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ABSTRACT 24 

Freud-1/CC2D1A represses the gene transcription of serotonin-1A (5-HT1A) autoreceptors, 25 

which negatively regulate 5-HT tone.  To test the role of Freud-1 in vivo, we generated mice with 26 

adulthood conditional knockout of Freud-1 in 5-HT neurons (cF1ko). In cF1ko mice, 5-HT1A 27 

autoreceptor protein, binding and hypothermia response were increased, with reduced 5-HT 28 

content and neuronal activity in the dorsal raphe.  The cF1ko mice displayed increased anxiety- 29 

and depression-like behavior that was resistant to chronic antidepressant (fluoxetine) treatment.  30 

Using conditional Freud-1/5-HT1A double knockout (cF1/1A dko) to disrupt both Freud-1 and 31 

5-HT1A genes in 5-HT neurons, no increase in anxiety- or depression-like behaviour was seen 32 

upon knockout of Freud-1 on the 5-HT1A autoreceptor-negative background, rather a reduction 33 

in depression-like behaviour emerged.  These studies implicate transcriptional dys-regulation of 34 

5-HT1A autoreceptors by the repressor Freud-1 in anxiety and depression and provide a 35 

clinically relevant genetic model of antidepressant resistance.  Targeting specific transcription 36 

factors like Freud-1 to restore transcriptional balance may augment response to antidepressant 37 

treatment. 38 

SIGNIFICANCE STATEMENT 39 

Altered regulation of the 5-HT1A autoreceptor has been implicated in human anxiety, major 40 

depression, suicide and resistance to antidepressants.  This study uniquely identifies a single 41 

transcription factor, Freud-1, as crucial for 5-HT1A autoreceptor expression in vivo.  Disruption 42 

of Freud-1 in serotonin neurons in mice links up-regulation of 5-HT1A autoreceptors to anxiety/ 43 

depression-like behavior and provides a new model of antidepressant resistance.  Treatment 44 

strategies to re-establish transcriptional regulation of 5-HT1A autoreceptors could provide more 45 

robust and sustained antidepressant response. 46 
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INTRODUCTION 47 

 Major depression and anxiety disorders are highly prevalent and often comorbid lifelong 48 

diseases (Kessler and Bromet, 2013; Whiteford et al., 2013) that involve reductions in the 49 

activity of monoaminergic systems, particularly the serotonin (5-HT) system (Jans et al., 2007; 50 

Krishnan and Nestler, 2008; Booij et al., 2015). The chronic course of depression and 51 

antidepressant action implicates long-term dys-regulation of 5-HT system.  A critical node 52 

regulating 5-HT activity is the 5-HT1A receptor gene (HTR1A), that is expressed as a 53 

somatodendritic autoreceptor to inhibit the firing of 5-HT neurons, and as a heteroreceptor at 54 

targets of the 5-HT system implicated in mood, emotion, stress response and antidepressant 55 

action (Albert and Lemonde, 2004; Albert et al., 2014; Garcia-Garcia et al., 2014).  Increases in 56 

5-HT1A autoreceptors, which would tend to reduce 5-HT neurotransmission, are found in 57 

depressed and attempted suicide subjects and in depressed suicide post-mortem tissue (Albert et 58 

al., 2011; Hesselgrave and Parsey, 2013; Sullivan et al., 2015), and the latency to respond to 59 

antidepressant treatment has been attributed in part to the time required to desensitize 5-HT1A 60 

autoreceptors (Albert and Lemonde, 2004; Blier and El Mansari, 2013). However, the 61 

transcriptional mechanisms that dictate long-term receptor expression and their roles in anxiety, 62 

depression and response to antidepressants remain unclear.   63 

 The HTR1A gene contains a series of repressor elements upstream of the promoter that 64 

suppress its expression (Albert and Fiori, 2014).   Within the repressor region, a strong dual 65 

repressor element (DRE) binds to Freud-1/Cc2d1a, which represses HTR1A transcription in 66 

neuronal and non-neuronal cells (Ou et al., 2000; Ou et al., 2003; Lemonde et al., 2004a; 67 

Rogaeva and Albert, 2007). In adult mice, Freud-1 is co-expressed with 5-HT1A receptors 68 

throughout the brain (Ou et al., 2003). In the raphe, Freud-1 is co-expressed with 5-HT1A 69 
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autoreceptors, unlike its homologue Freud-2/Cc2d1b, which is weakly detected in the raphe 70 

(Hadjighassem et al., 2009; Szewczyk et al., 2010).  Knockdown of Freud-1 results in de-71 

repression of 5-HT1A transcription in raphe cells (Ou et al., 2003), and thus we hypothesized 72 

that Freud-1 functions as a key repressor of 5-HT1A autoreceptor expression in vivo, that might 73 

affect 5-HT regulation, and depression and anxiety behavior, and have generated mice with 74 

knockout of Freud-1 in adult 5-HT neurons to address this hypothesis. 75 

  76 
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Materials and Methods 77 

Experimental Design 78 

Mouse Models: All animal studies were done in accordance with the University of Ottawa 79 

Animal Care Committee guidelines. Animals were maintained on a 12-hour light/dark cycle 80 

(7:00 AM to 7:00 PM) with ad libitum access to food and water.  Both sexes were used and the 81 

proportion of male/female did not differ among groups; since no differences between male and 82 

female were observed in the tests conducted the data were pooled.  The Cc2d1a (Freud-1)flx/flx 83 

mice (Oaks et al., 2016) were crossed with TPH2-CreERT2 mice (stock#016584, C57BL/6N 84 

background, Jackson Labs, https://www.jax.org/strain/016584; RRID:IMSR_JAX:016584) to 85 

generate heterozygous TPH2-CreERT2-Freud-1wt/flx mice, which were interbred to generate 86 

homozygous TPH2-CreERT2-Freud-1flx/flx (cF1ko) and TPH2-CreERT2-Freud-1wt/wt (WT) 87 

littermates (Fig. 1A).  At 8 weeks of age, mice were administered tamoxifen (Sigma, cat#T5648, 88 

180 mg/day, approximately 3 mg/kg, i.p.) once/day for 5 consecutive days to activate CreERT2-89 

induced recombination.  To detect Cre-induced recombination, cF1ko mice were crossed into a 90 

ROSA26-flxSTOP-GFP C57BL/6J background (obtained from Dr. Diane Lagace, Univ. of 91 

Ottawa).  The TPH2-Cre-ERT2/Freud-1wt/flx were crossed with fl1A mice (C57BL/6 x 129Sv x 92 

ROSA-Flpe background) (Szewczyk et al., 2014; Samuels et al., 2015) and bred to obtain TPH2-93 

CreERT2-Freud-1flx/flx/1Aflx/flx mice (cF1/1Adko) (Fig. 1A). To obtain Freud-1 WT mice on 94 

the 5-HT1AautoKO background, cFreud-1wt/wt:1Awt/flx were crossed with 95 

cFreud1wt/wt:1Awt/flx.  To obtain mice on the corresponding 5-HT1A wild-type background 96 

TPH2-CreERT2-Freud-1wt/flx/1Awt/wt mice were bred to generate F1WT-1AWT mice. 97 

Genotyping 98 
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Ear tissue samples were taken at 3 weeks of age and DNA extracted using the REDExtract-N-99 

