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Abstract
Depressed individuals who carry the short allele for the serotonin-transporter-linked promotor region of the gene are more 
vulnerable to stress and have reduced response to first-line antidepressants such as selective serotonin reuptake inhibitors. 
Since depression severity has been reported to correlate with brain iron levels, the present study aimed to characterise  
the potential antidepressant properties of the iron chelator deferiprone. Using the serotonin transporter knock-out (5-HTT  
KO) mouse model, we assessed the behavioural effects of acute deferiprone on the Porsolt swim test (PST) and novelty-
suppressed feeding test (NSFT). Brain and blood iron levels were also measured following acute deferiprone. To determine 
the relevant brain regions activated by deferiprone, we then measured c-Fos expression and applied network-based analyses. 
We found that deferiprone reduced immobility time in the PST in 5-HTT KO mice and reduced latency to feed in the NSFT 
in both genotypes, suggesting potential antidepressant-like effects. There was no effect on brain or blood iron levels follow-
ing deferiprone treatment, potentially indicating an acute iron-independent mechanism. Deferiprone reversed the increase 
in c-Fos expression induced by swim stress in 5-HTT KO mice in the lateral amygdala. Functional network analyses sug-
gest that hub regions of activity in mice treated with deferiprone include the caudate putamen and prefrontal cortex. The 
PST-induced increase in network modularity in wild-type mice was not observed in 5-HTT KO mice. Altogether, our data 
show that the antidepressant-like effects of deferiprone could be acting via an iron-independent mechanism and that these 
therapeutic effects are underpinned by changes in neuronal activity in the lateral amygdala.
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Introduction

Current antidepressants have limited efficacy, with a third of  
patients with major depressive disorder (MDD) presenting 
refractory depression to monoaminergic antidepressants [1].  
In addition, typical antidepressant treatments can take up 
to 8 weeks before any substantial benefits are observed [2].  
Newer classes of fast-acting antidepressants such as keta-
mine have been shown to have rapid actions within an hour 
and have approximately 70% efficacy in individuals with 
treatment-resistant depression [3, 4]. However, due to the 
psychomimetic, cognitive and dissociative effects of keta-
mine, there is an urgent need to discover better fast-acting 
antidepressants [5, 6].

There is both clinical and preclinical evidence which sug-
gests that iron plays a role in cognitive and emotional states 
[7]. For instance, a quantitative susceptibility mapping study 
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has found that depression severity was related to greater lev-
els of iron in multiple brain regions of patients with MDD 
[8]. In a population of thalassemia patients which have ele-
vated levels of the iron storage protein ferritin, there was 
an increased prevalence of depressive symptoms [9]. Iron 
also plays a role in monoamine neurotransmitter function 
as it is a co-factor for the production of neurotransmitters, 
including serotonin [10]. Iron has also been implicated in the 
production of reactive oxygen species [11] which play a role 
in MDD pathophysiology [12, 13]. Deferiprone is an iron 
chelator used therapeutically to treat transfusion iron over-
load and can rapidly cross the blood–brain barrier [14, 15].

In the present study, the serotonin transporter knockout 
(5-HTT KO) mouse of model of depression was used to test 
for the potential therapeutic actions of deferiprone. 5-HTT 
KO mice have been shown to display depression-related 
behaviours as well as altered responses to stressors [16–18]. 
There is evidence for the role of polymorphisms of the 
5-HTT gene in depression [19, 20]. For instance, individu-
als who are carriers of the short (s) allele of the polymorphic 
region (5-HTTLPR) of the gene show alterations in stress 
tolerability, a key feature in MDD pathophysiology [21, 22]. 
A further utility of the 5-HTT KO mice is that it can be con-
sidered as a model of antidepressant treatment resistance, 
as both individuals who carry the s allele of the 5-HTTLPR 
and the 5-HTT KO mouse have reduced response to selective 
serotonin reuptake inhibitors [18, 23, 24]. The utility of the 
5-HTT KO mouse model of depression to assess antidepres-
sant properties of an iron chelator is indicated by the fact 
that selective serotonin reuptake inhibitor (SSRI) drugs were 
shown to reduce levels of peripheral haemoglobin, which 
is associated with levels of circulating iron [25]. In addi-
tion, 5-HTT KO mice have increased expression of oxidative 
stress markers [26].

Brain-wide regions are involved in depression and stress 
response, including the neocortex, the limbic system and 
the midbrain [27–29]. Concurrently, there is evidence that 
antidepressants act over multiple brain regions to mediate 
their therapeutic actions [30–35]. Selective regions which 
have been shown to be altered by 5-HTT function include 
the amygdala and dorsal raphe which have altered morphol-
ogy and connectivity in the 5-HTT KO mice, as well as the 
lateral septum where 5-HTT availability plays a role in the 
acute stress response [36–39]. Furthermore, the therapeutic 
actions of antidepressants involve functional network-wide 
activities, shown to be altered in MDD [40, 41]. Network 
modularity has also been shown to be altered in psychiatric 
disorders and in response to acute stress [42, 43].

Using relevant behavioural tests, the current study 
explored the potential fast-acting antidepressant-like 
properties of acute administration with deferiprone in the 
5-HTT KO mouse model of depression. Furthermore, the 
study examined the brain regions potentially mediating the 

antidepressant-like effects of deferiprone as well as regions 
implicated in the aberrant stress response in the 5-HTT KO 
mice. Finally, we applied graph theory-based and hierarchi-
cal clustering analyses to determine the functional archi-
tecture following deferiprone treatment and swim-stress 
exposure.

Methods

Animals and Housing

All animal care and procedures were approved by the Florey 
Institute of Neuroscience and Mental Health (FINMH) Ani-
mal Ethics Committee and conducted in concordance with 
guidelines published by the National Health and Medical 
Research Council (NHMRC). Male and female wild-type 
(WT) control and 5-HTT KO mice were bred on a C57Bl/6 J 
genetic background from a colony established at FINMH 
[18, 44]. Post-weaning, mice were housed [3–5 mice per 
cage] by littermates in individually ventilated cages until 
8 weeks of age. At 8 weeks, they were transferred to open 
top cages (34 × 16 × 16 cm) with standard wood shaving 
bedding and maintaining original cage-mates. The animals 
had access to food and water ad libitum while housed in 
12/12-hour light/dark cycle rooms (light at 07:00–19:00). 
All handling or behavioural experiments were done in the 
light phase. All experiments were conducted between 10 and 
20 weeks of age. All experiments were conducted with the 
experimenter blind to genotype and treatment.

Pharmacological Treatments

The iron chelator 3-hydroxy-1,2-dimethyl-4(1H)-pyridone 
(deferiprone; Sigma-Aldrich, Castle Hill, Australia) and 
0.9% sterile saline/vehicle (Baxter, Old Toongabbie, Aus-
tralia) were injected via intraperitoneal (i.p.) administration. 
Deferiprone was dissolved in 0.9% saline. A clinically rel-
evant dose of 50 mg/kg deferiprone was selected [15]. To 
ensure there were no long-term effects of deferiprone treat-
ment confounding the subsequent behavioural paradigm, 
mice were alternated between receiving either deferiprone 
or vehicle in each behavioural test.

Porsolt Swim Test

The Porsolt swim test (PST) was conducted 1 hour after 
vehicle or deferiprone administration. In a separate cohort, 
the PST was also conducted 24 hours post-vehicle or defer-
iprone administration. The PST has been widely used to 
screen novel compounds for potential antidepressant activity, 
as well as studying acute stress-coping behaviour of rodents 
[18]. Each mouse was placed in a 2-L beaker filled with 1.5 
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L of water so that the mouse could not escape and the tail did 
not touch the bottom of the beaker. The mouse spent 6 min-
utes in the water with the last 4 minutes being used to deter-
mine immobility time as identified by floating behaviour. 
The temperature of the water was adjusted to 25 ± 1 ℃. The 
recording was analysed using the ForcedSwimScan (Clever 
Sys, Restin, USA) to determine total immobility time.

Novelty‑Suppressed Feeding Test

The novelty-suppressed feeding test (NSFT) is a conflict 
approach-avoidance paradigm in which antidepressants have 
been shown to reduce the latency to feed [45]. The testing 
arena (80 × 680 × 680 cm) contained bedding material in a low-
lit room to reduce external stressors. In the centre of the arena, 
a white filter paper containing a food pellet was positioned. All 
mice were food deprived for 24 hours before the start of the 
test. On the testing day, the mouse was placed in the corner 
of the chamber 1 hour after receiving either vehicle or defer-
iprone treatment. They were then removed from the chamber 
either after consuming the food pellet or after 600 seconds had 
elapsed. Mice were then placed in their home cage for 300 sec-
onds and the amount of pellet consumed was recorded.

Locomotor Activity

To assess locomotor activity following deferiprone treat-
ment, mice were first habituated to the photo-beam activity 
chamber (26 × 26 × 38 cm) (Coulburn Instruments, Penn-
sylvania, USA) for 30 minutes. Following habituation, the 
mice were injected with either vehicle or deferiprone and 
their locomotor activity for the next 60 minutes was then 
measured in the chamber.

Inductively Coupled Plasma Mass Spectrometry 
(ICP‑MS)

To assess for the acute effect of deferiprone treatment on 
metal levels, whole brain tissue or peripheral blood was col-
lected. 1 hour following injection with deferiprone or vehi-
cle, mice were anaesthetised with pentobarbital (80 mg/kg; 
Virbac, Milperra, Australia) in 0.9% saline i.p. Blood was 
removed via transcardial puncture following by perfusion 
with phosphate buffered saline (PBS, 0.05 M, pH 7.4) and 
brain regions of interest dissected. Blood collected in tubes 
was allowed to clot for 30–45 minutes at room temperature 
and then centrifuged for 15 minutes at 1100 × g. The serum 
from the sample was collected and stored at −20 °C until 
subsequent analysis. The brain tissue was frozen at −80 °C 
for storage.

During ICP-MS, the samples were first freeze dried 
before being digested. To the lyophilised tissue samples, 
50 µL of nitric acid  (HNO3) (65% Suprapur, Merck) was 

added and allowed them to digest overnight at room tem-
perature. The samples were further digested by heating at 
90 °C for 20 minutes using a heating block. Samples were 
then removed from the heating block and an equivalent 
volume of 50 µL hydrogen peroxide  (H2O2) (30% Aristar, 
BDH) was added to each sample. Samples were allowed to 
stop effervescing, for 30 minutes, before heating again for 
a further 15 minutes at 70 °C. The average reduced volume 
was determined, and the samples were further diluted with 
1%  HNO3 diluent.

Measurements were made using an Agilent 7700 series 
ICP-MS instrument under routine multi-element operating 
conditions using a helium reaction gas cell. The instrument 
was calibrated using 0, 5, 10, 50, 100 and 500 ppb of certi-
fied multi-element ICP-MS standard calibration solutions 
(ICP-MS-CAL2-1, ICP-MS-CAL-3 and ICP-MS-CAL-4; 
Accustandard) for a range of elements. A certified inter-
nal standard solution containing 200 ppb of yttrium (Y89) 
was used as an internal control. Results are expressed as 
micrograms of metal per gram of wet weight tissue (μg/g) 
or micromoles of metal per litre of blood serum (μmol/L).

Immunohistochemistry

To determine neuronal activity following exposure to defer-
iprone and also swim stress, c-Fos expression was meas-
ured following deferiprone treatment and/or swim stress/
PST exposure. 90 minutes following the cessation of the 
swim stress, or 160 minutes after injection with deferiprone 
or vehicle, the mice were anaesthetised with pentobarbital 
(80 mg/kg; Virbac) in 0.9% saline i.p. After the mice were 
anaesthetised, they were transcardially perfused with phos-
phate buffered saline (PBS, 0.05 M, pH 7.4) followed by 4% 
paraformaldehyde (PFA) solution (0.1 M NaP buffer, 1.5% 
sucrose, 4% paraformaldehyde; Sigma-Aldrich, Castle Hill, 
Australia; pH 7.4) overnight. Following this, the brain was 
placed in 30% sucrose in 0.1 M phosphate buffer (PB) until 
the brain was sunk. Brains were fast frozen using dry ice 
submerged in isopentane and then stored in a −80 °C freezer. 
Coronal sections. (30 µm) were then cut for the whole brain 
using a cryostat into 24-well tissue culture plates and stored 
in a −20 °C freezer in cryoprotectant (30% ethylene glycol, 
20% glycerol in 0.05 M NaP buffer; pH 7.4) solution. Per-
oxidase immunohistochemistry for c-Fos expression analysis 
was then conducted as previously described [46].

