).
However, these experiments suggest a lesser dependence of DES
on BDNF (Chen et al, 2006; Yu et al, 2012). Thus, DES may
enhance behavior through direct actions of NE at target areas
such as mPFC, BLA, or others (McCall et al.,, 2017; Uematsu et
al,, 2017; Giustino and Maren, 2018; Poe et al., 2020). DES may
also indirectly elicit NE-induced activation of dopaminergic neu-
rons of the ventral tegmental area (VTA) (Isingrini et al., 2016;
Zhang et al, 2019). In contrast, fluoxetine appears to drive
5-HT-induced behavioral improvement in part via induction of
BDNF and hippocampal neurogenesis (Homberg et al, 2014;
Samuels et al., 2015; Kraus et al., 2017).

While human depression is almost twofold more prevalent in
women (Albert, 2015), a limitation of this model is that we do not
see a strong sex difference comparing cFlko to WT mice (Vahid-
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Chronic DES selectively re-establishes inhibitory synaptic NET+ triadic contacts in cF1ko mice. WT or cF1ko mice were treated with DES or vehicle (V) for 5 weeks and then sacrificed

for immunostaining. Sections were stained for NET, pre-synaptic marker synaptophysin, and postsynaptic marker gephyrin to visualize NE inhibitory triads. A, Shown are representative of
inhibitory triad formation of stained CG-FIWT reconstructed in IMARIS. Synaptophysin is either within (Syn in, blue) or outside (Syn out, gray) of a NET+ axon (green trace); Syn in proximal
(0.6 um) to gephyrin or PSD95 were counted as pre-synaptic triads (B); Syn proximal to NET+ axon and gephyrin or PSD95 were counted as postsynaptic triads (€). B, Significant reductions in
pre-synaptic inhibitory NE triads in cF1ko. Syn in+ boutons within NET+ fibers located within a distance of 0.6 pm of inhibitory (gephyrin+ puncta) were quantified and normalized to tissue
volume. Reductions seen in cF1ko mice were reversed by DES treatment. €, Significant reductions in postsynaptic inhibitory NE triads in cF1ko. Syn out/NET+ boutons within 0.6 pum of inhibitory
(NET-/synaptophysin+ boutons within 0.6 pm of gephyrin+ puncta) synapses were quantified and normalized to tissue volume. Data were analyzed by region using two-way ANOVA: B = Pre:
NAG, Fr,12 = 11.00, p = **0.0062; CA1, Fg 13 = 9.605, **p = 0.0092; CA2/3, Fi1 13 = 114.2, ***p < 0.0001; DG, Fy 15 = 43.69, ****p < 0.0001; BLA, F1 15 = 4047, ****p < 0.0007; LC,
Fa12=53.04, ****p <0.0001. C=Post: IL, ;15 ="5542, *p=0.0364; NAC, F(12 =21.21, ***p=0.0006; CA1, F(112 =3.651, p=0.0802; DG, f( 15 =43.67, ****p < 0.0001; BLA,
Fa12=237.0, ***p <0.0001; LC, F1 15 =35.09, ****p < 0.0001. Data points are shown as red dots; the bars represent mean = SEM (n=4), *p <0.05, **p <0.01, ***p <0.001,

***¥%p < 0.0001 (Tukey’s post hoc test).

Ansari et al., 2017). In contrast, mice with conditional knockout
of MeCP2 in 5-HT neurons showed sex differences in behavioral
tests compared to WT mice (Philippe et al., 2018), as did Deafl
knockout mice (Luckhart et al., 2016). It may be that the less pro-
nounced behavioral phenotypes in these lines reveal the presence
of sex differences.

Although the generalizability of the cFlko model to human
depression may be limited, these results suggest that targeting
NE may be a viable approach to the treatment of people with
SSRI-resistant depression. In a comprehensive meta-analysis of
trials including 21 antidepressants, the tricyclic amitriptyline
(same class as DES) was the most effective, although it had higher
dropout rates than those in SSRI antidepressants (Cipriani et al.,
2018). This efficacy may reflect in part activity in SSRI-resistant
patients. Other antidepressants that target NE may also be con-
sidered including SNRIs (venlafaxine, duloxetine), bupropion,
or alpha2-adrenergic antagonist mirtazapine.

Opposite actions of DES in WT and cFlko mice

In contrast to behavioral improvement in cFlko mice, DES had
no effect or worsened anxiety (in the EPM and NSF tests) and
depression (in FST) phenotypes in WT littermate mice. In

studies using chronic DES in administered water, a trend for
DES-induced increased FST immobility was seen in WT mice
(Nakamoto et al., 2020) or no effect (Benham et al., 2017). On
the other hand, DES in drinking water for 4 weeks reduced
latency to feed in NSF (EPM and FST were not tested)
(Santarelli et al., 2003). These different findings are consistent
with evidence that response to chronic DES can vary by mouse
strain (Yalcin et al., 2008), stress, and age (Mitchell et al., 2015).