Amp Tissue PCR kit (Sigma). PCR was done using the following primers and conditions: 100 

Cc2d1Aflx/flx: 5’-TAG AAA CAC TTA CCC TCC ACA TTG-3’ and 5’-TAG GAA GTG CCC 101 

ACC CAG A-3’. The PCR conditions were: 94°C for 4min; 15 cycles at 94°C for 30s, 70°C for 102 

30s, 0.5°C/cycle, 72°C for 30s; 20 cycles at 94°C for 30s, 62°C for 30s, 72°C for 30s; 62°C for 103 

30s; 72°C for 10min, 10°C. This protocol results in 202-bp (wild-type) and 382-bp (floxed) 104 

products. 105 

TPH2-CreERT2: TPH2-11679 5’-GCT GAG AAA GAA AAT TAC ATC G-3’, CRE-125235’-106 

TGG CTT GCA GGT ACA GGA GG-3’, OIMR8744 5’-CAA ATG TTG CTT GTC TGG TG-107 

3’ and OIMR8745 5’-GCT AGT CGA GTG CAC AGT TT-3’. The PCR conditions were: 94°C 108 

for 1min; 35 cycles at 94°C for 15s, 57°C for 20s, 72°C for 10s; 94°C for 15s, 72°C for 2min, 109 

10°C. This protocol results in 200-bp (wild-type) and 300-bp (transgenic) products. 110 

ROSA-YFP: OIMR4982 5’-AAG ACC GCG AAG AGT TTG TC-3’, OIMR8545 5’-AAA GTC 111 

GCT CTG AGT TCT TAT-3’, OIMR8546 5’-GGA GCG GGA GAA ATG GAT ATG-3’. The 112 

PCR conditions were: 94°C for 3min, 94°C for 30s, 58°C for 1min, 72°C for 1min, 35 cycles: 113 

94°C for 30s, 72°C for 10min, 10°C. This protocol results in 600-bp (wild-type) and 320-bp 114 

(transgenic) products. 115 

1Aflx/flx: 5’-GGG CGT CCT CTT CAC GTA G-3’ and 5’-CAG GGA CGT TGT GGT GTT 116 

GT-3’. The PCR conditions were: 94°C for 2min, 15 cycles at 94°C for 30s, 68°C for 30s -117 

0.5°C/cycle, 68°C for 20s; 20 cycles at 94°C for 30s, 60°C for 30s, 68°C for 20s; 60°C for 30s, 118 

68°C for 5 min, 10°C. This protocol results in 254-bp (wild-type) and 292-bp (floxed) products. 119 

 120 

Immunofluorescence 121 
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Mice were anesthetized by lethal injection (0.01 ml/g, i.p.) of sodium pentobarbital (Somnitol; 122 

MTC Pharmaceuticals, Cambridge, ON, Canada) and perfused by cardiac infusion of 30 ml PBS, 123 

then 25 ml 4% paraformaldehyde. Whole brains were isolated, cryo-protected overnight in 20% 124 

sucrose and frozen at -80°C. Coronal brain slices (20 μm) were prepared using the following 125 

coordinates: Dorsal raphe: Bregma 4.36 to 4.72 mm (Paxinos and Franklin, 2001). Slices were 126 

thaw-mounted on Superfrost slides (Thermo-Fisher) and kept at -80°C. The sections were 127 

washed 3 × in PBS, blocked 1 h in PBS with 1% BSA, 10% NDS, 0.1% Triton X-100 (or 0.3% 128 

Tween 20 for 5-HT1A antibody), followed by overnight incubation at 22°C with chicken anti-129 

GFP, (Abcam, ab13970, 1:500; RRID:AB_300798), sheep anti-TPH, (Millipore, ab1541 1:100; 130 

RRID:AB_90754), rabbit anti-5-HT1A receptor (custom made primary antibody raised to the i2 131 

loop of the 5-HT1A receptor sequence; Cedarlane, Hornby, ON, Canada, 1:50, (Czesak et al., 132 

2012)); rabbit anti-Freud-1, 1:1000 (Rogaeva and Albert, 2007); goat anti-5-HT (Abcam, 133 

ab66047, 1:500; RRID:AB_1142794) and rabbit anti-FosB (Santa Cruz, sc-48, 1:500; 134 

RRID:AB_631515). The sections were then washed three times in PBS and incubated for 1h in 135 

secondary antibody at 22°C. The secondary antibodies were as follows: Alexa Fluor 488 anti-136 

chicken (Jackson, 103-545-155, 1:250; RRID:AB_2337390), anti-sheep Cy3 (Jackson, 713-165-137 

003, 1:200; RRID:AB_2340727), Alexa Fluor 488 anti-rabbit (ThermoFisher, A-21206, 1:1000; 138 

RRID:AB_2535792), Alexa Fluor 594 anti-rabbit (ThermoFisher, A-21207, 1:200; 139 

RRID:AB_141637), Alexa Fluor 647 anti-goat (ThermoFisher, A-21447, 1:200; RRID: 140 

AB_2535864) in blocking solution. Images of dorsal raphe were acquired with the Axiovision 141 

imaging software (RRID:SCR_002677) on a Zeiss Axio Observer D1 microscope under 10X and 142 

20X magnification (n=4/group). Positive-stained cells were manually counted within a 143 

standardized template using ImageJ 1.48v software; RRID:SCR_003070. 144 
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 145 

5-HT1A autoradiography 146 

For autoradiography, mice were sacrificed by cervical dislocation and decapitation. Extracted 147 

brains were frozen immediately on dry ice (-75°C) and maintained at -80°C until sectioning. 148 

Brains were cryo-sectioned at a thickness of 25 μm and mounted sections were maintained at -149 

80°C until processing.  Mounted sections were processed for 125I-MPPI (Perkin Elmer, Boston, 150 

MA) autoradiography as described (Donaldson et al., 2014; Luckhart et al., 2016). Sections were 151 

exposed to Kodak BioMax MR film (VWR) for 24 h.  Films were digitized at 1200-dpi 152 

resolution using an Epson Perfection V500 Photo Scanner, and signal density was measured 153 

using the mean luminosity function in ImageJ (1.49).  Levels of 5-HT1A binding (μCi) were 154 

quantified by analyzing a standardized template outlining the region-of-interest, and adjacent 155 

background lacking specific binding subtracted.  For raphe, data from sections at Bregma -4.36, -156 

4.48, -4.60, -4.72 cm were averaged; for hippocampus, Bregma; -1.82 cm was used. Signals were 157 

within the linear range of the film and quantified based on standard curve using ARC146-F 14C 158 

standard (American Radiochemicals Inc, St. Louis, MO). 159 

 160 

 High Performance Liquid Chromatography (HPLC) Analysis 161 

Levels of 5-HT and 5-HIAA were quantified in extracts of dissected tissues by HPLC (Czesak et 162 

al., 2012).  For HPLC, cF1ko and matched WT littermate mice (n=4, 11 wks old) were sacrificed 163 

by cervical dislocation and decapitation. The entire dorsal raphe, hippocampus and prefrontal 164 

cortex were dissected, pooled, frozen immediately on dry ice and maintained at -80°C until 165 

homogenization and analysis (Czesak et al., 2012).  In brief, 300 μL of homogenization solution 166 