When conducting the immunohistochemistry staining, 
on the first day, sections were washed in 0.05 M PBS and 
then quenched for endogenous peroxidase in 1%  H2O2 in 
50% MeOH/50% 0.05 M PBS for 30 minutes. Sections 
were then washed and pre-incubated in 0.3% PBST (0.3% 
Triton X100) for 30 minutes. Sections were then placed 
in 5% normal goat serum (Thermo Fisher; in 0.3% PBST) 
for 60 minutes and finally incubated overnight in primary 
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Fig. 1  Effect of acute defer-
iprone on depression-related 
behaviours and locomotor 
activity. Effect of deferiprone 
on the Porsolt swim test at 
1 hour (a) and 24 hours (b) 
post-injection (2-way ANOVA; 
Bonferroni post hoc). c Effect 
of deferiprone on the novelty-
suppressed feeding test (Cox-
regression test). d Locomotor 
activity in the 60 minutes 
following deferiprone injec-
tion (3-way repeated measure 
ANOVA; Bonferroni post hoc). 
a, b Data are expressed as 
median with interquartile range; 
whiskers represent min to max 
values. d Data are expressed 
as mean ± SEM. a n = 15–21; 
b, d n = 10–13; c n = 13–14. 
***p < 0.001 KO vehicle vs. 
KO deferiprone, $p < 0.05 WT 
vs. KO, #p < 0.05; ##p < 0.01; 
###p < 0.001 vehicle vs. 
deferiprone. WT = wild-type; 
KO = knock-out
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antibody (rabbit anti-c-Fos 1:3000; Millipore, Temecula, 
USA; CAT# ABE457, LOT# 3,168,266) in 0.3% PBST. On 
the second day, the sections were washed and then incu-
bated in the secondary antibody (biotinylated-goat anti-
rabbit 1:500; Vector Laboratories; CAT# BA-1000) in 
0.05 M PBS for 90 minutes. The sections were then washed 
again and transferred to avidin–biotin-peroxidase complex 
(1:200; Vector Elite; CAT# PK-6101, LOT# ZF0425) for 
90 minutes. Tissue sections were washed again and then 
stained in peroxidase chromogen solution according to 
manufacturer’s instructions (Vector SG; CAT# SK-4700) 
for 10 minutes. Sections were then mounted on slides and, 
once dry, were hydrated for 2 minutes in tap water and then 
progressively dehydrated in increasing concentrations of 
ethanol baths (50%, 90%, 2 × 100%) and xylene solution for 
3 minutes followed by cover-slipping using DPX (Thermo 
Fisher, Leicestershire, UK).

For each region captured, the image was taken at the same 
bregma point for each mouse as identified in Supplementary 

Table 2. For each region, one brain section per animal was 
analysed. Photomicrographs were taken using a Zeiss Imager 
M2 microscope using a × 20 objective lens. The entire area 
of each region was captured through intervals using tiles 
and stitching functions of the Stereo Investigator 2019.1.2 
software. The region of interest was determined via the 
mouse brain atlas (Paxinos & Franklin, 2010). Quantifi-
cation of Fos-positive immunoreactive cells was recorded 
from a single hemisphere unless a region crossed into both 
hemispheres. Fos-positive stained cells were counted using a 
script on ImageJ and validated to manual counts. Cell count 
density was determined by Fos-positive immunoreactive 
cells divided by the area of region of interest.

Functional Network Analyses

Graph theory-based analyses were applied to the c-Fos expres-
sion data to characterise the functional connectome [47, 48]. 
Correlation matrices were created for visualising inter-regional 

a b

c d

Fig. 2  Levels of iron in brain regions and blood following acute 
deferiprone treatment. Effect of acute deferiprone treatment on the 
a prefrontal cortex, b striatum, c brainstem and d blood. Two-way 

ANOVA. Data are expressed as median with interquartile range; 
whiskers represent min to max values. n = 9–14. $p < 0.05 WT vs. 
KO overall effect. WT = wild-type; KO = knock-out
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correlation. The matrices were created using Pearson’s correla-
tion coefficient. Circular graphs representing significant nodes 
and edges in the functional connectome were created using 
significance set at Pearson’s r ≥ 0.83 for positive correlation 
and r ≤  −0.83 for negative correlation [48]. Nodes represent 
individual brain regions of interest while edges represent inter-
regional correlation between two brain regions. Nodes were 
considered a hub, which is a key region for information integra-
tion in a network, if they were in the 80th percentile for degree 
and betweenness centrality as well as showing significance 
at the low (r ≥ 0.79), primary (r ≥ 0.83) and high (r ≥ 0.87) 
positive correlation confidence networks [48]. Community 
detection analysis was conducted using a spectral community 

detection algorithm which was applied to the weighted cor-
relation network [49]. The community detection analysis max-
imises within-module correlation while minimising between-
module correlation to group regions based on shared co-activity 
patterns, which are depicted as different colours in the network 
map. In each group, all amygdala regions taken from −1.82 
bregma point were highlighted in bold to characterise their 
organisation in the community detection network. Rubinov and 
Spears Brain Connectivity Toolbox was employed for graph 
theory analysis using Matlab R2019b [50]. Visualisations were 
created using R v3.6.1 and packages ggplot2 and ggnet2.

Hierarchical clustering has been previously adopted to 
cluster regions of similar co-activation profile using c-Fos 

Fig. 3  Acute deferiprone and swim stress exposure on c-Fos expres-
sion in various brain regions. Effect of deferiprone and swim stress 
exposure on c-Fos expression in subnuclei of the a lateral amygdala, 
b dorsal raphe and c lateral septum. d Representative photomicro-
graphs of deferiprone treatment on behaviourally naive WT and 
5-HTT KO mice in the basolateral, basomedial and lateral amyg-
dala. Three-way ANOVA; Bonferroni post hoc. Data are expressed 
as median with interquartile range; whiskers represent min to max 
values. Black bar represents 100 μm. a n = 6–9, b n = 5–9, c n = 5–8. 

^^p < 0.01 KO naive vs. KO PST, + p < 0.05; +  + p < 0.01 KO vehi-
cle vs. KO deferiprone, † WT deferiprone vs. KO deferiprone, 
##p < 0.01 vehicle vs. deferiprone. WT = wild-type; KO = knock-out; 
BNST = bed nucleus of the stria terminalis; PST = Porsolt swim test; 
LaDL = lateral amygdala−dorsolateral; LaVL = lateral amygdala−
ventrolateral; LaVM = lateral amygdala−ventromedial; BLP = baso-
lateral amygdala−posterior; BLA = basolateral amygdala−anterior; 
BMP = basomedial amygdala−posterior
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Table 1  Density of Fos-positive cells in brain regions following deferiprone treatment in both WT and 5-HTT KO mice, behaviourally naive and 
following swim stress

Brain regions (distance 
from bregma, mm)

WT Naive KO Naive WT Naive KO Naive WT PST KO PST WT PST KO PST

Vehicle Vehicle Deferiprone Deferiprone Vehicle Vehicle Deferiprone Deferiprone
Prefrontal cortex
Prelimbic cortex (+ 1.70) 357 ± 81 288 ± 38 358 ± 72 463 ± 77 327 ± 34 371 ± 67 335 ± 29 317 ± 41
Infralimbic cortex 

(+ 1.70)
238 ± 53 208 ± 42 326 ±  52## 402 ±  38## 316 ± 19** 362 ± 34** 336 ± 40 335 ± 33

Frontal association cortex 
(+ 2.58)

44 ± 10 70 ± 27 33 ± 12 80 ± 15 63 ± 18 71 ± 31 69 ± 17 87 ± 19

Medial orbital cortex 
(+ 2.58)

258 ± 73 212 ± 27 187 ± 47 290 ± 50 348 ± 96 326 ± 77 280 ± 46 248 ± 50

Ventral orbital cortex 
(+ 2.58)

340 ± 85 325 ± 64 210 ± 57 367 ± 79 308 ± 69 377 ± 79 280 ± 62 284 ± 38

Lateral orbital cortex 
(+ 2.58)

261 ± 65 267 ± 47 166 ± 39 286 ± 66 262 ± 42 230 ± 36 226 ± 44 258 ± 37

Dorsolateral orbital 
cortex (+ 2.58)

110 ± 35 152 ± 33 156 ± 43 288 ± 74 164 ± 39 126 ± 28 142 ± 23 228 ± 66

Cerebral cortex
Cingulate cortex (+ 1.10) 395 ± 51 302 ± 44 313 ± 43 344 ± 41 330 ± 39 285 ± 32 281 ± 40 297 ± 53
Claustrum (+ 1.10) 212 ± 37 128 ± 61 181 ± 44 212 ± 90 161 ± 42 153 ± 38 153 ± 37 212 ± 35
Agranular insular cortex 

(+ 1.10)
171 ±  38#$ 75 ± 15 96 ± 16 133 ±  32$ 171 ±  35#$ 152 ± 30 107 ± 25 188 ±  26$

Dysgranular insular 
cortex (+ 1.10)

120 ± 22 77 ± 17 146 ± 37 155 ±  34# 123 ± 25 118 ± 27 105 ±  24$ 246 ±  43#$

Granular insular cortex 
(+ 1.10)

140 ± 54 54 ± 11 187 ±  48##a 189 ±  50##a 110 ± 16 84 ± 17 158 ±  53##a 208 ±  32##a

Lateral septum
Lateral septum, dorsal 

(+ 0.50)
300 ± 86 151 ± 52 272 ± 55 322 ± 66 238 ± 32 260 ± 61 413 ±  76† 309 ± 41

Lateral septum, ventral 
(+ 0.50)

339 ± 66 436 ± 106 478 ± 46 413 ± 56 503 ± 68 585 ± 67 395 ± 61 445 ± 77

Lateral septum, 
intermediate (+ 0.50)

278 ± 50 214 ± 45 309 ± 30 279 ± 54 341 ±  49*a 433 ±  73*a 355 ±  65*a 298 ±  37*a

Hypothalamus
Paraventricular 

hypothalamus (-1.06)
284 ± 224 336 ± 155 446 ± 179 447 ± 223 556 ±  83* 481 ±  104* 416 ± 80 370 ± 73

Anterior hypothalamic 
area (-1.06)

156 ± 34 209 ± 31 208 ± 27 284 ± 27 304 ±  28*a 299 ±  58*a 278 ±  49*a 256 ±  32*a

Peduncular part of lateral 
hypothalamus (−1.06)

143 ± 28 152 ± 22 180 ± 30 233 ± 18 197 ± 24 197 ± 34 181 ± 29 234 ± 31

Dorsomedial 
hypothalamus (-1.46)

370 ± 54 325 ± 64 494 ± 66 395 ± 40 477 ± 105 357 ± 79 369 ± 47 323 ± 51

Ventromedial 
hypothalamus, 
ventrolateral (−1.46)

230 ± 62 251 ± 40 159 ± 28 145 ± 31 389 ±  34*a 190 ±  58*a 300 ±  58*a 277 ±  78*a

Ventromedial 
hypothalamus, 
dorsomedial (−1.46)

163 ± 55 232 ± 44 204 ± 38 147 ± 32 264 ±  76*a 221 ±  76*a 335 ±  90*a 420 ±  97*a

Ventromedial 
hypothalamus, central 
(−1.46)

155 ± 72 203 ± 63 210 ± 26 207 ± 20 178 ± 40 98 ± 30 351 ±  128###* 406 ±  67###*

