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Abstract

Ceruloplasmin (Cp) is a ferroxidase involved in iron metabolism by converting Fe?* to Fe3*, and
by regulating cellular iron efflux. In the ceruloplasmin knockout (CpKO) mouse, the deregulation
of iron metabolism results in moderate liver and spleen hemosiderosis, but the impact of Cp
deficiency on brain neurochemistry and behavior in this animal model is unknown. We found that
in contrast to peripheral tissues, iron levels in the hippocampus are significantly reduced in CpKO
mice. Although it does not cause any discernable deficits in motor function or learning and
memory, Cp deficiency results in heightened anxiety-like behavior in the open field and elevated
plus maze tests. This anxiety phenotype is associated with elevated levels of plasma
corticosterone. Previous studies provided evidence that anxiety disorders and long-standing stress
are associated with reductions in levels of serotonin and brain-derived neurotrophic factor (BDNF)
in the hippocampus. We found that levels of serotonin and norepinephrine, and the expression of
BDNF and its receptor trkB, are significantly reduced in the hippocampus of CpKO mice. Thus,
Cp deficiency causes an anxiety phenotype by a mechanism that involves decreased levels of iron,
serotonin, norepinephrine and BDNF in the hippocampus.

Introduction

The redox properties of iron and its incorporation into several proteins make it an essential
nutrient required for many cellular functions (Valerio, 2007; Zhang and Enns, 2009).
However, whereas Fe3* is relatively innocuous, Fe2* readily interacts with hydrogen
peroxide to generate the highly destructive hydroxyl radical (Mattson, 2004). In order to
promote the beneficial actions of iron while decreasing potential toxic effects, iron is tightly
regulated by several proteins (Chua, et.al, 2007). Ceruloplasmin (Cp), an essential
ferroxidase, converts ferrous iron (Fe2*) to ferric iron (Fe3*) and may also regulate cellular
iron efflux (Hellman and Gitlin, 2002). Cp knock-out (KO) mice exhibit systemic iron
overload in organs such as liver and spleen similar to that seen in the rare human disease,
aceruloplasminemia in which iron also accumulates in the brain and neurodegeneration
occurs in some brain regions in mid-life (Harris et.al, 1998). However, it is not known if
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iron dysregulation occurs in the brain of Cp-deficient mice and whether there are functional
consequences of the perturbed iron metabolism.

Both iron deficiency (Parks and Wharton, 1989) and iron overload (Rao and Georgieff,
2007) can lead to altered behavior including deficits in learning and memory. The
hippocampus plays a major role in mediating learning and memory, and affective behaviors
such as anxiety and depression. (Neumeister et al., 2005; Engin and Treit, 2007). The
hippocampus also has a high metabolic demand and a significant reliance on iron (Carlson et
al., 2009). Serotonin and norepinephrine are two neurotransmitters that modulate affect;

both are synthesized and metabolized by enzymes that require iron for their activity
(Youdim and Green, 1978), suggesting that changes in brain iron levels might influence
behaviors controlled by monoaminergic neurotransmitters. Aged CpKO mice have been a
model for brain iron dsyregulation (Patel et al., 2002), but the possibility that perturbed brain
iron metabolism may result in neurochemical and behavioral alterations in young mice has
not been examined.

Brain-derived neurotrophic factor (BDNF) is produced by neurons and plays important roles
in cognition and mood (for review see Mattson et al., 2004; Deltheil et al., 2008; Tapia-
Arancibia et al., 2008). BDNF signaling enhances synaptic plasticity and stimulates
neurogenesis (Pardon, 2010). Lower levels of BDNF are associated with depression and
anxiety in humans, and in animal models of these psychiatric disorders (Hashimoto, 2010;
Duman et al., 2008). Moreover, both serotonin (Martinowich and Lu, 2008) and
norepinephrine (Chen, et. al, 2007) induce BDNF expression. On the other hand, elevated
levels of glucocorticoids that occur during chronic stress and in anxiety disorders suppress
the expression of BDNF and impair hippocampal synaptic plasticity and learning and
memory (Schaaf et al., 2000; Murray et al., 2008; Stranahan et al., 2008; Sterner and
Kalynchuk, 2010). In the present study we show that Cp deficiency in mice results in an
anxiety phenotype in young adult mice without discernable effects on learning and memory
or motor performance. The anxiety phenotype resulting from Cp deficiency involves
reductions in levels of iron, serotonin and norepinephrine, and diminished BDNF
expression, in the hippocampus.