(0.3 M monochloroacetic acid, 0.1 mM EDTA, 10% methanol and internal standard) was added 167 
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to each sample followed by sonication.  Following sonication, 100 μL was aliquoted and frozen 168 

for protein concentration determination (Pierce™ Coomassie (Bradford) Protein Assay).  The 169 

remaining 200 μL was centrifuged and the supernatant analyzed for 5-HT and 5-HIAA content 170 

using HPLC (Agilent Technologies, Walbronn, Germany). A 10-μL volume of supernatant was 171 

injected via an autoinjector (1100 series Autosampler; Agilent, Walbronn, Germany) into the 172 

HPLC system equipped with an electrochemical detector (VT-03 flow cell, Intro detector; Antec 173 

Leyden, Montreal, Quebec, Canada) with an applied potential of 500 mV, a filter of 1 s, and a 174 

range of 100 nA/V. Separation of these analytes was achieved by their passage through a reverse 175 

phase analytical column (Phenomenex Kinetex® 2.6 μm C-18, 100 x 4.6 mm). The column was 176 

equilibrated at a flow rate of 0.5 ml/min with mobile phase consisting of the following (in mM): 177 

90 NaH2PO4, 1.7 1-octane sulfonic acid (sodium salt), 50 citric acid (monohydrate), 5 KCl, 50 178 

EDTA, and 14% acetonitrile, final pH 3.0. The quantification of the analytes was performed by 179 

comparing their area under the curve to those of known external standards using computerized 180 

Agilent ChemStation chromatography data acquisition system (Agilent). 181 

 182 

DPAT-Induced Hypothermia 183 

The hypothermia procedure was performed from 9-11 AM. Mice were weighed and internal 184 

temperature was taken using a rectal thermometer every 10 minutes for 40 minutes (4 baseline 185 

measurements). Animals were administered 8OH-DPAT (0.75 mg/kg, i.p., Sigma) followed by 3 186 

measurements of basal body temperature at 10-min intervals (Martin et al, 1992). For analysis 187 

purposes, the first baseline temperature was discarded. The remaining three baseline values were 188 

averaged and the difference between the average baseline and recorded temperature was plotted 189 

across time. 190 
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Whole-cell Electrophysiology 191 

Brainstem slices (300-μm) containing the DRN were prepared from 10-11 week old mice as 192 

previously described (Geddes et al., 2016). In brief, mice were anesthetized and sacrificed by 193 

decapitation. Once the brain was removed, coronal slices were made from a block of brain tissue 194 

while immersed in ice-cold cutting solution (in mM): 119 choline-Cl, 2.5 KCl, 1 CaCl2, 4.3 195 

MgSO4-7H2O, 1 NaH2PO4, 1.30 sodium L-ascorbate, 26.20 NaHCO3, 11 glucose at 37°C and 196 

equilibrated with 95% O2, 5% CO2.  Slices were then transferred to a recovery chamber 197 

containing standard Ringer’s solution (in mM): 119 NaCl, 2.5 CaCl2, 1.3 MgSO4-7H2O, 1 198 

NaH2PO4, 26.2 NaHCO3, 11 glucose at 37°C, bubbled with 95/5% O2/CO2 and left to recover for 199 

> 1 h and equilibrated to room temperature (~25°C) prior to recordings. DRN neurons were 200 

visualized using an upright microscope (Examiner D1; Zeiss, Oberkochen, Germany) equipped 201 

with Dodt-gradient-contrast (40x/0.75NA objective). 5-HT neurons were identified by 202 

morphological and biophysical characteristics as previously established (Geddes et al., 2015). 203 

Whole-cell recordings carried out at room temperature in standard Ringer’s solution using 204 

borosilicate glass patch electrodes (3-6 MΩ; World Precision Instruments).  5-HT1A receptor-205 

mediated currents were elicited by bath applying the 5-HT1A receptor agonist 5-206 

carboxamidotryptamine (5-CT; 10 nM; Tocris) and holding current was monitored at 0.1 Hz 207 

(Vm = -55 mV. These recordings were carried out using an internal solution of the following 208 

composition (in mM): 115 potassium gluconate, 20 KCl, 10 sodium phosphocreatine, 10 HEPES, 209 

4 Mg2+-ATP, and 0.5 GTP (pH 7.25 adjusted with KOH; osmolarity, 280-290 mOsmol/L).  210 

Access resistance was continuously monitored by applying a 125 ms, 2 mV hyperpolarizing 211 

pulse every 10 s, and recordings were discarded if the access resistance changed by >30%.  212 

 213 
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Behavioral assays  214 

Behavioral tests were conducted in littermates starting 2 weeks after the last tamoxifen injection, 215 

at 11 weeks of age.  Mice were housed under normal light conditions and tests were performed 216 

beginning at 10:00 AM, after at least 1 h of habituation to the testing room. Testing was 217 

performed under white light illumination with the exception of the forced swim test (FST), 218 

which was performed under red light. All animals were of the same age at the start of testing and 219 

all tests were done in the order below and completed within 10 days. Each cohort included 10-32 220 

mice/group. Throughout testing and behavioral analyses, experimenter was blind to the mouse 221 

genotype. 222 

Elevated plus maze (EPM) test 223 

The mice were placed in the center of an elevated two-arm plus maze, measuring ~ 20-cm high, 224 

~ 6-cm wide and ~ 75-cm long (Noldus, The Netherlands; RRID:SCR_004074). The arms of the 225 

maze are crossed with one arm having an open platform, the other arm having a closed platform 226 

with walls that are ~ 20-cm tall with overhead illumination (100-110 Lux) and camera. Mice 227 

were placed in the centre of the maze with the head toward the closed arm of maze and allowed 228 

to explore the maze for 10 min. The mouse movements were videotaped and the time spent in 229 

closed and open arms was determined (Ethovision 10, Noldus IT; RRID:SCR_000441). 230 

Open field (OF) test 231 

The mice were placed in a corner of the arena (45-cm long in each side and 45-cm high) and 232 

allowed to explore the new environment for a total of 10 min at light levels of 300 Lux. Mouse 233 

movements were videotaped and the time spent in the outside of a center (24 × 24 cm) of the OF 234 

arena was analyzed (Ethovision 10, Noldus IT). 235 

Tail suspension (TS) test 236 
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The tail of the mouse was secured with tape to a horizontal bar and the animals were suspended 237 

for 6 min in mouse TS boxes (Med Associates). An automated detection device (ENV-505TS 238 

Load-Cell Amplifier) was used to determine mobility and immobility time through Med 239 

Associates software (Ethovision XT, Noldus IT). 240 

Forced Swim Test (FST) 241 

Each mouse was placed into clear plastic cylinder 22-cm in diameter and 37-cm deep filled with 242 

4 l of water (24°C). The mouse was videotaped from the side of the cylinder for 6 min under red 243 

light illumination and the duration of immobility time was quantified using an automated video-244 

tracking software from Med Associates (Ethovision XT). 245 

Novelty-suppressed feeding (NSF) test 246 

The NSF test was used to assess anxiety-related behaviors (Santarelli et al., 2003). Briefly, 247 

animals were food deprived for 16 h. After 3 min of habituation they were placed in a new cage. 248 