Ventrolateral preoptic 
hypothalamus (+ 0.02)

237 ± 31 237 ± 73 338 ±  31# 382 ±  64# 402 ±  68** 392 ±  59** 425 ± 72 246 ± 48

Ventromedial preoptic 
hypothalamus (+ 0.02)

236 ± 46 309 ± 78 287 ± 81 300 ± 83 416 ±  90*a 386 ±  80*a 474 ±  112*a 418 ±  69*a
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Table 1  (continued)

Brain regions (distance 
from bregma, mm)

WT Naive KO Naive WT Naive KO Naive WT PST KO PST WT PST KO PST

Medial preoptic 
hypothalamus (+ 0.02)

129 ± 31 160 ± 27 221 ± 43 211 ± 24 326 ±  49##*** 306 ±  63##*** 215 ± 39 173 ± 21

Lateral preoptic 
hypothalamus (+ 0.02)

212 ± 8 215 ± 22 300 ±  37##** 291 ±  22##** 234 ± 32 264 ± 45 233 ± 36 195 ± 30

Striatum
Nucleus accumbens, core 

(+ 1.10)
112 ± 31 81 ± 16 186 ±  47#a 182 ±  64#a 113 ± 31 106 ± 24 95 ±  19#a 174 ±  28#a

Nucleus accumbens, shell 
(+ 1.10)

95 ± 21 72 ± 10 159 ± 11 254 ±  66###$$ 138 ± 26 137 ± 26 130 ± 19 216 ±  29###$$

Caudate putamen (+ 1.10) 77 ± 9 53 ± 13 55 ± 17 74 ± 23 54 ± 13 35 ± 10 66 ± 15 36 ± 7
Amygdaloid regions
Medial amygdala, 

anteroventral (− 1.22)
111 ± 19 178 ± 15 302 ±  50###* 396 ±  76###* 301 ± 55 182 ± 31 246 ± 68 230 ± 26

Medial amygdala, 
anterodorsal (− 1.22)

173 ± 30 147 ± 38 372 ±  55### 391 ±  84### 291 ± 46 215 ± 31 300 ± 47 303 ± 49

Anterior cortical 
amygdala area (−1.22)

151 ± 23 207 ± 52 336 ±  39##@ 322 ±  62## 380 ±  73*@( 203 ±  29* 214 ± 49 244 ± 44

Posterolateral cortical 
amygdala area (−1.22)

155 ± 36 80 ± 26 373 ±  95###** 308 ±  26###** 279 ±  67* 159 ±  33* 188 ± 42 200 ± 40

Piriform cortex (−1.22) 107 ± 29 105 ± 28 189 ±  29#* 192 ±  44#* 166 ± 38 87 ± 11 99 ± 18 132 ± 32
Basomedial amygdala 

(−1.22)
132 ± 30 165 ± 27 357 ±  48###** 363 ±  38###** 252 ± 47 204 ± 54 247 ± 32 246 ± 51

Dorsal endopiriform 
claustrum (−1.22)

117 ± 32 106 ±  44$a 108 ± 13 245 ±  48$a 108 ± 36 140 ±  28$a 78 ± 25 130 ±  20$a

Ventral endopiriform 
(−1.22)

44 ± 21 112 ± 23 149 ±  39#a 191 ±  63#a 82 ± 35 67 ± 17 99 ±  33#a 87 ±  38#a

Central amygdala, 
capsular (− 1.22)

120 ± 32 141 ± 49 499 ±  89###a 569 ±  74###a 206 ± 58 296 ± 45 501 ±  107###a 470 ±  54###a

Central amygdala, lateral 
(−1.22)

66 ± 24 85 ± 37 460 ±  113### 649 ±  88### 132 ±  30* 293 ±  63* 399 ±  72### 549 ±  44###

Central amygdala, medial 
(−1.22)

57 ± 0.1 67 ± 17 361 ±  66### 336 ±  64### 145 ± 23 186 ± 55 237 ±  71# 314 ±  59#

Lateral amygdala, 
dorsolateral (−1.82)

204 ± 34 125 ± 23 173 ±  29#* 298 ±  46#*++^^ 183 ± 43 261 ±  33+^ 170 ± 29 159 ± 31

Lateral amygdala, 
ventrolateral (−1.82)

181 ± 37 129 ± 26 226 ±  14##** 279 ±  48##** 226 ±  36#* 246 ±  22#* 185 ± 25 157 ± 23

Lateral amygdala, 
ventromedial (− 1.82)

213 ± 62 110 ± 21 202 ± 29 216 ± 35 191 ±  26* 267 ±  13*+^^ 187 ± 28 146 ± 19

Basolateral amygdala, 
posterior (−1.82)

100 ± 28 89 ± 20 186 ±  28###a 227 ±  25###a 140 ± 19 163 ± 28 184 ±  29###a 214 ±  20###a

Basolateral amygdala, 
anterior (−1.82)

202 ± 33 142 ± 24 292 ±  31## 312 ±  49## 270 ±  41#*** 343 ±  43#*** 226 ± 27 238 ± 33

Basomedial amygdala, 
posterior (−1.82)

173 ± 30 99 ± 25 230 ±  31##* 285 ±  33##* 226 ±  44* 211 ±  36* 173 ± 25 183 ± 30

Bed nucleus of stria terminalis
BNST, medial, ventral 

(+ 0.02)
182 ± 21 184 ± 29 376 ±  46###* 382 ±  54###* 271 ± 47 262 ± 31 274 ± 37 305 ± 59

BNST, lateral, ventral 
(+ 0.02)

163 ± 19 181 ± 28 399 ±  45###* 444 ±  51###* 218 ± 31 293 ± 37 290 ± 48 348 ± 67

BNST, lateral, posterior 
(+ 0.02)

126 ± 25 149 ± 26 342 ±  29### 319 ±  36### 253 ±  34* 177 ±  13* 245 ± 25 290 ± 48

BNST, lateral, dorsal 
(+ 0.02)

144 ± 56 147 ± 35 316 ±  44### 394 ±  60### 237 ± 36 205 ± 65 272 ± 34 301 ± 50
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expression correlation datasets [42]. The tiles in each map rep-
resent all functional connections between the 60 brain regions 
analysed. Distance matrices have been hierarchically clustered 
to characterise modular structuring of functional brain net-
works [42, 51]. The Euclidean distance matrix was created 
for the inter-regional c-Fos expression correlation dataset. The 
distance matrix was hierarchically clustered using the com-
plete method to identify modules in each group. The hierarchi-
cal cluster dendrogram was then tree cut at 70% of the height 
to determine the number of modules, as this height was repre-
sentative of clustering at various cuts of the dendrogram and 
did not result in excessive modularity. The number of modules 
created at this tree cut was representative of the number of 
modules at various other values. Visualisations were created 
using R v3.6.1 and packages ComplexHeatmap.

Data and Statistical Analysis

Data were analysed by a two-way analysis of variance 
(ANOVA) to look at the genotype × treatment, genotype × drug 
or genotype × stress interaction between factors. Data were 
analysed as a three-way ANOVA to look at the interaction 

between factors for the c-Fos expression dataset. Repeated-
measures ANOVA was adopted if there were multiple time 
points or measurements repeated within subjects and measured 
from time of treatment. For the NSFT, a logrank Mantel–Cox 
test was adopted to evaluate differences between experimental 
groups. Sexes were pooled as no sex differences were observed 
in any of the tests. Significance was set at p < 0.05 and a Bon-
ferroni post hoc test was adopted to calculate for pairwise com-
parisons. Statistical analysis was conducted using GraphPad 
prism 9.0 (GraphPad Software Inc., LA Jolla, CA, USA) and 
SPSS 22.0 (IBM, Armonk, NY, USA) software. Data are avail-
able on request from the authors. Scripts used for analysis can 
be found at https:// github. com/ vuzun gil01/ dfp_ netwo rk.

Results

Deferiprone Has Acute Antidepressant‑Like Effects

The Porsolt swim test (PST) and novelty-suppressed 
feeding test (NSFT) are widely used to assess the poten-
tial antidepressant properties of drugs. In the PST, 

Table 1  (continued)

Brain regions (distance 
from bregma, mm)

WT Naive KO Naive WT Naive KO Naive WT PST KO PST WT PST KO PST

BNST, medial, 
anteromedial (+ 0.02)

187 ± 31 226 ± 33 345 ±  40# 296 ±  42# 320 ±  66#** 407 ±  104#** 226 ± 35 273 ± 60

Thalamus
Medial habenula (−1.70) 59 ± 21 163 ± 64 119 ± 33 182 ± 51 128 ± 28 124 ± 24 103 ± 38 101 ± 17
Lateral habenula (−1.70) 41 ± 14 81 ± 38 142 ±  33### 188 ±  25### 156 ±  31* $$ 113 ±  8* 177 ±  37$$ 127 ± 8
Paraventricular thalamus 

(−1.70)
546 ± 54 577 ± 45 770 ±  73###a 832 ±  54###a 663 ±  96*a 789 ±  75*a 814 ±  82###a *a 907 ±  92###a *a

Dorsal raphe
Dorsal raphe, dorsal 

(−4.42)
134 ± 17 69 ± 18 144 ± 34 257 ±  71^+ 122 ± 41 167 ± 17 175 ± 59 114 ± 22

Dorsal raphe, ventral 
(−4.42)

71 ± 15 138 ± 63 120 ± 17 161 ± 37 132 ± 72 103 ± 33 137 ± 30 86 ± 20

Dorsal raphe, 
intrafascular (−4.78)

60 ± 23 102 ± 27 145 ± 28 143 ± 26 78 ± 18 161 ± 24 106 ± 26 179 ± 41

Dorsal raphe, lateral 
(−4.78)

115 ± 22 182 ± 45 166 ± 63 159 ± 52 146 ± 35 176 ± 40 183 ± 34 171 ± 35

Dorsal raphe, caudal 
(−5.14)

100 ± 27 87 ± 23 170 ± 58 135 ± 39 85 ± 29 68 ± 27 139 ± 41 116 ± 33

Values represent number of Fos-positive cells/mm.2. #p < 0.05; ##p < 0.01; ###p < 0.001: two-way interaction effect naive deferiprone vs. naive 
vehicle or PST deferiprone vs PST vehicle groups; $p < 0.05; $$p < 0.01: two-way interaction effect WT vehicle vs. KO vehicle or WT defer-
iprone vs KO deferiprone groups; *p < 0.05; **p < 0.01; ***p < 0.001: two-way interaction effect WT naive vs. WT PST or KO naive vs. KO 
PST groups; + p < 0.05; +  + p < 0.01: three-way interaction effect KO naive vehicle vs. KO naive deferiprone or KO PST vehicle vs. KO PST 
deferiprone groups; †p < 0.05: three-way interaction effect WT PST deferiprone vs. KO PST deferiprone groups; @p < 0.05: three-way interac-
tion effect WT naive vehicle vs. WT PST vehicle or WT naive deferiprone vs. WT PST deferiprone groups; ^p < 0.05; ^^p < 0.01: KO naive 
vehicle vs. KO PST vehicle or KO naive deferiprone vs. KO PST deferiprone groups; (p < 0.05 WT PST vehicle vs. WT PST deferiprone groups; 
a = overall effect found in all groups and no interaction effect. Labelled group represents increased c-Fos expression against comparison group. 
Values are presented as the mean ± SEM, n = 5–9 per group
WT = wild-type, KO = 5-HTT knock-out, BNST = bed nucleus of stria terminalis, PST = Porsolt swim test
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60 minutes post-injection, deferiprone reduced immobil-
ity time in 5-HTT KO mice only (genotype × treatment 
interaction−F(1,67) = 8.44, p < 0.05; post hoc−p < 0.001) 
(Fig. 1a). There was no effect of deferiprone at 24 hours post-
injection (treatment—F(1,43) = 0.022, p > 0.05), but 5-HTT 
KO mice had increased immobility compared to WT litter-
mate controls (genotype−F(1,43) = 5.82, p < 0.05) (Fig. 1b). 
Antidepressant-like activities in the NSFT were found, as 
deferiprone-treated mice had reduced latency to feed in 
both genotypes (treatment−hazard ratio = 3.98, p < 0.001) 
(Fig. 1c). Since 5-HTT KO mice are also considered a model 
of anxiety [52], the effect of acute deferiprone treatment was 
also assessed in the light–dark box, in which the drug reduced 
the time spent in the light compartment (Fig. S1). Ruling 
out any potential locomotor confounding effect in the PST 
and NSFT findings, there was no effect of deferiprone in KO 
mice 60 minutes post-injection, as deferiprone only increased 
locomotor activity in both genotypes at 10, 20 and 40 min-
utes post-injection compared to their vehicle counterparts 
(time × treatment interaction−F(4.86, 199.13) = 6.46, p < 0.001; 
post hoc = 10 minutes (p < 0.001), 20 minutes (p < 0.01) and 
40 minutes (p < 0.05)) (Fig. 1d).