Materials and Methods

Mice

Ceruloplasmin knock-out (CpKO) mice were generated as described previously (Harris,
1999); breeding pairs were a gift from Z.L. Harris. Wild type(WT) and CpKO, background
C57BL/6 lines were maintained according to National Institutes of Health guidelines. All
animal procedures were approved by the Animal Care and Use Committee of the National
Institute on Aging Intramural Research Program. All mice were male and three months of
age when behavioral testing was initiated.

Experimental Design

Twelve WT and 12 CpKO three month-old male mice were each evaluated in a series of
behavioral tests performed in the following order: rotorod, open field, novel object
recognition, water maze, elevated plus maze and fear conditioning. Approximately 24 hours
of rest between behavioral tests was provided, except 48 hours elapsed between the end of
water maze testing and beginning of elevated maze testing.

Separate groups of 12 WT and 12 CpKO mice were tested in the tail suspension test and 24
hours later in the forced swim test. On the day before behavioral testing, blood was taken
from these animals for corticosterone measurements.
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Hippocampi from a group of mice that had not been behaviorally tested (6 WT and 6 CpKO)
were used for HPLC analysis and atomic absorption measures. Brains tissue from an
additional 10 WT and 10 CpKO mice that had not been tested were analyzed by atomic
absorption to gain statistical significance.

RNA transcripts from the hippocampi of a separate cohort of 5 mice for each group (WT
and CpKO) were analyzed (24 hours prior to hippocampal harvest, blood was taken from
these animals for corticosterone measurements and those data were combined with data
from blood samples from 12 other mice per group. Thus, the final group numbers for
corticosterone measurements were 17 WT mice and 17 CpKO mice.

Data Analysis

Graphs represent group means with error bars representing the standard error of the means.
One-way repeated ANOVA was used for fear conditioning measures of the training period
and contextual memory. All other statistical comparisons were made using student t-test
assuming equal variance in which p-values and critical ratios were calculated from a two-tail
analysis.

Open Field Test

Open field testing was performed using the MEDOFA-MS system (Med Associates). Mice
(n=12/group) were placed in the center of an open field, and exploration was assessed for
15 min. Cages were cleaned with ethanol immediately after testing each mouse. The
dimensions of the arena were 40 cm x 40 cm, of which the outer 10 cm were considered the
peripheral zone and the inner 30 cm were considered the central zone.

Rotarod Test

Rotarod testing was performed using the ENV-577M system (Med Associates). Rotarod
acceleration was set to 2-20 rpm. Mice (n= 12/group) were placed on the Rotarod for three
trials of 5 min each with a 15-min rest between trials. The apparatus was routinely cleaned
with water and ethanol following each session. The number of falls (maximum of 10 falls)
within a 5 min time period, time of the first fall, and the length of time spent on the rod were
recorded. After 10 falls the test was terminated and the mouse was returned to its home
cage.

Morris Water Maze

To test reference memory, mice (n= 12/group) were trained in the water maze as described
previously (Stranahan et al., 2008) for 9 days, with four trials per day. The visual cues were
black and white only to reduce the possible effects of color discrimination capabilities
between strains. The platform was hidden 0.5 cm below the surface of the water, made
opaque with white nontoxic paint, at a temperature of 27 °C + 0.5 °C. The platform location
was constant, and the starting points were changed every trial to avoid track memorizing.
When trials ended, either when the mouse had found the platform or when 60 s had passed,
mice were allowed to rest on the platform for 10 s. To test retention of the task, the platform
was removed, and mice were given probe trials at 4 h after the last trial on the 9t day and 24
hours later on the 10t day.

Novel Object Recognition

Testing took place in 25-cm x25-cm opaque-walled cages. For object familiarization, mice
(n=12/group) were allowed to explore their cage in the presence of two identical objects.
Mice were then returned to their home cages for 2 h, followed by a 30-min exposure to one
novel object and one familiar object. Mice had no observed baseline preference to the
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different objects. Object preferences were automatically analyzed using the ANYmaze video
tracking software. Mice that spent less than 1 min total time exploring the objects were
eliminated from the data analysis. An object preference index was determined by calculating
the time spent near the novel object divided by the cumulative time spent with both familiar
and novel objects. Cages were routinely cleaned with ethanol following testing/habituating
of mice.