Animals were individually placed in an arena (45-cm long in each side and 45-cm high; 300 lux) 249 

with a food pellet placed in the center. The latency of the mice to begin eating food was recorded 250 

manually and immediately after mice approached the food or after 10 min had expired for the 251 

trial, the mice were removed from the arena and placed in their home cage and the latency to 252 

approach the food and the amount of food consumed in 5 min was measured. 253 

Beam Break (BBK) test 254 

Mice were placed into a novel home cage for 30 min. The home cage locomotor activity was 255 

measured by recording number of breaks of an invisible infrared light beams located on a frame 256 

surrounding the cage (Crawley, 2008) (Omnitech Electronics, Columbus, OH, USA). 257 

Chronic SSRI treatment 258 
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For SSRI treatment, a separate cohort of mice, including conditional Freud-1 knockout and WT 259 

littermates (11 wk old, n=10), was single housed and received 18 mg/kg/day fluoxetine 260 

hydrochloride (Santarelli et al., 2003; Samuels et al., 2015) (Enzo life science, cat#BML-NS140-261 

0250, Farmingdale, NY, USA) in drinking water for 3-4 weeks using opaque bottles to protect 262 

the SSRI from light.  Then, several behavioral tests were done as described above, with ongoing 263 

SSRI treatment, following the timeline shown in Figure 4.  The consumption of fluoxetine was 264 

measured accurately by weighing to determine the amount of drinking water consumed every 3 265 

days (~3 ml/day) and did not differ between groups.  266 

Statistical Analyses 267 

All analyses were done using the Statistical Package for the Social Sciences (GraphPad Prism 268 

version 6.00 for Windows, GraphPad Software, La Jolla, CA, USA; www.graphpad.com; 269 

RRID:SCR_002798). Data are expressed as mean ± SEM; p ≤ 0.05 was used as the threshold for 270 

significance. Data comparing KO and WT littermates on one outcome measure were analyzed 271 

using unpaired t-test. One-way analysis of variance followed by Tukey’s post-test was performed 272 

for multiple comparisons.  273 
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RESULTS 274 

Adult knockout of Freud-1 in 5-HT neurons induces 5-HT1A autoreceptor upregulation 275 

 The cF1ko mice were generated for inducible knockout of Freud-1 in adult 5-HT neurons 276 

by crossing tamoxifen-inducible TPH2-CreERT2 and Cc2d1a (Freud-1)flx/flx mice (Oaks et al., 277 

2016)(Figure 1A). Initially, to assess recombination specificity, cF1ko mice were bred on a 278 

ROSA26-flxSTOP-GFP background (cF1KO).  Tamoxifen injection in adulthood revealed that 279 

recombination to produce GFP was not detected in non-serotonergic regions that express 5-280 

HT1A receptors, including the PFC and hippocampus (Figure 1B).  However, GFP was present 281 

in 92% of TPH2-positive neurons in the raphe nuclei, and 100% of GFP-positive neurons were 282 

co-localized with TPH (Figure 1C), indicating 5-HT neuron-specific recombination. Importantly, 283 

tamoxifen treatment of cF1KO compared to cF1wt mice strongly reduced the number of Freud-284 

1-positive cells (114 WT vs. 22.5 cF1KO, t test, DF=6, t=11.566 ***p=0.0022), with ~90% of 285 

GFP- or TPH-positive raphe cells lacking Freud-1 (Figure 1C-F).  Freud-1 protein remained 286 

present in TPH-negative cells in the raphe (Figure 1C, white arrowheads).  In addition, there was 287 

no change in the number of TPH-positive cells, indicating that Freud-1 knockout did not alter the 288 

number of 5-HT neurons (Figure 1E). Thus, tamoxifen efficiently induces Freud-1 knockout 289 

specifically in 5-HT neurons of the cF1ko mice. 290 

 To identify changes in 5-HT1A autoreceptors upon knockout of Freud-1 in 5-HT 291 

neurons, co-staining of 5-HT1A receptors and TPH in the dorsal raphe was examined (Figure 292 

1G).  A significant increase in 5-HT1A-stained cells was observed in cF1ko compared to cF1wt 293 

sections (t test, DF=6, t=8.813 ***p=0.0001) with no change in total TPH-positive cells (Figure 294 

1F).  There was a significant increase in 5-HT1A/TPH co-stained cells (WT, 49.50±6.752 vs 295 

cF1ko, 132.3±10.10 cells/template; t test, DF=6, t=6.810 ***p=0.0005), with no change in 5-296 
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HT1A/TPH-negative cell count (Fig. 1G, arrows), indicating a specific up-regulation of 5-HT1A 297 

autoreceptors upon Freud-1 knockout in 5-HT neurons.  In the cF1ko raphe, we confirmed the 298 

reduction of Freud-1-positive cells (Fig. 1F, WT, 135.8±20.95; cFko, 27.50±6.538 299 

cells/template; t test, DF=6, t=4.933 **p=0.0026).  To further quantify the levels of 5-HT1A 300 

binding sites, autoradiography was performed using the selective 5-HT1A antagonist 125I-MPPI 301 

(Donaldson et al., 2014) and revealed a significant >1.5-fold increase in 5-HT1A binding in the 302 

dorsal and median raphe nuclei of cF1ko vs. cF1wt mice), but similar levels of 5-HT1A binding 303 

in hippocampus (Figure 1H).  The 5-HT1A binding (uCi/region) was: DR: wt, 3.644±0.214 vs. 304 

cF1ko, 6.609±0.244, t test, DF=6, t=9.129, ***p=0.0001; MR: wt, 4.406±0.1895 vs. ko, 305 

6.411±0.235, t test, DF=6, t=6.635, **p=0.0006; hippocampus, wt, 7.509±0.318 vs ko, 306 

7.245±0.086, t test, DF=6, t=0.801, p=0.45.  In summary, consistent with its repressor function, 307 

loss of Freud-1 in 5-HT neurons results in a significant up-regulation of 5-HT1A autoreceptors, 308 

while 5-HT1A heteroreceptor levels remain unchanged. 309 

 310 

Enhanced 5-HT1A function and reduced raphe 5-HT levels in cF1ko mice  311 

 In order to determine the effect of Freud-1 deficiency on 5-HT1A autoreceptor function 312 

in vivo, we measured hypothermia in response to acute administration of the 5-HT1A agonist 313 

8OH-DPAT, which in mice is dependent on 5-HT1A autoreceptor levels (Albert et al., 2014).  314 

Within 30 min, 0.75 mg/kg 8OH-DPAT induced a maximal reduction in body temperature in the 315 

cF1ko mice that was significantly greater than that in the cF1wt mice and persisted for 70 min, 316 

indicating an enhanced 5-HT1A autoreceptor response to the 5-HT1A agonist (Figure 2A). To 317 

assess 5-HT1A autoreceptor function in single neurons, we performed whole-cell voltage-clamp 318 

recordings from dorsal raphe slices and bath applied the 5-HT1A receptor agonist 5-CT (10 nM). 319 
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The magnitude of 5-HT1A-mediated outward currents was similar in cF1ko and F1wt mice 320 