Acute Deferiprone Treatment Had No Effect 
on Iron Levels in the Prefrontal Cortex, Striatum 
and Brainstem, or Peripheral Blood

Levels of iron in various brain regions and blood were 
measured following acute deferiprone treatment (Fig. 2). 
There was no effect of deferiprone in the prefrontal cortex 
(F(1,44) = 0.66, p > 0.05) (Fig. 2a), striatum (F(1,43) = 1.38, 
p > 0.05) (Fig.  2b), brainstem (F(1,43) = 2.32, p > 0.05) 
(Fig. 2c) and blood (F(1,44) = 0.61, p > 0.05) (Fig. 2d). How-
ever, in blood, 5-HTT KO mice had elevated levels of iron 
compared to WT controls (F(1,44) = 5.06, p < 0.05).

Effects of Deferiprone Implicates the Lateral 
Amygdala, Dorsal Raphe and Lateral Septum 
in a Genotype‑Specific Manner

The present study next aimed to determine which regions 
were implicated in the reduction of immobility behaviour 
of the 5-HTT KO mice treated with deferiprone following 
swim stress/PST exposure (Fig. 3). This was done by assess-
ing c-Fos expression as a marker of neuronal activity follow-
ing deferiprone treatment and swim stress exposure. c-Fos 
expression was also used to determine brain-wide effects of 
deferiprone in both mice naive of behavioural testing as well 
as following swim stress exposure (Table 1).

In subnuclei of the lateral amygdala, a significant 
stress × genotype × treatment interaction was observed 
(F(1,50) = 9.14, p < 0.01) with the post hoc test revealing that 
in behaviourally naive 5-HTT KO mice, deferiprone resulted 
in increased c-Fos expression compared to vehicle treat-
ment (p < 0.01). In addition, in the 5-HTT KO mice treated 
with vehicle, swim stress exposure increased c-Fos expres-
sion (p < 0.01). Meanwhile, in swim stress–exposed mice, 
5-HTT KO mice treated with deferiprone had decreased 
c-Fos expression compared to vehicle treatment (p < 0.05) 
(Fig. 3a). In subnuclei of the dorsal raphe, a significant 
stress × genotype × treatment interaction was observed 
(F(1,47) = 6.24, p < 0.05) with the post hoc test revealing 
that in behaviourally naive mice, 5-HTT KO mice treated 
with deferiprone had increased c-Fos expression compared 
to vehicle-treated mice (p < 0.05) (Fig. 3b). In subnuclei of 
the lateral septum, a trend for a stress × genotype × treatment 
interaction was observed (F(1,45) = 3.50, p = 0.068) with the 
post hoc test revealing that in swim stress–exposed mice, the 
WT mice treated with deferiprone had greater c-Fos expres-
sion compared to 5-HTT KO mice treated with deferiprone 
(p < 0.05) (Fig. 3c).

Functional Connectivity Network and Hubs Identify 
Key Regions of Activity Following Swim Stress 
and Deferiprone Treatment in WT and 5‑HTT KO 
Mice

The next analyses aimed to characterise the network-wide 
functional connectome following deferiprone treatment in 
behaviourally naive (Fig. 4) and swim stress/PST exposed 
(Fig. 5) mice. Increased inter-regional correlation suggests 
that regions are acting together while negative correlation 
(Fig. 6) suggests modulation via inhibitory networks.

Graph theory–based analyses on c-Fos expression 
revealed unique inter-regional correlation matrices following 

Fig. 4  Functional connectivity network and hub regions following 
deferiprone treatment in WT and 5-HTT KO mice. a Connectivity 
matrix for inter-regional correlation following deferiprone treatment 
in both WT and 5-HTT KO mice was created using Pearson’s cor-
relation. b The functional connectivity network in each group was 
created using the strongest (Pearson’s r ≥ 0.83) correlation between 
regions. The size of nodes is proportional to the number of significant 
inter-regional correlation while the lines depict the edge between two 
nodes. c Hubs for the functional connectome in WT and KO mice 
treated with deferiprone. Hubs are central regions of information 
integration, and were identified in bold by determining if they were 
in the 80th percentile for number of nodes in the low (grey) r ≥ 0.78, 
primary (orange) r ≥ 0.83 and high (red) r ≥ 0.87 correlation network 
as well as the 80th percentile for betweenness centrality. WT = wild-
type; KO = knock-out; BNST = bed nucleus of the stria terminalis
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deferiprone in behaviourally naive mice (Fig. 4a) and fol-
lowing swim-stress exposure (Fig. 5a) in both genotypes. 
The positive correlation functional network revealed that 
in behaviourally naive mice, there was a greater number of 
inter-regional correlations in WT mice treated with defer-
iprone compared to 5-HTT KO mice treated with deferiprone 
(Fig. 4b). In comparison, not many significant connections 
were observed in the negative correlation functional net-
work (Fig. 6a). When analysing for hubs, WT deferiprone-
treated mice had hubs localised to the prelimbic cortex, 
dorsomedial hypothalamus and the posterolateral cortical 
amygdala; whereas 5-HTT KO deferiprone-treated mice had 
hubs mainly localised to the dorsal raphe, caudate putamen 
and piriform cortex (Fig. 4c).

The functional network in stress–exposed mice revealed 
highly connected nodes in the 5-HTT KO vehicle-treated 
group, including regions of the amygdala, striatum and 
BNST (Fig. 5b). On the other hand, there were fewer inter-
regional correlations in the deferiprone-treated groups in 
either genotype. The negative correlation network revealed 
that in 5-HTT KO mice following swim-stress exposure and 
vehicle treatment, the lateral septum was a highly connected 
node with preferential connectivity to the lateral amygdala 
and BNST (Fig. 6b). Brain regions which were hubs fol-
lowing swim-stress exposure and deferiprone treatment 
were the lateral preoptic hypothalamus in WT mice and the 
BNST in 5-HTT KO mice (Fig. 5c). The hubs were informed 
by the degree and betweenness centrality for each region 
(Figs. S3 and S4). Degree represents number of significant 
inter-regional correlations for the region while betweenness 
centrality is the fraction of all shortest paths in the network 
which pass through the region [50].

Swim Stress Results in an Increase in Modular 
Structuring of the Brain in WT But Not in 5‑HTT KO 
Mice

To determine changes in network modular organisation of 
swim stress/PST exposure as well as deferiprone treatment 
in WT (Fig. 7) and 5-HTT KO (Fig. 8) mice, graph the-
ory–based community detection and hierarchical clustering 
of c-Fos expression correlation dataset was conducted. In 
addition, the modular organisation of the community detec-
tion network can be utilised to determine the clustering of 
important regions following deferiprone treatment.

Community detection analysis revealed an increase in the 
number of modules and organisation of the network follow-
ing swim-stress exposure in WT mice (Fig. 7a). This effect 
was not observed in 5-HTT KO mice where the number of 
modules did not increase following swim stress (Fig. 8a). 
In further confirmation of the increased modularity of WT 
mice following swim-stress exposure, hierarchical clustering 
of the Euclidean distance resulted in an increase in num-
ber of modules in WT (Fig. 7b) which was not observed in 
5-HTT KO (Fig. 8b) mice. To ensure that tree cutting of the 
dendrogram at different thresholds was not responsible for 
the observed increase in modularity of WT mice, the num-
ber of modules at progressively increasing tree cut heights 
was characterised. At a range of tree cuts of the dendrogram 
of the hierarchical clustering dataset, WT mice exposed to 
swim stress maintained the increase in modularity compared 
to behaviourally naive controls (Fig. 7c). In comparison, 
tree cutting at different dendrogram heights had no effect 
on the number of modules in 5-HTT KO mice (Fig. 8c). 
Furthermore, regardless of the genotype, deferiprone had no 
effect on the number of modules in either modular cluster-
ing measure.

When looking at regions which had been previously 
shown to be affected by deferiprone treatment and swim-
stress exposure in the 5-HTT KO mice, the lateral, basolat-
eral and basomedial amygdala had changes to c-Fos expres-
sion (Table 1). Therefore, their properties in the community 
detection network were examined. When looking at each 
group separately (Figs. 7a and 8a), we found that these 
regions were distributed across the modules and the net-
work in all groups except the KO deferiprone PST group, 
in which these regions were highly clustered, and all found 
within the same module.

Fig. 5  Functional connectivity network and hub regions following 
deferiprone treatment and swim stress in WT and 5-HTT KO mice. 
a Connectivity matrix for inter-regional correlation following defer-
iprone treatment and swim stress in both WT and 5-HTT KO mice 
was created using Pearson’s correlation. b The functional connectiv-
ity network in each group was created using the strongest (Pearson’s 
r ≥ 0.83) correlation between regions. The size of nodes is propor-
tional to the number of significant inter-regional correlation while the 
lines depict the edge between two nodes. c Hubs for the functional 
connectome in WT and KO mice exposed to swim stress and defer-
iprone treatment. Hubs are central regions of information integra-
tion, and were identified in bold by determining if they were in the 
80th percentile for number of nodes in the low (grey) r ≥ 0.78, pri-
mary (orange) r ≥ 0.83 and high (red) r ≥ 0.87 correlation network 
as well as the 80th percentile for betweenness centrality. WT = wild-
type; KO = knock-out; BNST = bed nucleus of the stria terminalis; 
PST = Porsolt swim test
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Discussion

Antidepressant‑Like Effects of Deferiprone

Our study is the first to examine the effects of acute defer-
iprone treatment on depression-related behaviours. We pro-
vide the first evidence of antidepressant-like effects of acute 
deferiprone, as immobility time of 5-HTT KO mice in the 
Porsolt swim test (PST) was reduced 1 hour after deferiprone 
administration. The 5-HTT KO mice have been shown to 
have increased immobility time in the PST, indicative of 
a depression-like phenotype, which is consistent with the 
observations in our study [18, 24]. Ruling out any possible 
confounding effects on locomotor activity, we found that 
deferiprone had no effect on locomotion in 5-HTT KO mice 
1 hour post-injection. We also revealed that deferiprone 
reduced latency to feed in the novelty-suppressed feeding 
test (NSFT) in both genotypes. Altogether, these findings 
suggest that deferiprone has antidepressant-like properties 
[24, 53–55].

The antidepressant-like effects of deferiprone are unlikely 
to involve the 5-HT transporter, as these behavioural effects 
(revealed in both the PST and NSFT) were found in 5-HTT 
KO mice, which completely lack the 5-HTT protein, the 
primary target of SSRIs [24]. Acute treatments with glu-
tamatergic antidepressants, such as ketamine, have been 
shown to exert sustained antidepressant-like effects in the 
PST [53, 56, 57]. However, we did not find such effect of 
deferiprone when assessed 24 hours post-injection in the 
PST.