Fear Conditioning

In the training session, mice (n= 12/group) were placed in a contextual conditioning
chamber (model MEDVFC-NIR-M; Med Associates) and allowed to explore the chamber
for 2 min. At the end of 2 min, mice were subjected to three sessions of audio tone (CS,
conditioned stimulus) and foot shock (US, unconditioned stimulus). Audio tone (5 kHz, 70
dB) was on for 30 s, followed immediately by a 0.5-mA, 2-s foot shock from the metal grid
floor. Thirty seconds separated each session. Foot shock intensity was determined in a
preliminary test on a separate cohort of animals for the minimal applicable intensity that
elicited a response. On the following day, in the contextual fear session, mice were tested by
being returned to the conditioning chamber for 5 min without any shock. The percentage of
time freezing was recorded and used as an index of contextual memory. In the cued
conditioning test (conducted 3 h following contextual conditioning) mice were tested by
being returned to the chamber but in a different context. Mice were allowed to explore the
chamber for 5 min without any audio tone. Following this, five audio tones were sounded
for 30 s each. The percentage of time freezing until and after the audio tones was recorded
and used as an index of cued memory. The test apparatus was cleaned with ethanol after
testing each mouse.

Elevated Plus Maze

The apparatus consisted of a plus-shaped maze elevated 60 cm from the floor and
comprising two opposite open arms, 25 cm x 5 cm each, crossed by two arms of the same
dimensions enclosed by 30-cm-high walls with an open roof. In addition, a 1-cm-high edge
made of clear Plexiglas surrounded the open arms to avoid falls. Each animal (h= 12/group)
was placed in the middle of the maze facing the open arm. Following 5 min testing, animals
were returned to their home cages. Arm preference was automatically analyzed using the
ANYmaze video tracking software.

Forced Swim Test

Mice (n= 12/group) were tested for 5 min in a water-filled cylinder (50 cm depth x 20 cm
diameter, with water level at a 40 cm height to prevent the mice from reaching the bottom
with their tails). Water temperature was 27 °C + 0.5 °C and was replaced between tests of
different mice. Freezing periods of the mice were determined when mice were immobile
with all four limbs.

Tail Suspension Test

Mice (n= 12/group) were tested for 6 min during which they were held by their tail. All test
sessions were recorded in the dark using an infrared camera under infrared light and were
subsequently analyzed. Freezing periods of the mice were defined as the time period during
which the mouse hung without attempting to move.

Brain iron analysis

Brain regions (n= 16/group) were wet digested in 0.2% ultra-pure nitric acid using standard
procedures and analyzed for iron concentration by atomic absorption spectrometry (Perkin
Elmer AAnalyst 600, Perkin Elmer, Norwalk, CT) (Pinero et al., 2000). Standards were
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prepared by diluting a Perkin Elmer iron standard (PE#N9300126) in 0.2% ultra-pure nitric
acid, and blanks were prepared with digesting and diluting reagents to control for possible
contamination. All standard curves exceeded r > 0.99.

HPLC Analysis of Monoamines

Brain regions (n= 6/group) obtained from each animal were weighed, ultrasonicated in 0.1M
perchloric acid, and stored at —70°C until extraction. The tissues obtained from each animal
were homogenized in 0.1 M perchloric acid and centrifuged at 25,000 g for 12 min.
Norepinephrine (NE), serotonin (5HT) and 5-hydroxyindol acetic acid (5HIAA) contents in
supernatants of the brain structures were measured by HPLC with electrochemical detection.
The analytical column was a SunFire C18 5 um (4.6 x 150.0 mm) from Waters. The mobile
phase was 0.01 M sodium dihydrogenphosphate, 0.01 M citric acid, 1.2 mM sodium EDTA,
1.2 mM sodium 1-heptane sulfonic acid, 10% methanol, pH 3.5; the flow rate was 1.0 ml/
min and the column temperature was 34°C. The installation consisted of a Waters 717 Plus
automated injection system, a Waters 1525 Binary pump, and a ESA Coulochem I11
detector. Waters Breeze system was used for analysis. Concentrations of NE, 5SHT and
5HIAA were calculated as pg/mg of tissue weight

Corticosterone analysis

Thirty microliters of blood was taken via tail bleeds in the morning from naive 3 month old
mice (n= 17/group) that had not undergone behavior testing. The blood was spun at 2,500 g
for 10 min and plasma was separated. Plasma was analyzed using a CORT RIA kit (MP
Biomedicals, USA).