(Figure 2B) and similar results were obtained using 100 nM 5-CT (data not shown).  Limitations 321 

of the slice preparation, including a lack of 5-HT auto-inhibition or increased 5-CT induced 322 

internalization (Bouaziz et al., 2014; Andrade et al., 2015) could obscure the effect of 5-CT to 323 

produce increased response in the presence of excess 5-HT1A receptors. 324 

 Because 5-HT1A autoreceptors exert inhibitory tone on 5-HT neurons, we determined 325 

whether 5-HT levels are altered in cF1ko mice.  In cF1ko compared to cF1wt dorsal raphe, there 326 

was a significant decrease (~50%) in 5-HT-positive cells from 68±10.5 to 35±8.2 cells/template 327 

(t test, DF=6 t=5.635, **p=0.0013), with no change in the number of TPH-positive cells (Figure 328 

2C).  Similarly, quantitative measurement of 5-HT and its major metabolite 5-HIAA revealed a 329 

~50% reduction in raphe 5-HT content in Freud-1 knockout vs. wild-type mice (t test, DF=4 330 

t=6.375, **p=0.0031), with no significant change in raphe 5-HIAA or in hippocampal or PFC 5-331 

HT or 5-HIAA levels (Figure. 2D). To address whether the activity of 5-HT neurons was 332 

changed, FosB staining was used as a marker for acute and chronic cellular activation.  There 333 

was a ~50% reduction in FosB/TPH stained cells (49±11 vs. 25±7.9 cells/template, t test, DF=6 334 

t=4.035, **p=0.0023) in the dorsal raphe of cF1ko compared to F1wt mice, suggesting a chronic 335 

reduction of 5-HT neuronal activity. Taken together, these data indicate an up-regulation of 5-336 

HT1A autoreceptor expression and function upon loss of Freud-1 associated with increased auto-337 

inhibition of 5-HT neuron activity and reduced raphe 5-HT levels. 338 

  339 

 340 

Fluoxetine-resistant anxiety- and depression-like behavior in cF1ko mice 341 
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 The behavioural phenotype of adult cF1ko mice was assessed using multiple validated 342 

tests (Figure 3, timeline).  In contrast, compared to F1wt littermates, cF1ko mice displayed 343 

robust anxiety-like behavior in the elevated plus maze (EPM), open field (OF) and novelty 344 

suppressed feeding (NSF) tests (Figure 3A-C).  In the EPM test, cF1ko mice had a significant 345 

50% reduction in time spent in the open arms, with no difference in total distance or closed arm 346 

time (Figure 3A). In the OF test, cF1ko mice spent significantly less time in the center of the 347 

arena, and more time in the corners (Figure 3B). In the NSF test, the cF1ko mice displayed 348 

significantly greater latency to feed in the novel cage, while no difference was observed in 349 

latency for home cage food consumption (Figure 3C).  A depression-like phenotype was also 350 

detected in the cF1ko mice, with increased immobility in the forced swim (FST) (Figure 3D) and 351 

a trend (p=0.07) in the tail suspension (TS) test (Figure 3E).  No difference in open field 352 

locomotor activity was detected between cF1ko and F1wt littermates in the beam break (BBK) 353 

test (Figure 3F).  These results were confirmed in a second independent cohort of mice (data not 354 

shown).  These data indicate that adult knockout of Freud-1 in 5-HT neurons confers both 355 

anxiety- and depression-like phenotypes. 356 

 Increase in 5-HT1A autoreceptors is thought to reduce responsiveness to chronic SSRI 357 

treatment (Albert and Le Francois, 2010; Richardson-Jones et al., 2010). The behavioral 358 

response to fluoxetine (FLX) was tested in singly housed cF1ko and F1wt littermates (11 wk old, 359 

n=10/group) treated or not with FLX in drinking water for 3-4 weeks using the above tests.  In 360 

each test, the effect of conditional Freud-1 knockout to increase anxiety/depression-like behavior 361 

was replicated.  In the anxiety tests (EPM, OF and NSF), chronic fluoxetine treatment reduced 362 

anxiety-like behaviors in the cF1wt mice, but did not alter the anxiety phenotype in cF1ko mice, 363 

compared to the vehicle-treated group (Figure. 4A-C), with no changes in control measures.  364 
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Furthermore, the cF1ko mice had increased immobility but showed no significant response to 365 

FLX in the FST, while the F1wt showed reduced immobility in FLX-treated vs. vehicle (Figure 366 

4D).  Neither cF1ko nor F1wt mice showed any differences or response to FLX in the TS (Fig. 367 

4E), nor in the beam break test (Figure 4F). These results indicate that the anxiety/depression-368 

like phenotype seen in the cF1ko mice and associated with overexpression of 5-HT1A 369 

autoreceptors is resistant to chronic fluoxetine treatment. 370 

 371 

Requirement of 5-HT1A autoreceptors for Freud-1-dependent behavioral effects 372 

 To address whether the behavioral phenotype induced by loss of Freud-1 is dependent on 373 

the increased level of 5-HT1A autoreceptors, the cF1ko mice were mated to the flx-1A mice 374 

(Samuels et al., 2015), in which the 5-HT1A gene is flanked by LoxP sites and a YFP cassette 375 

(Figure 1A).  Tamoxifen-induced recombination in 5-HT neurons in cF1/1Adko mice was 376 

verified by co-staining for YFP and TPH (Figure 5A).  Staining for 5-HT1A receptors revealed a 377 

strong reduction in the number of 5-HT1A/TPH co-labeled cells in cF1/1Adko compared to 378 

cF1ko/1Awt littermates (Figure 5B, cF1ko/1Awt, 120.5±6.19; cF1ko/1Ako: 16± 2.48 cells; t 379 

test, DF=6, t=15.650 ***p=0.0001). The presence of weak 5-HT1A staining in TPH-negative 380 

cells (Figure 5B, white arrows) may represent 5-HT1A heteroreceptors in non-5-HT neurons of 381 

the raphe (Calizo et al., 2011).  The extent of loss of 5-HT1A receptors in the cF1/1Adko mice 382 

was determined by autoradiography using the selective 5-HT1A antagonist 125I-MPPI. The 383 

results show significant reduction of 5-HT1A binding in the dorsal (6.327±0.40 vs 1.339±0.1770 384 

uCi; t test, DF=4, t=11.24 ***p=0.0004) and median (5.015±0.326 vs. 1.779±0.5248 uCi; t test, 385 

DF=4, t=5.235 **p=0.0064) raphe of cF1/1Adko (Figure 5C).  No difference in post-synaptic 5-386 

HT1A receptor levels was observed in hippocampus of cF1/1Adko compared to cF1ko/1Awt 387 
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littermates.  Thus, the cF1/1Adko mice show a significant reduction in the number of 5-HT1A 388 

autoreceptors. 389 

 The effect of Freud-1 knockout on a 5-HT1A autoreceptor-negative background was 390 

examined using the cF1/1A dko mice.  In Freud-1 wild-type mice, knockout of the 5-HT1A 391 

autoreceptor in adults (comparing cF1wt/1Ako to cF1wt/1Awt) did not alter anxiety or 392 

depression behavior (Figure 5D-H), consistent with previous results (Richardson-Jones et al., 393 

2010).  In mice lacking 5-HT1A autoreceptors, there was no difference in anxiety behaviors 394 

between Freud-1 knockout (cF1/1Adko) and wild-type (cF1wt/1Ako) mice in the EPM, OF or 395 