Further supporting the antidepressant-like actions of 
deferiprone, we showed that acute deferiprone reduced 
latency to feed in the NSFT in both genotypes. Notably, 
antidepressant-like effects of classic monoaminergic antide-
pressants in the NSFT are typically observed after chronic 
but not acute administration [54, 58]. In our NSFT experi-
ment, deferiprone had actions similar to fast-acting anti-
depressants, such as ketamine, which act primarily on the 
glutamatergic system and have also been shown to reduce 
latency to feed 1 hour post-treatment [45, 55, 57]. While 
there are also previous reports of 5-HTT KO mice hav-
ing reduced latency to feed in the NSFT [59, 60], we did 
not reveal any difference between genotypes in our study. 
This may be due to the acute stressor in the form of the 

intraperitoneal injection 1 hour before testing, which was not 
present in prior studies, or due to background strain differ-
ences [59, 60]. We observed that mice which were to receive 
deferiprone treatment had slightly greater weight loss dur-
ing the 24-hours fasting period (Fig. S2a) which potentially 
confounded their desire for food consumption during the 
NSFT protocol. However, there was only a few-percent dif-
ference in terms of weight loss between treatment groups, 
and vehicle-treated mice also lost substantial body weight 
indicating they were sufficiently hungry to perform the test. 
Furthermore, deferiprone treatment conversely reduced pel-
let consumption selectively in 5-HTT KO mice in their home 
cage following the NSFT protocol and had no effect on WT 
controls (Fig. S2b). This further confirms that the reduction 
in latency to feed in the NSFT induced by deferiprone was 
not due to an increased desire for food consumption.

In the post-NSFT period, vehicle-treated 5-HTT KO mice 
had increased food pellet consumption compared to WT 
controls when placed back in their home cages (Fig. S2b). 
Another study has found that 5-HTT KO mice have no dif-
ferences in their home-cage pellet consumption following 
the NSFT protocol [59]; however, this discrepancy may be 
explained by strain differences. There is evidence to indicate 
that C57Bl/6J 5-HTT KO mice do have increase home-cage 
food consumption [61, 62] and human ‘s’ allele carriers of 
the 5-HTTLPR region of the gene have increased emotional 
state associated food consumption [63] which may underpin 
our observations.

Since 5-HTT KO mice are also considered a model of 
anxiety [64] and the NSFT is relevant to anxiety-like behav-
iours as well as being sensitive to acute anxiolytic drugs [65, 
66], we assessed the effect of acute deferiprone in another 
anxiety-like behavioural paradigm, the light–dark box test. 
We were able to confirm that 5-HTT KO mice spend less 
time in the light compartment when compared to WT ani-
mals. We also revealed an anxiogenic-like effect of acute 
deferiprone in both genotypes. In a mouse model of tauopa-
thy, Rao et al. [67] found that chronic deferiprone treatment 
had an anxiolytic-like effect. However, this was in a model 
of tauopathy following 16 weeks of treatment and using 
time spent in the outer arena zone as a measure of anxiety-
like behaviours, which was substantially different from our 
acute study. While our results in the light–dark box test are 
in contrast to our antidepressant/anxiolytic-like effect of 
deferiprone we found in the NSFT, there is evidence that 
iron deficiency anaemia is linked to increased prevalence of 
anxiety disorders [68]. There is also data suggesting that pro-
longed iron deficiency results in anxiety-like behaviours in 
rodents [69]. Notably, deferiprone also reduced total distance 
travelled in the light–dark box test, which could potentially 
confound the overall interpretation on anxiety-like pheno-
type. Interestingly, our effect of deferiprone on anxiety level 
is similar to the anxiogenic-like effect previously reported 

Fig. 6  Functional negative correlation network following deferiprone 
treatment and swim-stress exposure in WT controls and 5-HTT KO 
mice. The functional negative correlation network was character-
ised in behaviourally naive (a) and following swim-stress exposure 
(b). The negative correlation network for each group was created 
using the strongest negative (Pearson’s r ≤  −0.87) between regions. 
The size of nodes is proportional to the number of significant inter-
regional negative correlation while the lines depict the edge between 
two nodes
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following acute treatment with SSRIs [70–73]. Notably, only 
5-HTT KO mice had reduced number of bouts to the light 
compartment following acute deferiprone treatment indi-
cating a further genotype specific effect of deferiprone in a 
model of serotonergic dysfunction. In summary, these results 
indicate that deferiprone’s therapeutic potential is limited to 
an antidepressant-like effect.

We also found that deferiprone increased locomotor activ-
ity in both genotypes in the first 40 minutes of the post-injec-
tion period. Critically, there was no effect on locomotion at 
the 60-minutes post-injection timepoint, which indicates that 
the drug-induced effects on locomotor activity are not con-
founding our observation in the PST.

Acute Deferiprone Treatment Does Not Have 
an Effect on Metal Levels

To determine whether the acute antidepressant-like effects 
of deferiprone were due to alteration of iron levels, levels 
of several metals were measured in various brain regions 
and in the blood following acute deferiprone treatment. We 
found that deferiprone did not change total iron levels in the 
prefrontal cortex, striatum, brainstem or peripheral blood in 
either genotype, indicating that the acute antidepressant-like 
effects may be mediated via an iron-independent mechanism 
or by changes in intracellular iron pools. Indeed, the fact 
that deferiprone did not reduce total iron levels in any brain 
region of interest may reflect an iron redistribution effect of 
the drug rather than iron removal [74].

In comparison, there is evidence that chronic deferiprone 
treatment reduces iron levels in the hippocampus in WT rats; 
however, the study failed to disclose the dosage of defer-
iprone administration and may be much higher than our 
study [75]. Furthermore, Mehrpouya et al. [75] found that 
chronic deferiprone treatment increased immobility time in 
the PST, which was linked to lower levels of iron. It has 
been previously documented that iron deficiency results in 
depression-associated symptoms in both humans and ani-
mal models [76, 77]. Our results indicate that there is an 
iron level and behavioural difference when comparing acute 
and chronic delivery of deferiprone which may be acting via 
different biological mechanisms. Deferiprone has also been 

shown to chelate other metals in a less selective manner 
[78]; however, we found that acute deferiprone treatment 
had no effect on other metals of interest in brain regions and 
circulating blood. Finally, it is still possible that deferiprone 
would have perturbed the labile iron pool, which is only 2% 
of the total tissue iron and would not have been detectable in 
a study of this power. Notably, this labile pool is the one that 
interacts with tyrosine and tryptophan hydroxylases.

In terms of the effect on metal levels due to the genetic 
ablation of the 5-HTT, we found no differences of any metals 
at any brain region of interest. These results are in line with a 
previous report of unchanged iron level in the hippocampus 
in another 5-HTT KO mouse, although that same study found 
reduced iron in the midbrain [79]. Notably, the midbrain is 
only one section of the brainstem and therefore iron level dys-
regulation may occur selectively in subregions of the brain-
stem. The fact that we found no genotype effect on iron levels 
in the prefrontal cortex, striatum and the brainstem would 
indicate that there is not a general iron alteration across many 
regions of the 5-HTT KO mouse model. However, in line 
with the altered metals levels hypothesis, we interestingly 
found increased levels of iron and zinc in the blood of 5-HTT 
KO mice. Although there is evidence for depression severity 
being correlated with elevated levels of iron in various brain 
regions [8], as well as thalassemia patients with depression 
having elevated levels of the iron storage protein transferrin 
[9], our results would indicate that acute deferiprone is act-
ing in via iron-independent mechanism in a mouse model 
of depression without iron dysregulation in the brain. While 
we did not reveal any effect of deferiprone on blood metals 
levels, it would be interesting to determine whether acute 
deferiprone is having an effect on iron and zinc transporter 
or storage, which may be more relevant to the rapid actions 
of the drug instead of total levels of each metal. Also, it is 
worth noting that it is still possible that deferiprone and/or 
5-HTT mutation could have perturbed the labile iron pool, 
which is only 2% of the total tissue iron and would not have 
been detectable in a study of this power.

Brain Region Activity Following Swim Stress 
and Deferiprone

Using c-Fos expression immunostaining, we then deter-
mined the relevant brain regions activated by deferiprone in 
animals exposed to PST as well as in mice naive from any 
behavioural testing. Indeed, there is evidence that immobil-
ity time in the PST can be used as a proxy for stress-coping 
behaviour, which has been shown to be aberrant in MDD and 
5-HTT KO mice [18, 80]. Our data show that, in response 
to swim stress, subdivisions of the amygdala were differen-
tially activated in 5-HTT KO compared to WT mice, poten-
tially reflecting the increased immobility behaviour and/or 
aberrant stress response in 5-HTT KO mice. While altered 

Fig. 7  Community detection and hierarchical clustering on behav-
iourally naive and swim stress–exposed WT mice. a Graph-theory 
based community detection analysis of the functional network fol-
lowing deferiprone treatment and swim-stress exposure. An arbi-
trary Pearson’s r > 0.6 was used for visualisation purposes. Different 
colours around each node represent respective modules of activity. 
Regions in bold include the lateral, basolateral and basomedial amyg-
dala. b Hierarchical clustering of the Euclidean distance following 
deferiprone treatment and swim stress exposure. Dendrogram was cut 
at 70% height for clustering visualisation. c Number of modules of 
each treatment group at various tree cuts of the hierarchical clustering 
dendrogram. WT = wild-type
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stress responses have been previously revealed in both 
5-HTTLPR s allele carrier MDD patients and 5-HTT KO 
mice [22, 81], our c-Fos study is the first to look at neuronal 
activity following swim stress in 5-HTT KO mice. Nota-
bly, the amygdala has been implicated in the stress response 
and processing of threatening stimuli in both humans and 
rodents [82, 83]. We observed that there was increased c-Fos 
expression following swim stress exposure in subnuclei of 
the lateral amygdala of 5-HTT KO mice while, compara-
tively, there was a WT-selective increase in c-Fos expression 
in cortical amygdala regions. In line with that, s allele car-
riers of the 5-HTTLPR have been shown to have increased 
basolateral amygdala activity following an exposure to a 
psychological stressor [82, 84]. Prior research also suggests 
that the lateral amygdala is involved in mediating adverse 
environmental exposures [85]. Therefore, it is possible that 
subdivisions of the amygdala are over-activated in response 
to an acute environmental stressor in the 5-HTT KO mice.

Deferiprone also increased c-Fos expression in several stress-
related brain regions in animals of both genotypes in behav-
iourally naive mice, which could underlie the antidepressant-
like effects observed in both the PST and NSFT. Most of these 
regions have been shown to have increased c-Fos expression fol-
lowing monoaminergic and glutamatergic antidepressant treat-
ment [30–35, 86, 87]. We found a 5-HTT KO-selective increase 
in c-Fos expression following deferiprone in subnuclei of the 
lateral amygdala and dorsal raphe. This could be explained by 
the changes to serotonergic availability in the dorsal raphe, as 
well as changes to amygdala structure and morphology in the 
5-HTT KO mouse [36, 88].

As previously stated, the current findings show that 
vehicle-treated 5-HTT KO mice had increased c-Fos expres-
sion in the lateral amygdala following swim-stress expo-
sure. In contrast, 5-HTT KO mice that were treated with 
deferiprone prior to swim-stress exposure had a reduction 
in c-Fos expression in the lateral amygdala, thus revers-
ing the increased neuronal activity of this region following 
PST exposure. The attenuation of c-Fos expression follow-
ing existing antidepressant treatment and swim stress in 
certain brain regions has been attributed to these regions 
being involved in the therapeutic response of these drugs 
[35, 82–84, 89, 90]. Monoaminergic antidepressants have 

not shown an effect on the lateral amygdala following PST 
and antidepressant exposure but these were done only on 
WT animals thus far [34, 91]. It is possible that deferiprone 
is inhibiting the increase in neuronal activity of the lateral 
amygdala in the 5-HTT KO mice following swim-stress 
exposure, resulting in reduced immobility time in the PST.