BDNF ELISA

Single hippocampi (n= 5/group) were homogenized in 300 pl of a modified Ripa buffer.
Homogenates were spun at 20,000 g at 4°C. Supernatants were separated and protein
concentrations were determined by Bradford assay. Samples were diluted to 2 mg/mL and
50 pl was loaded per well and analyzed using the quantikine BDNF ELISA kit (R&D
Systems, USA)

RNA extraction and real-time PCR

RNA from the hippocampus (n= 5/group) was isolated using Trizol (Invitrogen) and purified
with an RNA Micro Kit (Qiagen, Valencia, CA). Following treatment with DNase |, RNA
was quantified and equal amounts were retro-transcribed using the SuperScript First Strand
Synthesis System (Invitrogen Life Technologies). Real-time PCR analysis was performed
with a PTC 200 Pelthier Thermo Cycler and Chromo 4 Fluorescent Detector (BioRad,
Hercules,CA), and Sybr® Green PCR Master Mix according to the manufacturer's
instructions (Applied Biosystems, Foster City, CA). Each reaction included 3 pl of diluted
(1:4) cDNA and was performed in triplicate. PCR was performed under the following
conditions: 10 min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 1 min
at 72°C. The comparative Ct method was used to determine the normalized changes of the
target gene relative to a calibrator reference. The primers used in this study were as follows:
mBDNF1 (NM_007540), 5'- GCT TTG CGG ATA TTG CGA AGG GTT -3'and 5'- ACC
TGG TGG AAC ATT GTG GCT TTG -3'; mBDNF2 (NM_001048139), 5’- TGA AGT
TGG CTT CCT AGC GGT GTA-3" and 5’- TGG TGG AAC TTC TTT GCG GCT TAC
-3’; mBDNF3 (NM_001048141) 5’- CCA GAG CAG CTG CCT TGATGT TTA -3’ and
5’- CCG CCT TCA TGC AAC CGA AGT AT -3’; mBDNF4 (NM_001048142), 5’- TGA
CAA CAATGT GAC TCC ACT GCC -3’ and 5°- ATG GTC ATC ACT CTT CTC ACC
TGG -3’; mTrkB long (NM_001025074), 5°- TTC AGC TGC TGT TGC TGC TTC T -3’
and 5’- AAC CGC TAA ACC GGC ACG AAT ATC -3”;mTrkB short (NM_008745), 5’-
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TCC TGC TCA AGT TGG CGA GAC ATT -3” and 5’- ATA GGC AAC AGC AGT CCC
AGA GTT -3”; mHPRT (NM_013556), 5’- CCT GCT GGA TTA CAT TAA AGC ACT
G-3"and 5’- CCT GAA GTA CTC ATT ATA GTC AAG G-3'.

Results

Ceruloplasmin-deficient mice exhibit an anxiety phenotype, without deficits in motor
ability, memory retention or depression

Motor performance of WT and CpKO mice was tested using a Rotarod. No significant
differences between the two groups were seen in the total number of falls (Fig. 1A), the time
to the first fall, or total time spent on the rod (data not shown).

Recognition memory, a hippocampus-dependent task, was tested in WT and CpKO mice
using a novel object recognition test. Both groups of mice had a significant preference for
the novel object over the familiar object with no significant differences between the groups
(Fig. 1B). Another hippocampus-dependent task, spatial memory was tested in WT and
CpKO mice in the Morris water maze. Over a period of nine training days both groups of
mice decreased their latency to find the hidden platform. The CpKO performance was more
variable from day to day and not significantly different from WT (Fig.1C). The variability
seen in the CpKO group is possibly due to the increased passivity that occurred as the
training progressed. Passivity was defined as a mouse that did not swim on all four trials in a
given day. The number of passive animals was higher in the CpKO group on day one
compared to the WT group and by training day three, 50% of the mice in the CpKO group (6
of 12 mice) were passive compared to less than 10% seen in the WT group (1 of 12 mice).
The Morris water maze test is stressful to the mice and passivity is one response to elevated
stress (Engelmann et al., 2006). Increased passivity in a certain group of mice can indicate a
higher basal level of stress and anxiety (Francis et al., 1995).