NSF tests, nor in control measures  (Figure 5D-F).  Surprisingly, although the knockout of 396 

Freud-1 in the 5-HT1A wild-type background increased immobility in the FST, knockout of 397 

Freud-1 in the 5-HT1A-knockout background induced a stress resilient phenotype with reduced 398 

immobility in FST and TS compared to control groups (cF1wt/1Ako vs. cF1/1Adko, Figure 5G-399 

H).  Thus, the absence of 5-HT1A autoreceptors not only blocked the pro-depressant effect of 400 

Freud-1 deletion but unmasked an antidepressant-like effect.  No significant change in locomotor 401 

activity among genotypes was observed in the beam-break test (Figure 5I).  Taken together, these 402 

results indicate that the anxiety/depression phenotype observed upon conditional knockout of 403 

Freud-1 in 5-HT neurons depend on the presence of 5-HT1A autoreceptors. 404 

 405 

DISCUSSION 406 

Freud-1 represses 5-HT1A autoreceptors to regulate 5-HT, anxiety and depression 407 

  A reduction in 5-HT neurotransmission implicated in anxiety and depression (Mann, 408 

1999; Jans et al., 2007) has been associated with increased 5-HT1A autoreceptor expression in 409 

depressed subjects (Parsey et al., 2010) and depressed suicides (Stockmeier et al., 1998; Boldrini 410 
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et al., 2008).  Thus, the transcriptional “set point” of 5-HT1A autoreceptor expression may be 411 

elevated in depression, suggesting altered function of transcription factors (Albert et al., 2011).  412 

Here we show that loss of Freud-1 in adult 5-HT neurons leads to up-regulation of 5-HT1A 413 

autoreceptors (Figure. 1D-G), and is correlated with increased 5-HT1A response to DPAT-414 

induced hypothermia (Figure 2A), reduced raphe 5-HT levels (Figure 2C-D), and 415 

anxiety/depression-like behaviors (Figure 3) that are resistant to chronic SSRI treatment (Figure 416 

4).  These findings implicate a key role for the endogenous repressor Freud-1 in 5-HT1A 417 

autoreceptor expression leading to reduced raphe 5-HT and antidepressant-resistant anxiety and 418 

depression.  In contrast, global knockout of the repressor Deaf1 resulted in up-regulation of 5-419 

HT1A autoreceptor expression, reduced raphe 5-HT, but only a mild anxiety phenotype (Czesak 420 

et al., 2012; Luckhart et al., 2016), consistent with a stronger effect of Freud-1 to repress the 421 

human 5-HT1A gene in raphe cells (Lemonde et al., 2003; Ou et al., 2003). 422 

 Previous studies have indirectly implicated transcriptional dys-regulation of the human 423 

HTR1A gene in psychopathology and treatment resistance (Albert et al., 2011). For example, 424 

within the human HTR1A repressor region, a C(-1019)G polymorphism that prevents binding 425 

and repression by Deaf1/NUDR (Lemonde et al., 2003) has been associated with major 426 

depression and bipolar depression (Kishi et al., 2013) and with SSRI resistance (Le Francois et 427 

al., 2008; Kato et al., 2015; Takekita et al., 2015) and with increased 5-HT1A autoreceptors 428 

levels in depressed subjects (Hesselgrave and Parsey, 2013).  Allele-specific RT-PCR analysis 429 

has revealed that this polymorphism leads to lifelong alterations in 5-HT1A RNA levels in 430 

human PFC, which is attenuated in depressed subjects (Donaldson et al., 2016).  Our finding of a 431 

major role for Freud-1 in repressing 5-HT1A autoreceptor expression and in SSRI-resistant 432 
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anxiety/depression phenotype in mice are consistent with a key role for Freud-1-mediated 433 

repression in human anxiety and depression.   434 

 Importantly, we demonstrate that the behavioral effect of Freud-1 deletion is dependent 435 

on the presence of 5-HT1A autoreceptors in adult mice (Fig. 5).  Previously, a mild (30%) 436 

knock-down of the 5-HT1A autoreceptor in adulthood resulted in no change in anxiety or 437 

depression behaviors, but improved stress-coping (Richardson-Jones et al., 2010), a phenotype 438 

that we did not assess in these studies.  The anti-depressed phenotype seen upon Freud-1 deletion 439 

suggests that Freud-1 has a pro-depressant effect that is revealed when 5-HT1A autoreceptors are 440 

absent.  Loss of Freud-1 in 5-HT1A-negative 5-HT neurons could alter the transcription of other 441 

genes, including de-repressing dopamine-D2 receptors (Rogaeva et al., 2007), which have been 442 

shown to increase 5-HT neuron activity (Aman et al., 2007), which in turn could lead to an 443 

antidepressant effect. We did not address whether other gene targets of Freud-1 contribute to 444 

behavioral outcomes in cF1ko mice, apart from increased 5-HT1A autoreceptor expression.  In 445 

addition to 5-HT1A and dopamine-D2 gene repression, Freud-1 induces NF-κB expression 446 

(Matsuda et al., 2003; Zhao et al., 2010).  Gene deletion of Freud-1 reduces NF-κB signaling to 447 

synaptic plasticity in cortical development, leading to abnormal cortical dendrite organization 448 

and reduced dendritic spine density (Manzini et al., 2014). However, these effects of Freud-1 449 

deletion appear to be developmental, and deletion of Freud-1 in adulthood did not appear to 450 

affect neuronal organization (Oaks et al., 2016). 451 

 452 

SSRI resistance in Freud-1 conditional knockout mice 453 

 The three-week latency for clinical efficacy of SSRI treatment is thought to involve 454 

desensitization of 5-HT1A autoreceptors to release 5-HT neurons from recurrent inhibition 455 
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(Pineyro and Blier, 1999; Albert et al., 2011).  Our results suggest that loss of Freud-1 may 456 

render 5-HT neurons resistant to desensitization by chronic SSRI treatment.  In human 457 

depression, increased 5-HT1A autoreceptors are correlated with resistance to SSRI treatment 458 

(Parsey et al., 2010).  Furthermore, the G(-1019) allele associates with resistance to SSRI 459 

treatment (Lemonde et al., 2004b; Le Francois et al., 2008; Parsey et al., 2010).  The G-allele is 460 

also associated with resistance of negative symptoms to treatment with atypical antipsychotics 461 

that act in part by targeting 5-HT1A receptors (Reynolds et al., 2006; Newman-Tancredi and 462 

Albert, 2012).  Taken together, these results implicate the increase in 5-HT1A autoreceptors 463 

upon loss of Freud-1 in resistance to chronic SSRI treatment.  This resistance could suggest a 464 

role for activation of Freud-1 in desensitizing 5-HT1A autoreceptors in response to 465 

antidepressants.  5-HT1A receptors couple to inhibition of intracellular calcium levels (Albert et 466 

al., 1990; Penington et al., 1991), which could activate Freud-1 DNA binding and repression (Ou 467 

et al., 2003), leading to 5-HT1A autoreceptor desensitization.  The loss of Freud-1 would prevent 468 

this process, leading to SSRI resistance.  Alternately, the elevated levels of 5-HT1A 469 

autoreceptors may require high SSRI doses or longer times to fully desensitize.  In this regard, 5-470 