In the current study, the lateral septum was also impli-
cated in the interaction between deferiprone treatment and 
swim-stress exposure in a genotype-specific manner. We 
found that following swim-stress exposure, WT mice had 
increased c-Fos expression in subnuclei of the lateral sep-
tum compared to 5-HTT KO mice. Lesions to the lateral 
septum have been shown to increase immobility time in the 
PST indicating a link between the function of this region 
and behavioural response [92]. Furthermore, the SSRI drug 
paroxetine was shown to attenuate stress–induced increase 
in c-Fos expression in the lateral septum suggesting a link 
between antidepressant response and the lateral septum [89]. 
Therefore, in addition to the lateral amygdala, deferiprone is 
interacting in a genotype-specific manner to reduce neuronal 
activity in the lateral septum in the 5-HTT KO mouse model 
of depression.

Functional Network Following Swim Stress 
and Deferiprone

Our functional connectome analyses in behaviour-
ally naive 5-HTT KO mice (i.e. not exposed to swim stress) 
treated with deferiprone, identified the dorsal raphe and cau-
date putamen as potential hubs of interest. The functional 
connectome is a temporal representation of the relationship 
between anatomical brain regions as defined by shared neu-
ronal activity patterns. Hubs are defined as brain regions 
which have the greatest information integration within the 
functional network [48, 50]. Therefore, they are likely to 
play an important role in the behavioural response to a stim-
ulus as they have extensive co-activity patterns with numer-
ous brain regions. The caudate and prefrontal cortex have 
been shown to have increased functional connectivity fol-
lowing ketamine treatment in MDD patients and increased 
brain connectivity of these regions is recognised as a marker 
of successful antidepressant treatment [40]. Although the 
prefrontal cortex was not identified as a hub in the KO defer-
iprone naive group, the orbital cortex was a heavily con-
nected node, with a node being defined as a vertex in the 
network. Furthermore, in the WT deferiprone naive group, 
the prelimbic cortex was shown to be a hub, indicating the 
effect of deferiprone on functional connectivity in the pre-
frontal cortex. These results are likely to reflect that regions 
of the prefrontal cortex and the caudate putamen have shared 
neuronal activity patterns with numerous brain regions, and 
are therefore likely to play an important role in the behav-
ioural response to deferiprone treatment. Therefore, similar 

Fig. 8  Community detection and hierarchical clustering on behav-
iourally naive and stress–exposed 5-HTT  KO mice. a Graph-theory 
based community detection analysis of the functional network fol-
lowing deferiprone treatment and swim-stress exposure. An arbi-
trary Pearson’s r > 0.6 was used for visualisation purposes. Different 
colours around each node represent respective modules of activity. 
Regions in bold include the lateral, basolateral and basomedial amyg-
dala. b Hierarchical clustering of the Euclidean distance following 
deferiprone treatment and swim-stress exposure. Dendrogram was cut 
at 70% height for clustering visualisation. c Number of modules of 
each treatment group at various tree cuts of the hierarchical clustering 
dendrogram. KO = knock-out
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to the findings of Abdallah et al. [40], the antidepressant-like 
activity of deferiprone may be mediated through an increase 
in global functional connectivity of the prefrontal cortex and 
caudate putamen, which needs to be further explored.

Looking at the functional connectome of 5-HTT KO 
mice exposed to swim stress, the lateral septum was a highly 
connected node for the negative correlation, or potentially 
inhibitory network [48]. Notably, its significant connections 
within the negative correlation network included the lateral 
amygdala, in line with which the selective increase in c-Fos 
expression in the 5-HTT KO mice following swim stress. 
Interestingly, following deferiprone treatment, we did not 
observe significant connections of the lateral septum in the 
negative correlation network of the 5-HTT KO mice, sug-
gesting that the drug may alter the aberrant functional con-
nectivity in the 5-HTT KO mice. The lateral septum has 
an inhibitory role in modulating the HPA axis and exhibits 
reduced serotonin levels in response to acute stress [92, 93]. 
It was also not surprising to find projections to the lateral 
amygdala in the negative correlation network due to altered 
morphology in this region in 5-HTT KO mice [36]; how-
ever, it does provide novel evidence for a potential inhibitory 
interaction between these regions in response to acute stress. 
The current study’s findings reinforce the role of the lateral 
septum in response to swim-stress exposure, and that sero-
tonergic availability in the lateral septum, which is altered 
in the 5-HTT KO mice, may play a role in the depression-
related behaviour.

Our results show that there is increased modularity of 
the functional network in response to swim stress selec-
tively in WT mice. Network modularity is defined as the 
parcellation of the overall network into sub-networks which 
may be responsible for distinctive activity due to shared 
co-activity patterns [47, 50]. Changes in network modu-
larity have been implicated in depression and response to 
stressors, as well as other psychiatric disorders [42, 43, 94]. 
The different effect that an acute stressor has on network 
properties such as modularity in the 5-HTT KO model of 
depression needs to be further explored. When looking at 
regions that deferiprone has been shown to be alter c-Fos 
expression following PST exposure, the lateral/basolateral/
basomedial amygdala were implicated. In the community 
detection analysis, these regions were distributed in the 
network and modules of all groups, except for the 5-HTT 
KO group, where they were shown to be highly clustered, 
suggesting coactivation of these regions. There is evi-
dence to suggest that regions which are highly clustered 
are responsible for certain neurophysiological functions 
[51]. Therefore, it is possible that these regions are act-
ing together, resulting in the antidepressant-like actions of 
deferiprone to modulate the swim stress.

Limitations and Conclusions

While our current findings provide evidence for potential 
antidepressant-like effects of deferiprone, further research 
is required to determine the molecular and cellular mecha-
nisms mediating its therapeutic actions. Further research 
must also explore the changes that deferiprone has on the 
functional network and its relevance to behavioural out-
comes. One potential explanation for the antidepressant-like 
properties of deferiprone may be mediated via brain-derived 
neurotrophic factor (BDNF) signalling, which is proposed 
to play a key role in depression and synaptic plasticity [95]. 
5-HTT KO mice have reduced expression of BDNF in mul-
tiple regions of the brain [96–98] and altered hippocampal 
long-term potentiation [44]. In addition, deferiprone has 
been shown to increase levels of BDNF [99]. Therefore, an 
exploration of acute deferiprone treatment on BDNF signal-
ling and neural plasticity would be an important avenue to 
explore.

Another possible avenue would be to measure reactive 
oxygen species as it has been implicated in MDD patho-
physiology and influenced by iron dysregulation [11, 13]. 
In addition, as 5-HTT KO mice also have elevated oxidative 
stress markers [26], it would be important to explore whether 
deferiprone is also reducing oxidative stress in 5-HTT KO 
mice.

The present findings indicate that deferiprone has similar-
ities to both typical antidepressants (e.g. SSRIs) and the new 
class of fast-acting antidepressants (e.g. ketamine), in both 
behavioural outcome and brain activity. While our data sug-
gest that the acute antidepressant-like effects of deferiprone 
is independent of brain iron levels, it is worth noting that our 
study is underpowered to detect any potential change on the 
labile iron pool and did not look at other key markers rel-
evant to iron signalling, such as ferritin or transferrin levels. 
In addition, deferiprone-dependent changes in distribution 
of iron intracellular pools cannot be ruled out.

In 5-HTT KO mice, deferiprone caused a reduction in 
the overactivity of the lateral amygdala and lateral septum 
in response to stress exposure. These findings also provide 
the first evidence for changes in the functional connectome 
of the 5-HTT KO mice following swim-stress exposure and 
the relevance for increased functional brain connectivity of 
the caudate putamen and the prefrontal cortex in the actions 
of deferiprone, as well as the lateral septum in the nega-
tive correlation network. In conclusion, the current find-
ings indicate that deferiprone is a therapeutic compound 
with novel antidepressant-like characteristics. Deferiprone 
appears to mediate its antidepressant-like actions via the 
lateral amygdala and lateral septum. The behavioural and 
neural activation profile of deferiprone seems unique to the 

Novel Antidepressant‑Like Properties of the Iron Chelator Deferiprone in a Mouse Model of… 1681

1 3



5-HTT KO mouse model of depression. While our current 
findings using the 5-HTT KO mouse model is relevant to 
SSRI-resistant depression, further studies assessing defer-
iprone on models of stress-induced depressive-like state 
in mice such as chronic social defeat stress would be very 
interesting.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13311- 022- 01257-0.

Acknowledgements This work was supported by a National Health and 
Medical Research Council (NHMRC) Project Grant. TR is a NHMRC 
Boosting Dementia Research Leadership Fellow. AJH is a NHMRC 
Principal Research Fellow. The Florey Institute of Neuroscience and 
Mental Health (FINMH) acknowledges the support from the Victorian 
Government’s Operational Infrastructure Support Grant. The authors 
would like to thank the Core Animal Services staff at the FINMH 
including Brett Purcell, Maddison Lee Ible, Daniel Drieberg, Juan Raf-
fin, Denise Noonan and Craig Thomson for technical assistance. The 
authors would like to thank the Microscopy Facility at the FINMH 
including Carolina Chavez for microscopy technical assistance. The 
authors would like to thank Carlos May Ferral for statistical assistance. 
The authors would also like to thank Kira Wilson for their technical 
assistance of the immunohistochemistry experiments as well as James 
Gattuso and Evan Hao for weighing brain tissues for the inductively 
coupled plasma mass spectrometry experiment.

Required Author Forms Disclosure forms provided by the authors are 
available with the online version of this article.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Gaynes BN, Warden D, Trivedi MH, Wisniewski SR, Fava M, 
Rush AJ. What did STAR*D teach us? Results from a large-
scale, practical, clinical trial for patients with depression. Psy-
chiatr Serv. 2009;60(11):1439–45.

 2. Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg AA, Warden 
D, Ritz L, et al. Evaluation of outcomes with citalopram for 
depression using measurement-based care in STAR*D: implica-
tions for clinical practice. Am J Psychiatry. 2006;163(1):28–40.

 3. Zarate CA, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh 
DA, et al. A randomized trial of an N-methyl-D-aspartate antago-
nist in treatment-resistant major depression. Arch Gen Psychiatry. 
2006;63(8):856–64.

 4. Shiroma PR, Thuras P, Wels J, Albott CS, Erbes C, Tye S, et al. 
A randomized, double-blind, active placebo-controlled study 
of efficacy, safety, and durability of repeated vs single subanes-
thetic ketamine for treatment-resistant depression. Transl Psy-
chiatry. 2020;10(1):1–9.

 5. Ho RCM, Zhang MW. Ketamine as a rapid antidepressant: the 
debate and implications. BJPsych Advances. 2016;22(4):222–33.

 6. Driesen NR, McCarthy G, Bhagwagar Z, Bloch M, Calhoun 
V, D’Souza DC, et al. Relationship of resting brain hypercon-
nectivity and schizophrenia-like symptoms produced by the 
NMDA receptor antagonist ketamine in humans. Mol Psychiatry. 
2013;18(11):1199–204.

 7. Ferreira A, Neves P, Gozzelino R. Multilevel impacts of iron in 
the brain: the cross talk between neurophysiological mechanisms, 
cognition, and social behavior. Pharmaceuticals (Basel). 2019 Aug 
29;12(3).

 8. Yao S, Zhong Y, Xu Y, Qin J, Zhang N, Zhu X, et al. Quantitative 
susceptibility mapping reveals an association between brain iron 
load and depression severity. Front Hum Neurosci. 2017;11:442.

 9. Sarhan AL, Modallal S, Mahamid FA, Berte DZ. Depression 
symptoms and associated factors among thalassemia patients in 
the Palestinian Territories: a cross-sectional study. Middle East 
Current Psychiatry. 2022;29(1):2.

 10. Roberts KM, Fitzpatrick PF. Mechanisms of tryptophan and tyros-
ine hydroxylase. IUBMB Life. 2013;65(4):350–7.

 11. Crichton RR, Dexter DT, Ward RJ. Brain iron metabolism and its 
perturbation in neurological diseases. J Neural Transm (Vienna). 
2011;118(3):301–14.

 12. Bhatt S, Nagappa AN, Patil CR. Role of oxidative stress in depres-
sion. Drug Discovery Today. 2020;25(7):1270–6.

 13. Bakunina N, Pariante CM, Zunszain PA. Immune mechanisms 
linked to depression via oxidative stress and neuroprogression. 
Immunology. 2015;144(3):365–73.