Associated with adverse DES behaviors in WT mice, DES
strongly induced FosB-labeled GABAergic cells in mPFC, while
reducing them in hippocampal CA2/3, LSN, and BLA, whereas
in cF1ko mice, no effect (mPFC, LSN) or opposite effect (induction
in CA2/3 and BLA) was seen. This indicates that DES has very
different actions in a background of normal (in WT) versus low
5-HT (in cFlko) activity. Consistent with this, DES’s antidepres-
sant activity was enhanced in SERT—/— (low 5-HT) compared to
WT mice (Mitchell et al, 2015). This paradoxical response to
DES in WT mice may suggest that blocking the reuptake of both
5-HT and NE may over-activate these systems to induce anxiety
(Albert et al., 2014). Oppositely, in cFlko mice with reduced
5-HT activity, DES reverses depression and anxiety phenotypes
by targeting the NE system.
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Chronic DES selectively re-establishes excitatory synaptic triads in cF1ko mouse. WT or cF1ko mice were treated with DES or vehicle for 5 weeks and then sacrificed for immu-

nostaining. Sections were stained for NET, pre-synaptic synaptophysin, and postsynaptic PSD95 (NE excitatory triads). A, Shown are representative of excitatory triad formation of stained (G
reconstructed in IMARIS. B, Significant reductions in pre-synaptic excitatory NE triads in cF1ko. Synaptophysin+ puncta located within NET+ fibers (Syn in) located within a distance of 0.6 pm of
excitatory PSD95+ puncta were quantified and normalized to tissue volume. Reductions seen in cF1ko mice were reversed by DES treatment. C, Significant reductions in postsynaptic excitatory
NE triads in cF1ko. Synaptophysin out/NET- boutons within 0.6 pm of excitatory PSD95+ (NET-/synaptophysin+ boutons within 0.6 pm of PSD95+ puncta) synapses were quantified and
normalized to tissue volume. Data were analyzed by region using two-way ANOVA: B = Pre: NAc, ****F; 15 =62.70, p < 0.0001; CA1, **F(; 15 = 14.78, p = 0.0023; CA2/3, ¥***F; 15 =
46.57, p<0.0001; *DG, Fy13=28.191, p=0.0143; *DR, F112=7.205, p=0.0199; **L(, Fy 1 =29.99, p=0.0001. C=Post: ***PL, F; 1, =649.4, p <0.0001; ***IL, Fy 3=
258.9, p < 0.0001; ****NAc, Fy12=220.7, p < 0.0001; CA1, *F(1.12=6.218, p=0.0282; BLA, F(;12=3.969, p =0.0696; LC, **F(1 12 = 14.59, p = 0.0024. Data points are shown as red
dots; the bars represent mean + SEM (n =4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Tukey’s post hoc test).

DES restores NE innervation deficits in cFlko mice

Our previous finding that chronic fluoxetine partially restores the
loss of NE innervation after stroke in the left mPFC (Zahrai et al.,
2020) suggests that fluoxetine can influence NE projections.
Oppositely, in cFl1ko mice, NE innervation to several corticolim-
bic areas was reduced particularly in NE synapses in the mPFC,
LSN, BLA, hippocampus, and NAc. Thus, chronic (within weeks
in cFlko mice) reduction of 5-HT activity only in adulthood is
sufficient to alter NE innervation in target regions implicated
in anxiety and depression phenotypes. This effect of reduced
5-HT activity on NE synapses may involve 5-HT projections to
LC interneurons, leading to the dis-inhibition of NE neurons
(Blier and El Mansari, 2013). Alternately, NE synapses may be
modulated by 5-HT/NE cross talk in target brain regions. In
rat visual cortex, both 5-HT and NE synapses have been observed
by electron microscopy (Papadopoulos et al., 1987; Parnavelas
and Papadopoulos, 1989). Indeed, 5-HT and NE cortical inner-
vation overlap and modulate synapse formation (Matsukawa et
al., 2003; Imai et al., 2004).

The effect of DES to largely reverse NE synaptic deficits in
cFlko mice argues that by blocking NE reuptake, DES can
reverse a deficit in NE innervation. Similarly, in light-deprived
mice, chronic DES treatment reversed deficits in cortical NE

innervation, implicating increased NE activity in driving rein-
nervation (Gonzalez and Aston-Jones, 2008). The effect of
DES treatment in cFlko mice could also be mediated in part
by BDNF, which has been shown to enhance cortical NE inner-
vation in aged mice (Matsunaga et al., 2004). The actions of DES
on NET+ varicosities and synapses are unlikely to involve
changes in NET expression per se, since chronic DES treatment
does not alter NET expression or protein levels in hippocampal
or cortical regions (Erickson et al., 2011; Mitchell et al., 2013,
2017). This suggests that the neuroplasticity of monoamine sys-
tems may play a crucial role in the etiology of major depression
and the actions of monoamine-targeting antidepressants. A
reduction of 5-HT innervation has been observed in human
depression, particularly in the orbitofrontal cortex (Rajkowska
et al,, 2017), but whether antidepressant treatment affects this
is not known. However, drugs of abuse that target dopamine
transporters affect dopamine synaptic plasticity by cadherin-
dependent actions (Mills et al., 2017). Further studies are needed
to address whether changes in 5-HT and NE innervation occur
in human depression. The ability to quantify changes in synaptic
and triadic formations within brain regions could elucidate new
possibilities for targeting neuroplastic changes in monoamine
pathways implicated in depression and treatment response.
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Table 5. Summary of NET+ triad contacts with synaptic sites