HT1A partial agonists or allosteric modulators that enhance Freud-1 signaling to desensitize 471 

presynaptic 5-HT1A receptors may prove useful to augment SSRI response in treatment resistant 472 

subjects (Trivedi et al., 2006).  The cF1KO mouse may provide a useful model to test novel 473 

antidepressants like ketamine or deep brain stimulation for their dependence on 5-HT auto-474 

regulation, which has previously been examined using 5-HT depletion (Hamani et al., 2010; du 475 

Jardin et al., 2016). 476 

 477 

Roles of Freud-1 in vivo. 478 
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 Our data suggest that susceptibility to anxiety and depression due to transcriptional dys-479 

regulation of the 5-HT1A receptor by Freud-1 can be induced in adulthood and leads to reduced 480 

raphe 5-HT/5-HIAA level, suggesting a chronic reduction of 5-HT activity.  Acute tryptophan 481 

depletion leads to relapse in recovered depressed but not control subjects, suggesting that 482 

depression confers increased susceptibility to 5-HT depletion that could be due to persistent 483 

transcriptional dys-regulation in recovered depressed subjects as exemplified by the cF1KO 484 

mice.  Furthermore, patients that relapse often become more resistant to SSRI treatments, 485 

consistent with the SSRI-resistant phenotype of the cF1KO mice, and suggesting a role for loss 486 

of Freud-1 function in the development of this resistance. 487 

 Disruption of the CC2D1A/Freud-1 gene in humans is linked to NSID and autism (Basel-488 

Vanagaite et al., 2006; Manzini et al., 2014), conditions often associated with reduced social 489 

interaction.  Knockout of Freud-1 in the postnatal mouse forebrain results in impaired cortical 490 

neuronal development, reduced cognitive function and social interaction, as well as anxiety-like 491 

behavior in the OF test (Oaks et al., 2016).  This suggests that post-synaptic Freud-1 is also 492 

important for normal behavioral development.  Consistent with this, Freud-1 levels are reduced 493 

in PFC following chronic stress in rats (Iyo et al., 2009), while both Freud-1 and 5-HT1A protein 494 

levels were reduced in PFC of young depressed subjects (Szewczyk et al., 2010), suggesting that 495 

early impairments in cortical Freud-1 levels may predispose to depression.  The importance of 496 

presynaptic Freud-1 in 5-HT1A autoreceptor regulation and anxiety/depression behavior 497 

reported here, and its complementary role in the forebrain in anxiety and cognitive function 498 

suggest that enhancing Freud-1 expression or function may provide a useful target, particularly 499 

in treatment-resistant forms of these diseases. 500 
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 In summary, this study provides evidence that loss of Freud-1 in 5-HT neurons causes 501 

over-expression of 5-HT1A autoreceptors, associated with SSRI-resistant and 5-HT1A 502 

autoreceptor-dependent anxiety/depression phenotypes and a 5-HT1A autoreceptor-independent 503 

anti-depressed phenotype, implicating Freud-1 as a key transcriptional regulator in 5-HT 504 

function and behaviour. 505 
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FIGURE LEGENDS 711 
 712 
Figure 1. Loss of Freud-1 in 5-HT neurons increases 5-HT1A autoreceptors 713 

A. Conditional Knockout Strategy. To delete Freud-1 in 5-HT neurons, the cF1ko mouse was 714 

generated by crossing CC2D1A(Freud-1)flx/flx mice with TPH2-CreERT2 mice. At 8 weeks of 715 

age, mice were administered tamoxifen to activate CreERT2-induced recombination.  To delete 716 

both Freud-1 and 5-HT1A autoreceptors in 5-HT neurons, the cF1ko mice were mated to the 5-717 

HT1Aflx/flx mice, in which the 5-HT1A gene is flanked by LoxP sites and a YFP cassette to 718 

generate the Freud-1/5-HT1A double knockout mice following tamoxifen administration. B. 719 

Tamoxifen-induced recombination specificity.  Hippocampal and prefrontal cortex sections from 720 

tamoxifen-treated conditional Freud-1 knockout/ROSA-GFP mice (cF1KO) show background 721 

GFP staining.  C. Tamoxifen-induced recombination and loss of Freud-1 in dorsal raphe. DR 722 

sections from tamoxifen-treated cF1KO mice were stained for GFP and either TPH or Freud-1 723 

(10x magnification, scale bar = 20 μm; inset, 20x). GFP was present in 92% of TPH+ cells, 724 

while 88% of Freud-1 was in GFP- cells in cF1KO sections (n=4). D. Loss of Freud-1 in 5-HT 725 

neurons. Freud-1/TPH-labeled cells in DR were almost absent in cF1ko compared to WT. By 726 

contrast, Freud-1+/TPH- cells remained (white arrowheads) (n=4).  E. Quantification of GFP-, 727 

TPH- and Freud-1-stained cells in dorsal raphe of cF1KO and WT mice (n=4), shown as mean ± 728 

S.E. (p <0.001). F. Quantification of 5-HT1A-, TPH- and Freud-1-stained cells in dorsal raphe of 729 

cF1ko (non-ROSA-GFP) and WT mice (n=4), shown as mean ± S.E. (p <0.001).  G. Loss of 730 

Freud-1 and increased 5-HT1A-positive cells in dorsal raphe of cF1ko mice. DR sections from 731 

tamoxifen-treated cF1ko vs. F1wt (WT) mice (scale=50 μm, n=4) were stained for TPH and 5-732 

HT1A receptors (arrow, 5-HT1A in TPH- cells); 5-HT1A receptors were increased in TPH+ 733 

cells.  H. Increased 5-HT1A binding in raphe of cF1ko mice.  At left are representative images of 734 
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125I-MPPI autoradiography of sections from cF1ko and WT mice in dorsal and median raphe 735 

(boxes) at two levels (Bregma -4.60 and -4.72 mm) and hippocampus (Bregma -1.70).  At right 736 

is quantification of 125I-MPPI binding. Data represent mean ± SEM (n=4/group), *p < 0.05; **p 737 

< 0.01. 5-HT1A binding was increased in raphe of cF1ko mice; DR (unpaired two-tailed 738 

Student’s t-test, DF=6, t=9.129, **p<0.001), MR (unpaired two-tailed Student’s t test, DF=6, 739 

t=6.635 *p<0.01). 740 

 741 

Figure 2. Loss of Freud-1 augments 5-HT1A autoreceptor function and reduces 5-HT 742 

neuron activity and 5-HT levels  743 

A. 5-HT1A-induced hypothermia. 8-OH-DPAT (0.75 mg/kg, i.p.) induced a greater body 744 

temperature reduction in cF1ko compared to F1wt (WT).  Data represent mean±SEM 745 

(n=3/group); *p<0.05 vs. WT-saline, **p<0.001 vs. wild-type-DPAT, #p<0.05 vs. cF1ko-saline, 746 

##p<0.001 vs. cF1ko-DPAT.  B. Whole-cell voltage-clamp recordings (Vm = -55 mV) of 5-HT 747 

neurons in slices of dorsal raphe in vitro, from cF1ko or F1wt mice (n = 4) in response to 5-CT 748 