 14. Abbruzzese G, Cossu G, Balocco M, Marchese R, Murgia D, Melis 
M, et al. A pilot trial of deferiprone for neurodegeneration with 
brain iron accumulation. Haematologica. 2011;96(11):1708–11.

 15. Hider RC, Hoffbrand AV. The role of deferiprone in iron chela-
tion. N Engl J Med. 2018;379(22):2140–50.

 16. Kalueff AV, Olivier JDA, Nonkes LJP, Homberg JR. Con-
served role for the serotonin transporter gene in rat and mouse 
neurobehavioral endophenotypes. Neurosci Biobehav Rev. 
2010;34(3):373–86.

 17. Tjurmina OA, Armando I, Saavedra JM, Goldstein DS, Murphy 
DL. Exaggerated adrenomedullary response to immobilization 
in mice with targeted disruption of the serotonin transporter 
gene. Endocrinology. 2002;143(12):4520–6.

 18. Wilson C, Li S, Hannan AJ, Renoir T. Antidepressant-like 
effects of ketamine in a mouse model of serotonergic dysfunc-
tion. Neuropharmacology. 2020;168: 107998.

 19. Culverhouse RC, Saccone NL, Horton AC, Ma Y, Anstey KJ, 
Banaschewski T, et al. Collaborative meta-analysis finds no 
evidence of a strong interaction between stress and 5-HTTLPR 
genotype contributing to the development of depression. Mol 
Psychiatry. 2018;23(1):133–42.

 20. Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H, 
et al. Influence of life stress on depression: moderation by a poly-
morphism in the 5-HTT gene. Science. 2003;301(5631):386–9.

 21. Duman EA, Canli T. Influence of life stress, 5-HTTLPR geno-
type, and SLC6A4 methylation on gene expression and stress 
response in healthy Caucasian males. Biol Mood Anxiety Disord. 
2015;5(2):1–15.

 22. Miller R, Wankerl M, Stalder T, Kirschbaum C, Alexander N. 
The serotonin transporter gene-linked polymorphic region 
(5-HTTLPR) and cortisol stress reactivity: a meta-analysis. Mol 
Psychiatry. 2013;18(9):1018–24.

V. Uzungil et al.1682

1 3

https://doi.org/10.1007/s13311-022-01257-0
http://creativecommons.org/licenses/by/4.0/


 

 23. Serretti A, Kato M, De Ronchi D, Kinoshita T. Meta-analysis of 
serotonin transporter gene promoter polymorphism (5-HTTLPR) 
association with selective serotonin reuptake inhibitor efficacy in 
depressed patients. Mol Psychiatry. 2007;12(3):247–57.

 24. Holmes A, Yang RJ, Murphy DL, Crawley JN. Evaluation of 
antidepressant-related behavioral responses in mice lack-
ing the serotonin transporter. Neuropsychopharmacology. 
2002;27(6):914–23.

 25. Vulser H, Lemogne C, Boutouyrie P, Côté F, Perier MC, Van 
Sloten T, et al. Depression, antidepressants and low hemoglobin 
level in the Paris Prospective Study III: a cross-sectional analysis. 
Prev Med. 2020;1(135): 106050.

 26. Mössner R, Dringen R, Persico AM, Janetzky B, Okladnova 
O, Albert D, et al. Increased hippocampal DNA oxidation in 
serotonin transporter deficient mice. J Neural Transm (Vienna). 
2002;109(5–6):557–65.

 27. Hale MW, Shekhar A, Lowry CA. Stress-related serotonergic sys-
tems: implications for symptomatology of anxiety and affective 
disorders. Cell Mol Neurobiol. 2012;32(5):695–708.

 28. McEwen BS, Gianaros PJ. Central role of the brain in stress and 
adaptation: links to socioeconomic status, health, and disease. 
Ann N Y Acad Sci. 2010;1186:190–222.

 29. Pandya M, Altinay M, Malone DA, Anand A. Where in the brain 
is depression? Curr Psychiatry Rep. 2012;14(6):634–42.

 30. Imre G, Fokkema DS, Boer JAD, Ter Horst GJ. Dose–response 
characteristics of ketamine effect on locomotion, cognitive function 
and central neuronal activity. Brain Res Bull. 2006;69(3):338–45.

 31. Gao TH, Ni RJ, Liu S, Tian Y, Wei J, Zhao L, et al. Chronic 
lithium exposure attenuates ketamine-induced mania-like behav-
ior and c-Fos expression in the forebrain of mice. Pharmacol Bio-
chem Behav. 2021;202: 173108.

 32. Duncan GE, Moy SS, Knapp DJ, Mueller RA, Breese GR. 
Metabolic mapping of the rat brain after subanesthetic doses 
of ketamine: potential relevance to schizophrenia. Brain Res. 
1998;787(2):181–90.

 33. Fraga IC, Fregoneze JB, Carvalho FLQ, Dantas KB, Azevedo 
CS, Pinho CB, et al. Acute fluoxetine administration differentially 
affects brain C-Fos expression in fasted and refed rats. Neurosci-
ence. 2005;134(1):327–34.

 34. Choi SH, Chung S, Cho JH, Cho YH, Kim JW, Kim JM, et al. 
Changes in c-Fos expression in the forced swimming test: com-
mon and distinct modulation in rat brain by desipramine and cit-
alopram. Korean J Physiol Pharmacol. 2013;17(4):321–9.

 35. Yanagida S, Motomura K, Ohashi A, Hiraoka K, Miura T, Kanba 
S. Effect of acute imipramine administration on the pattern of 
forced swim-induced c-Fos expression in the mouse brain. Neu-
rosci Lett. 2016;26(629):119–24.

 36. Wellman CL, Izquierdo A, Garrett JE, Martin KP, Carroll J, 
Millstein R, et al. Impaired stress-coping and fear extinction and 
abnormal corticolimbic morphology in serotonin transporter 
knock-out mice. J Neurosci. 2007;27(3):684–91.

 37. Caffino L, Mottarlini F, Diniz DM, Verheij MM, Fumagalli F, 
Homberg JR. Deletion of the serotonin transporter perturbs BDNF 
signaling in the central amygdala following long-access cocaine 
self-administration. Drug Alcohol Depend. 2019;1(205): 107610.

 38. Witteveen JS, Middelman A, van Hulten JA, Martens GJM, 
Homberg JR, Kolk SM. Lack of serotonin reuptake during brain 
development alters rostral raphe-prefrontal network formation. 
Front Cell Neurosci. 2013;7(143):1–16.

 39. Ulloa RE, Díaz-Valderrama A, Herrera-Pérez J, León-Olea M, 
Martínez-Mota L. Age differences in the impact of forced swim-
ming test on serotonin transporter levels in lateral septum and 
dorsal raphe. Behav Brain Funct. 2014;10(1):3.

 40. Abdallah CG, Averill LA, Collins KA, Geha P, Schwartz J, Averill 
C, et al. Ketamine treatment and global brain connectivity in major 
depression. Neuropsychopharmacology. 2017;42(6):1210–9.

 41. Drysdale AT, Grosenick L, Downar J, Dunlop K, Mansouri F, 
Meng Y, et al. Resting-state connectivity biomarkers define neuro-
physiological subtypes of depression. Nat Med. 2017;23(1):28–38.

 42. Kimbrough A, Lurie DJ, Collazo A, Kreifeldt M, Sidhu H, Macedo 
GC, et al. Brain-wide functional architecture remodeling by alcohol 
dependence and abstinence. PNAS. 2020;117(4):2149–59.

 43. Zhang Y, Dai Z, Hu J, Qin S, Yu R, Sun Y. Stress-induced changes 
in modular organizations of human brain functional networks. 
Neurobiology of Stress. 2020;1(13): 100231.

 44. Wilson C, Rogers J, Chen F, Li S, Adlard PA, Hannan AJ, et al. 
Exercise ameliorates aberrant synaptic plasticity without enhanc-
ing adult-born cell survival in the hippocampus of serotonin trans-
porter knockout mice. Brain Struct Funct. 2021;226(6):1991–9.

 45. Zanos P, Moaddel R, Morris PJ, Georgiou P, Fischell J, Elmer GI, 
et al. NMDAR inhibition-independent antidepressant actions of 
ketamine metabolites. Nature. 2016;533(7604):481–6.

 46. Payet JM, Burnie E, Sathananthan NJ, Russo AM, Lawther AJ, 
Kent S, et al. Exposure to acute and chronic fluoxetine has differ-
ential effects on sociability and activity of serotonergic neurons in 
the dorsal raphe nucleus of juvenile male BALB/c mice. Neurosci-
ence. 2018;21(386):1–15.

 47. Rogers-Carter MM, Varela JA, Gribbons KB, Pierce AF, McGoey 
MT, Ritchey M, et al. Insular cortex mediates approach and avoidance 
responses to social affective stimuli. Nat Neurosci. 2018;21(3):404–14.

 48. Wheeler AL, Teixeira CM, Wang AH, Xiong X, Kovacevic N, 
Lerch JP, et al. Identification of a functional connectome for long-
term fear memory in mice. Sporns O, editor. PLoS Comput Biol. 
2013 Jan 3;9(1):e1002853.

 49. Newman MEJ. Modularity and community structure in net-
works. Proc Natl Acad Sci U S A. 2006;103(23):8577–82.

 50. Rubinov M, Sporns O. Complex network measures of brain connec-
tivity: uses and interpretations. Neuroimage. 2010;52(3):1059–69.

 51. Akiki TJ, Abdallah CG. Determining the hierarchical architec-
ture of the human brain using subject-level clustering of func-
tional networks. Sci Rep. 2019;9(1):19290.

 52. Rogers J, Li S, Lanfumey L, Hannan AJ, Renoir T. Environmental 
enrichment reduces innate anxiety with no effect on depression-
like behaviour in mice lacking the serotonin transporter. Behav 
Brain Res. 2017;14(332):355–61.

 53. Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng P fei, 
et al. NMDA receptor blockade at rest triggers rapid behavioural 
antidepressant responses. Nature. 2011 Jul;475(7354):91–5.

 54. Dulawa SC, Hen R. Recent advances in animal models of 
chronic antidepressant effects: the novelty-induced hypophagia 
test. Neurosci Biobehav Rev. 2005;29(4):771–83.

 55. Iijima M, Fukumoto K, Chaki S. Acute and sustained effects of 
a metabotropic glutamate 5 receptor antagonist in the novelty-
suppressed feeding test. Behav Brain Res. 2012;235(2):287–92.

 56. Moskal JR, Burgdorf JS, Stanton PK, Kroes RA, Disterhoft 
JF, Burch RM, et al. The development of rapastinel (formerly 
GLYX-13); a rapid acting and long lasting antidepressant. Curr 
Neuropharmacol. 2017;15(1):47–56.

 57. Zanos P, Piantadosi SC, Wu HQ, Pribut HJ, Dell MJ, Can A, 
et al. The prodrug 4-chlorokynurenine causes ketamine-like 
antidepressant effects, but not side effects, by NMDA/GlycineB-
site inhibition. J Pharmacol Exp Ther. 2015;355(1):76–85.

 58. Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, 
et al. Requirement of hippocampal neurogenesis for the behav-
ioral effects of antidepressants. Science. 2003;301(5634):805–9.

 59. Ansorge MS, Zhou M, Lira A, Hen R, Gingrich JA. Early-life 
blockade of the 5-HT transporter alters emotional behavior in 
adult mice. Science. 2004;306(5697):879–81.

 60. Muller JM, Morelli E, Ansorge M, Gingrich JA. Serotonin trans-
porter deficient mice are vulnerable to escape deficits following 
inescapable shocks. Genes Brain Behav. 2011;10(2):166–75.

Novel Antidepressant‑Like Properties of the Iron Chelator Deferiprone in a Mouse Model of… 1683

1 3



 61. Veniaminova E, Cespuglio R, Chernukha I, Schmitt-Boehrer AG, 
Morozov S, Kalueff AV, et al. Metabolic, molecular, and behav-
ioral effects of western diet in serotonin transporter-deficient 
mice: rescue by heterozygosity? Front Neurosci. 2020;18(14):24.