Mice exhibit a natural exploratory behavior, but are vulnerable in an open field and when
vertically exploring their environment. Decreased vertical counts and center exploration is
indicative of an increased basal anxiety level (Bailey and Crawley, 2009). Basal levels of
anxiety were tested in the two mice groups using an open field test. The CpKO group spent
significantly less time in the center of the field (t20=2.09, *p=0.04) (Fig. 2A), and had
significantly less vertical time (t20=2.09,*p=0.009) (Fig. 2B) and counts (t20=2.09,
*p=0.02) (Fig. 2C) compared to the WT group. Another test of anxiety performed on the
WT and CpKO mice was the elevated plus maze. In this test the mice have the option to
explore either two open arms of the maze or two closed arms of the maze. The WT mice
spent equal amounts of time in both types of arms in the maze, whereas the CpKO mice
spent significantly more time in the closed arms of the maze compared to the open arms
(t22=2.07, *p=0.01) (Fig. 2D). Increased time spent in the closed arms of the elevated plus
maze supports the increased anxiety phenotype demonstrated in previous behavior tests.

The anxiety phenotype seen in the CpKO group was further corroborated by the results of
the fear conditioning tests. In both the training period (F(1,21)=5.2, p=0.033) (Fig. 3A) and
contextual memory(F(1,20)=4.5, p=0.044) (Fig. 3B) testing period, the CpKO group showed
significantly elevated percentages of time freezing. The hippocampus-dependent learning
part of the task was performed equally well by WT and CpKO mice as demonstrated by the
similar increased freezing due to the association made on the training day between the
context and the foot shock. Cued fear, an amygdala- dependent memory task was also tested
and was found to be unimpaired and similar in WT and CpKO mice. Under basal conditions
in a novel environment for the cued fear test (t22=2.07, *p=0.02) (Fig. 3C), the CpKO mice
exhibited significantly increased freezing time compared to the WT mice, consistent with an
anxiety phenotype in the CpKO mice.
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Many of the same molecular mechanisms that regulate anxiety behavior also play a role in
depressive behavior. To test for depression we subjected both mouse groups to a tail
suspension test and a forced swim test (data not shown). In these tests the percent of
immobility seen during the test indicates the level of depression. There were no significant
differences in percent immobility between the two groups of mice for either test. Thus,
although the CpKO mice exhibit increased anxiety they do not show signs of depression.

Ceruloplasmin deficiency results in elevated plasma corticosterone levels

Elevated levels of anxiety are often associated with increased activation of the hypothalamic
— pituitary — adrenal (HPA) stress system. One way to measure HPA axis activation state is
by quantifying levels of circulating adrenal glucocorticoids. In rodents, the glucocorticoid
corticosterone can be measured in plasma. The basal morning level of plasma corticosterone
was significantly elevated in the CpKO mice compared to WT mice (t32=2.03*p=0.033)

(Fig 4).

Ceruloplasmin deficiency results in reduced levels of iron in the hippocampus

The main function of Cp is to regulate cellular iron metabolism. To determine if the absence
of Cp altered brain iron levels, biopsy punches were taken from the hippocampus of both the
WT and CpKO mice. These punches were analyzed for iron levels using atomic absorption
spectroscopy. Levels of iron were normalized to the sample weight. The CpKO mice had a
significantly lower concentration of iron in the hippocampus compared to WT mice
(t30=2.04, *p=0.002) (Fig. 5A).

Ceruloplasmin deficiency results in reduced levels of serotonin and norepinephrine in the
hippocampus

The elevation in anxiety levels and the decrease in hippocampal iron concentrations seen in
the CpKO mouse prompted us to measure levels of serotonin (5HT) and norepinephrine
(NE), two neurotransmitters for which iron plays important roles in their synthesis and
metabolism. We found reduced levels of 5HT(t10=2.2, *p=0.009) and the 5SHT metabolite
5HIAA(t10=2.2, *p=0.005) in the hippocampus of CpKO mice compared to WT mice (Fig.
5B). Levels of NE were also reduced significantly in the hippocampus of CpKO mice
compared to WT mice (t10=2.2, *p=8.2x10°) (Fig. 5B). Because deficiencies in SHT and
NE signaling are associated with anxiety (Dell'Osso et al., 2010), our findings suggest a role
for reduced 5HT and NE levels in the anxiety phenotype of CpKO mice.