(10 nM).  No significant difference in 5-HT1A receptor-induced outward current was observed.  749 

C. Reduced 5-HT- and FosB-stained cells in cF1ko raphe. DR sections of cF1ko or F1wt (WT) 750 

mice stained for 5-HT, TPH, and FosB shown at 10x (left, scale=50 μm) or 20x magnification of 751 

boxed region (right, scale=20 μm). D. Reduced raphe 5-HT content in cF1ko mice.  Tissue 5-HT 752 

and 5-HIAA content was quantified by HPLC for dorsal raphe, hippocampus (Hippo) and 753 

prefrontal cortex (PFC) of cF1ko vs. WT mice.  Data represent mean ± SEM, n=3/group; 754 

reduced raphe 5-HT content in cF1ko vs. WT mice (unpaired two-tailed Student’s t test, DF=4, 755 

t=6.675 **p<0.01). 756 

 757 
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Figure 3. Increased anxiety- and depression-like behavior in cF1ko mice 758 

 The cF1ko and WT littermates underwent the indicated behavioural tests or assays according to 759 

the timeline shown, 2 weeks after the last tamoxifen injection (11-wk of age). A-C. Increased 760 

anxiety in cF1ko mice. A. EPM test. Compared to WT, cF1ko mice spent less time in open arms 761 

(unpaired two-tailed Student’s t-test, DF=47, t=4.104**p<0.01), with no difference detected in 762 

closed arm time.  B. OF.  cF1ko mice displayed significantly reduced distance travelled in large 763 

center (unpaired two-tailed Student’s t-test, DF=47, t=2.486 *p=0.0165), with no change in total 764 

distance (not shown). C. NSF test.  cF1ko mice showed greater latency to approach food in the 765 

novel arena (unpaired two-tailed Student’s t test, DF=48, t=2.221 *p=0.0311), but no difference 766 

in the home cage. D-E. Depression-like behaviour in cF1ko mice.  D. FST.  The cF1ko showed 767 

significant greater immobility duration in the FST compared to F1wt mice (unpaired two-tailed 768 

Student’s t-test, DF=47, t=2.962 *p<0.05).  E. TST. No difference in immobility duration 769 

between cF1ko and WT was seen.  F. Locomotion test.  Results from the beam break (BBK) test 770 

showed no difference in total 30-min activity comparing cF1ko and F1wt (WT) mice. Data 771 

represent mean ± SEM in cF1ko mice (n=17) vs. F1wt (WT) (n=32). 772 

 773 

Figure 4. Resistance to chronic SSRI treatment in cF1ko mice. 774 

Wild-type (WT) or cF1ko (KO) mice were treated with fluoxetine (FLX) or vehicle (V) for 3 775 

weeks and throughout the behavioural assays (timeline).  A-C. Anxiety phenotype: chronic FLX 776 

reduced anxiety in WT mice, but did not affect the increased anxiety seen in cF1KO mice. A. 777 

EPM, significant changes in time spent in open arms in EPM test: one-way ANOVA treatment X 778 

genotype interaction, F3.36=27.01, p<0.01; post-hoc Tukey **p < 0.01 vs WT-Veh , ##p < 0.01 779 

vs WT-FLX. B. OF, changes in distance travelled in large center: one-way ANOVA treatment X 780 
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genotype interaction, F3.041 =14.53, p<0.01; post-hoc Tukey **p < 0.01 vs WT-Veh , ##p < 781 

0.01 vs WT-FLX. C. NSF, latency to approach food in novel arena: one-way ANOVA treatment 782 

X genotype interaction, F3.36 =14.16, p<0.01; post-hoc Tukey **p < 0.01 vs WT-Veh , ##p < 783 

0.01 vs WT-FLX. D-E. Depression phenotype.  D. FST. Depression-like behavior in cF1ko (veh) 784 

compared to F1wt (veh) was indicated by increased immobility in the FST. Chronic FLX 785 

significantly reduced immobility in F1wt, but not in cF1ko mice FST, one-way ANOVA 786 

treatment X genotype interaction, F3.36 =13.62, p<0.01; post-hoc Tukey **p < 0.01 vs WT-Veh 787 

, ##p < 0.01 vs WT-FLX.  E. TST, no significant changes were observed.  F. Beam break. No 788 

differences in 30-min activity in novel arena were observed.  Data represent individual animals 789 

with mean ± SEM, n=10/group; **p < 0.01 vs. WT-Veh , ##p < 0.01 vs WT-FLX. 790 

 791 

Figure 5. Reversal of anxiety- and depression-like phenotypes upon loss of Freud-1 in the 792 

absence of 5-HT1A autoreceptors 793 

Tissues from mice with conditional knockout of Freud-1 and 5-HT1A receptor in adult serotonin 794 

neurons (cF1/1A dKO) were compared to 5-HT1A conditional knockout (c1AKO) or wild-type 795 

littermates (WT/WT). A. Tamoxifen-induced recombination. Co-staining for YFP and TPH in 796 

the dorsal raphe. Recombination occurred exclusively in 5-HT cells; 92% of TPH-positive cells 797 

were YFP-positive (scale bar = 100 μm). B. Loss of 5-HT1A autoreceptors.  Immunostaining for 798 

5-HT1A and TPH showed significant loss of 5-HT1A immunostaining in TPH-positive cells of 799 

cF1/1A dKO mice.  White arrows indicate the presence of 5-HT1A receptors in non-TPH 800 

positive cells in dorsal raphe (scale=100 μm). C. 5-HT1A autoradiography. 5-HT1A receptor 801 

autoradiography using 125I-MPPI of representative midbrain sections from WT/WT and cF1/1A 802 

dKO mice, including dorsal (DR) and median (MR) raphe (boxes) and hippocampal sections.  803 
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DR and MR showed significant decreases in 5-HT1A autoreceptor binding: DR (unpaired two-804 

tailed Student’s t-test, DF=4, t=11.24, ***p<0.001), MR (unpaired two-tailed Student’s t-test, 805 

DF=4, t=5.235, *p<0.01).  D-H. Behavioral studies were done in either wild-type (WT) or 806 

conditional knockout (KO) for Freud-1 (F1) and/or 5-HT1A receptor (1A) in littermate mice. D. 807 

EPM. No change in anxiety-like behavior (open arm time) was observed. E. OF.  No difference 808 

among groups was observed in time spent in the large centre.  F.  NSF. The latency to feed was 809 

not altered. G. FST. Immobility duration was reduced in F1/1AKO vs. WT and 1AKO mice 810 

(one-way ANOVA genotype X genotype interaction, F2,25=4.463, p=0.0067; post-hoc Tukey 811 

*p<0.05 vs. WT, #p<0.05 vs. 1AKO).  H. TS. Immobility time was reduced in F1/1AKO 812 

compared to WT or 1AKO (one-way ANOVA genotype X genotype interaction, F2,29=6.998, 813 

p=0.0033; post-hoc Tukey *p<0.05 vs. WT, #p<0.05 vs. F1/1AKO).  I.  Beam break test.  No 814 

difference in 30-min activity in novel arena was observed.  Data points represent individual 815 

mice, with mean ± SEM: WT, n=10; F1WT/1AKO, n=11; F1/1AKO, n=11. 816 
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