 62. Üçeyler N, Schütt M, Palm F, Vogel C, Meier M, Schmitt A, et al. 
Lack of the serotonin transporter in mice reduces locomotor activ-
ity and leads to gender-dependent late onset obesity. Int J Obes. 
2010;34(4):701–11.

 63. Bonnet G, Gómez-Abellán P, Vera B, Sánchez-Romera JF, Hernández-
Martínez AM, Sookoian S, et al. Serotonin-transporter promoter poly-
morphism modulates the ability to control food intake: effect on total 
weight loss. Mol Nutr Food Res. 2017 Nov;61(11).

 64. Holmes A, Li Q, Murphy DL, Gold E, Crawley JN. Abnormal 
anxiety-related behavior in serotonin transporter null mutant 
mice: the influence of genetic background. Genes Brain Behav. 
2003;2(6):365–80.

 65. Bodnoff SR, Suranyi-Cadotte B, Quirion R, Meaney MJ. A com-
parison of the effects of diazepam versus several typical and atypi-
cal anti-depressant drugs in an animal model of anxiety. Psychop-
harmacology. 1989;97(2):277–9.

 66. Ramaker MJ. Identifying fast-onset antidepressants using rodent 
models. Molecular Psychiatry. 2017;10.

 67. Rao SS, Lago L, Volitakis I, Shukla JJ, McColl G, Finkelstein DI, 
et al. Deferiprone treatment in aged transgenic tau mice improves 
Y-maze performance and alters tau pathology. Neurotherapeutics. 
2021;6(18):1081–94.

 68. Lee HS, Chao HH, Huang WT, Chen SCC, Yang HY. Psychi-
atric disorders risk in patients with iron deficiency anemia and 
association with iron supplementation medications: a nationwide 
database analysis. BMC Psychiatry. 2020;20(1):216.

 69. Beard JL, Erikson KM, Jones BC. Neurobehavioral analy-
sis of developmental iron deficiency in rats. Behav Brain Res. 
2002;134(1–2):517–24.

 70. Burghardt NS, Bauer EP. Acute and chronic effects of selec-
tive serotonin reuptake inhibitor treatment on fear condition-
ing: implications for underlying fear circuits. Neuroscience. 
2013;5(247):253–72.

 71. Burghardt NS, Sullivan GM, McEwen BS, Gorman JM, LeDoux 
JE. The selective serotonin reuptake inhibitor citalopram increases 
fear after acute treatment but reduces fear with chronic treatment: 
a comparison with tianeptine. Biol Psychiat. 2004;55(12):1171–8.

 72. Burghardt NS, Bush DEA, McEwen BS, LeDoux JE. Acute selec-
tive serotonin reuptake inhibitors increase conditioned fear expres-
sion: blockade with a 5-HT2C receptor antagonist. Biol Psychiat. 
2007;62(10):1111–8.

 73. Ravinder S, Burghardt NS, Brodsky R, Bauer EP, Chattarji S. 
A role for the extended amygdala in the fear-enhancing effects 
of acute selective serotonin reuptake inhibitor treatment. Transl 
Psychiatry. 2013;3(1):e209–e209.

 74. Cabantchik ZI, Munnich A, Youdim MB, Devos D. Regional 
siderosis: a new challenge for iron chelation therapy. Front Phar-
macol [Internet]. 2013 [cited 2019 May 22];4. Available from: 
https:// www. front iersin. org/ artic les/ 10. 3389/ fphar. 2013. 00167/ 
full.

 75. Mehrpouya S, Nahavandi A, Khojasteh F, Soleimani M, Ahmadi 
M, Barati M. Iron administration prevents BDNF decrease and 
depressive-like behavior following chronic stress. Brain Res. 
2015;30(1596):79–87.

 76. Felt BT, Beard JL, Schallert T, Shao J, Aldridge JW, Connor JR, 
et al. Persistent neurochemical and behavioral abnormalities in 
adulthood despite early iron supplementation for perinatal iron 
deficiency anemia in rats. Behav Brain Res. 2006;171(2):261–70.

 77. Hidese S, Saito K, Asano S, Kunugi H. Association between iron-
deficiency anemia and depression: a web-based Japanese investi-
gation. Psychiatry Clin Neurosci. 2018;72(7):513–21.

 78. Kontoghiorghes GJ. New concepts of iron and aluminium chela-
tion therapy with oral L1 (deferiprone) and other chelators. A 
review Analyst. 1995;120(3):845–51.

 79. Carneiro AMD, Airey DC, Thompson B, Zhu CB, Lu L, Chesler 
EJ, et al. Functional coding variation in recombinant inbred mouse 
lines reveals multiple serotonin transporter-associated phenotypes. 
Proc Natl Acad Sci. 2009;106(6):2047–52.

 80. Stetler C, Miller GE. Depression and hypothalamic-pituitary-adrenal 
activation: a quantitative summary of four decades of research. Psy-
chosom Med. 2011;73(2):114–26.

 81. Karabeg MM, Grauthoff S, Kollert SY, Weidner M, Heiming 
RS, Jansen F, et al. 5-HTT deficiency affects neuroplasticity and 
increases stress sensitivity resulting in altered spatial learning per-
formance in the Morris water maze but not in the Barnes maze. 
PLoS ONE. 2013;8(10): e78238.

 82. Kobiella A, Reimold M, Ulshöfer DE, Ikonomidou VN, Vollmert C, 
Vollstädt-Klein S, et al. How the serotonin transporter 5-HTTLPR 
polymorphism influences amygdala function: the roles of in vivo 
serotonin transporter expression and amygdala structure. Transl 
Psychiatry. 2011;1(8):e37–e37.

 83. Schipper P, Hiemstra M, Bosch K, Nieuwenhuis D, Adinolfi A, 
Glotzbach S, et al. The association between serotonin transporter 
availability and the neural correlates of fear bradycardia. PNAS. 
2019;116(51):25941–7.

 84. Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman 
D, et al. Serotonin transporter genetic variation and the response 
of the human amygdala. Science. 2002;297(5580):400–3.

 85. Lanuza E, Moncho-Bogani J, LeDoux JE. Unconditioned stim-
ulus pathways to the amygdala: effects of lesions of the poste-
rior intralaminar thalamus on footshock-induced c-Fos expres-
sion in the subdivisions of the lateral amygdala. Neuroscience. 
2008;155(3):959–68.

 86. Szakács R, Weiczner R, Mihály A, Krisztin-Péva B, Zádor Z, 
Zádor E. Non-competitive NMDA receptor antagonists moderate 
seizure-induced c-fos expression in the rat cerebral cortex. Brain 
Res Bull. 2003;59(6):485–93.

 87. Inta D, Filipovic D, Lima-Ojeda JM, Dormann C, Pfeiffer N, 
Gasparini F, et al. The mGlu5 receptor antagonist MPEP acti-
vates specific stress-related brain regions and lacks neurotoxic 
effects of the NMDA receptor antagonist MK-801: significance 
for the use as anxiolytic/antidepressant drug. Neuropharmacology. 
2012;62(5–6):2034–9.

 88. Gobbi G, Murphy DL, Lesch KP, Blier P. Modifications of the 
serotonergic system in mice lacking serotonin transporters: 
an in vivo electrophysiological study. J Pharmacol Exp Ther. 
2001;296(3):987–95.

 89. Muigg P, Hoelzl U, Palfrader K, Neumann I, Wigger A, Landgraf 
R, et al. Altered brain activation pattern associated with drug-
induced attenuation of enhanced depression-like behavior in rats 
bred for high anxiety. Biol Psychiat. 2007;61(6):782–96.

 90. Silva M, Aguiar DC, Diniz CRA, Guimarães FS, Joca SRL. Neu-
ronal NOS inhibitor and conventional antidepressant drugs attenu-
ate stress-induced Fos expression in overlapping brain regions. 
Cell Mol Neurobiol. 2012;32(3):443–53.

 91. Duncan GE, Knapp DJ, Johnson KB, Breese GR. Functional 
classification of antidepressants based on antagonism of swim 
stress-induced fos-like immunoreactivity. J Pharmacol Exp Ther. 
1996;277(2):1076–89.

 92. Singewald GM, Rjabokon A, Singewald N, Ebner K. The 
modulatory role of the lateral septum on neuroendocrine 
and behavioral stress responses. Neuropsychopharmacology. 
2011;36(4):793–804.

 93. Kirby LG, Allen AR, Lucki I. Regional differences in the effects of 
forced swimming on extracellular levels of 5-hydroxytryptamine 
and 5-hydroxyindoleacetic acid. Brain Res. 1995;682(1):189–96.

V. Uzungil et al.1684

1 3

https://www.frontiersin.org/articles/10.3389/fphar.2013.00167/full
https://www.frontiersin.org/articles/10.3389/fphar.2013.00167/full


 

 94. Ye M, Yang T, Qing P, Lei X, Qiu J, Liu G. Changes of functional 
brain networks in major depressive disorder: a graph theoretical 
analysis of resting-state fMRI. PLoS ONE. 2015;10(9): e0133775.

 95. Pittenger C, Duman RS. Stress, depression, and neuroplasti-
city: a convergence of mechanisms. Neuropsychopharmacol. 
2008;33(1):88–109.

 96. Molteni R, Cattaneo A, Calabrese F, Macchi F, Olivier JDA, 
Racagni G, et al. Reduced function of the serotonin transporter is 
associated with decreased expression of BDNF in rodents as well 
as in humans. Neurobiol Dis. 2010;37(3):747–55.

 97. Calabrese F, Guidotti G, Middelman A, Racagni G, Homberg J, 
Riva MA. Lack of serotonin transporter alters BDNF expression in 
the rat brain during early postnatal development. Mol Neurobiol. 
2013;48(1):244–56.

 98. Calabrese F, van der Doelen RHA, Guidotti G, Racagni G, Kozicz 
T, Homberg JR, et al. Exposure to early life stress regulates Bdnf 
expression in SERT mutant rats in an anatomically selective fash-
ion. J Neurochem. 2015;132(1):146–54.

 99. Alcalde LA, de Freitas BS, Machado GDB, de Freitas Crivelaro 
PC, Dornelles VC, Gus H, et al. Iron chelator deferiprone res-
cues memory deficits, hippocampal BDNF levels and antioxidant 
defenses in an experimental model of memory impairment. Bio-
metals. 2018;31(6):927–40.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Novel Antidepressant‑Like Properties of the Iron Chelator Deferiprone in a Mouse Model of… 1685

1 3


	Novel Antidepressant-Like Properties of the Iron Chelator Deferiprone in a Mouse Model of Depression
	Abstract
	Introduction
	Methods
	Animals and Housing
	Pharmacological Treatments
	Porsolt Swim Test
	Novelty-Suppressed Feeding Test
	Locomotor Activity
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Immunohistochemistry
	Functional Network Analyses
	Data and Statistical Analysis

	Results
	Deferiprone Has Acute Antidepressant-Like Effects
	Acute Deferiprone Treatment Had No Effect on Iron Levels in the Prefrontal Cortex, Striatum and Brainstem, or Peripheral Blood
	Effects of Deferiprone Implicates the Lateral Amygdala, Dorsal Raphe and Lateral Septum in a Genotype-Specific Manner
	Functional Connectivity Network and Hubs Identify Key Regions of Activity Following Swim Stress and Deferiprone Treatment in WT and 5-HTT KO Mice
	Swim Stress Results in an Increase in Modular Structuring of the Brain in WT But Not in 5-HTT KO Mice

	Discussion
	Antidepressant-Like Effects of Deferiprone
	Acute Deferiprone Treatment Does Not Have an Effect on Metal Levels
	Brain Region Activity Following Swim Stress and Deferiprone
	Functional Network Following Swim Stress and Deferiprone

	Limitations and Conclusions
	Acknowledgements 
	References