WT-veh vs cF1-veh vs
Regions WT-DES cF1-veh cF1-DES cF1-DES
NET+ pre-synaptic inhibitory triads
NAc —5%** +5% **
A1 —30% ** —25% *
CA2/3 —10% **** +10% ****
DG —40% ** —50% *** +50% **
BLA —10% ** —50% *** +50% ****
LC —10% **** —10% *** —10% *
NET+ postsynaptic inhibitory triads
NAc —30% * —30% *
(A1 —30% *
DG —5% * —10% *** +10% ***
BLA —509% *¥** +40% ****
LC —10% *** —10% ** +10% *
WT-veh vs cF1-veh vs
Regions WT-DES cF1-veh cF1-DES cF1-DES
NET+ pre-synaptic excitatory triads
NAc —5096%*** —30%**
(A1 —10% ** +10% * +10% **
(A2/3 —30% * —30% * +40% ***
DG +40% *
DR +30% *
LC —5%** —5%*** +5%*
NET+ postsynaptic excitatory triads
NAc —20% **** —20% **** —10% *** +5% ***
BLA —15% *** —10% ** —20% **** —10% *
LC —30% *

Data from Figs. 6 and 7 are tabulated as % of vehicle-treated wild-type (WT-veh) or vehicle-treated cF1ko mouse
brains (cF1-veh) versus DES-treated WT (WT-DES) or cF1ko (cF1-DES). Plus (+) and minus (—) signs denote
relative increase or decrease, respectively; regions with less than 5% or nonsignificant changes are blank; see Figs.
6 and 7 for abbreviations and statistics; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

DES partly restores cellular activation changes in cFlko mice
Consistent with the inhibitory action of overexpressed 5-HT1A
autoreceptors in cFl1ko mice (Vahid-Ansari et al., 2017), reduced
FosB+ cell density was seen in the DR (Fig. 2), as well as reduced
density of NE axons (Fig. 3). Several brain regions with reduced
NE innervation in cFlko mice also displayed reduced cellular
activation, especially in lateral septum (60%), hippocampus
CA2/3 (60%), and EC (30%), the latter consistent with impair-
ment in the trisynaptic hippocampal circuit implicated in emo-
tional memory (Anacker and Hen, 2017). These reductions in
FosB+ cells were mainly in GABAergic cells, but also glutamater-
gic cells in CA2/3, and were matched with reductions in NE syn-
apses to inhibitory (50%) and excitatory boutons (30%) in these
areas (Fig. 5). Chronic DES treatment restored activity and NE
innervation patterns in cFlko mice to WT levels, particularly
in CA2/3 and EC. Reduced LSN GABA activity could contribute
to the depression phenotype in cFlko mice since the deactivation
of LSN somatostatin+ interneurons mediates depression-like
behavior in chronically stressed mice (Li et al., 2022).

In the cF1ko mice, strong reductions in NE synapses to GABA
boutons occurred in the hippocampus, including DG (50%,
Table 4). Increases in hippocampal adult-born granule cells to
enhance GABAergic activity are implicated in SSRI-induced
stress resilience (Anacker and Hen, 2017; Anacker et al., 2018),
suggesting that reduced NE innervation might promote stress
sensitivity and fear generalization. Conversely, excitatory ventral
hippocampus projections to the BLA drive anxiety (Felix-Ortiz et
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al., 2013) and social avoidance via FosB activation (Eagle et al.,
2020), implicating FosB elevation in BLA in the anxiety pheno-
type of cFlko mice. In the BLA, DES reduced FosB+
GABAergic cells in WT but increased FosB+ pyramidal cells in
cFlko mice. Recent findings indicate that activation of GABA
cells and inactivation of pyramidal cells in the BLA increases
anxiogenic and social avoidance (Yu et al., 2022). Oppositely,
DES-induced activation of BLA pyramidal cells in cFlko mice
may reduce anxiety, while its inhibition of GABA cells in WT
mice may increase anxiety.

Conclusion

Our findings indicate the remarkable plasticity of the noradren-
ergic system and its role in behavioral response. Although the
cFlko knockout is specific to reducing the activity of adult
5-HT neurons, within weeks widespread actions on noradrener-
gic projections are observed, indicating a strong influence of
5-HT activity on adult NE plasticity. Altered NE innervation
could contribute to the anxiety—depression phenotype and asso-
ciated cellular activity changes seen in cFlko mice. Consistent
with this is the reversal within weeks of many of these changes
by DES treatment. These findings suggest that in this model of
low 5-HT activity associated with SSRI resistance, treatment
with compounds that target other systems like the noradrenergic
system is more effective in reversing anxiety—depression
phenotypes.
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