BDNF Signaling is impaired in ceruloplasmin-deficient mice

Changes in hippocampal BDNF signaling have been linked to altered 5SHT (Martinowich
and Lu, 2008) and NE levels (Chen, et.al, 2007). Moreover, reduced levels of hippocampal
BDNF have been implicated in the manifestation of anxiety (Kikusui et al., 2009). We
therefore analyzed the levels of the four BDNF mRNA transcripts by RT-PCR. We found
that MRNA levels of transcripts 2(t8=2.3, *p=0.01) and 3 (t8=2.3, *p=0.03) were
significantly reduced in the hippocampus of CpKO mice compared to WT mice (Fig, 6A).
We also analyzed mRNA transcripts for the BDNF receptor TrkB. Two different splicing
forms for TrkB exist, one for the full-length form (TrkB-f) which includes the tyrosine
kinase intracellular domain and a truncated form (TrkB-t) that lacks the tyrosine kinase
domain (Strohmaier, et al.,1996). The role of TrkB-t in BDNF signaling is not known but it
may act in a dominant negative manner (Eide et al., 1996) or it may couple to a different
intracellular signaling pathway (Cheng et al., 2007). We found that TrkB-f (t8=2.3,
*p=0.003) was significantly reduced in the hippocampus of CpKO mice compared to WT
mice, while TrkB-t was unchanged (Fig. 6B). Corroborating the RT-PCR data we found that
protein levels of BDNF(t8=2.3, *p=0.03), measured by ELISA, were also significantly
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reduced in the hippocampus of the CpKO mouse (Fig. 6C). Together, these data provide
evidence that ceruloplasmin deficiency results in impaired BDNF signaling in the
hippocampus.

Discussion

The ferroxidase activity of CP facilitates its role in cellular iron efflux (Hellman and Gitlin,
2002). Some have speculated that in addition to efflux, Cp may be crucial in promoting
cellular iron influx (Qian and Ke, 2001), and data suggest that Cp does play a role in iron
influx in iron-deficient neurons (Ke et al., 2006). In the brain Cp is present in both a secreted
form, and as a GPI-linked protein in astrocytes. Tight regulation of iron efflux and influx is
essential to brain iron trafficking, and thus also to brain functions that rely heavily on
optimal iron concentrations including energy metabolism, myelination and neurotransmitter
production. In the present study we provide evidence that Cp contributes to cellular iron
metabolism in the hippocampus, and that Cp deficiency has behavioral consequences. Cp-
deficient mice exhibit reduced levels of hippocampal iron, 5HT, NE and BDNF compared to
wild type control mice. The latter neurochemical alterations were associated with a
heightened anxiety phenotype, without impairment of memory acquisition or retention. Our
findings, discussed in detail below, suggest that perturbed cellular iron handling in Cp-
deficient mice results in decreased levels of serotonin and norepinephrine and reduced
BDNF expression, and heightened anxiety.

While the hippocampus is best known for its role in learning and memory, it is also involved
in affective behaviors including anxiety and depression (Engin and Treit, 2007; Schmidt and
Duman, 2007). Reduced levels and altered signaling of the neurotransmitters serotonin
(Wesolowska, 2010) and norepinephrine (Godard et al., 2010) are implicated in anxiety
behavior. Selective serotonin reuptake inhibitors (SSRIs) have long been prescribed for
treatment of anxiety disorders and, more recently, dual 5SHT and NE reuptake inhibitors have
been employed to treat anxiety disorders in humans (Ravindran, 2010). We found decreases
in levels of both serotonin and norepinephrine in the hippocampus of CpKO mice, which is
likely due to altered cellular iron metabolism as suggested by the decreased iron levels in the
hippocampus of CpKO mice. The latter possibility is consistent with the fact that the rate-
limiting enzymes for the synthesis of serotonin (tryptophan hydroxylase) and norepinephrine
(tyrosine hydroxylase) require iron as a cofactor (Waldmeier et al., 1993; Ramsey et al.,
1995). Studies in rats have shown that diet-induced iron deficiency can decrease brain iron
stores and decrease serotonin levels (Beard et al., 2007). Other studies have shown that a
reduction of cellular iron levels can reduce the activity of tryptophan hydroxylase
(Hasegawa et al., 1996, 1999), which is consistent with our data showing that lower
hippocampal iron levels in CpKO mice are associated with reduced serotonin levels.
Norepinephrine levels are also influence by iron levels as demonstrated by the reduction in
norepinephrine transporters in response to reduced iron levels in PC12 cells and rat brain
(Beard et al., 2006). Iron-deficient rats also show decreases in norepinephrine level, together
with reduced levels of norepinephrine receptor and transport proteins, indicating impaired
intracellular trafficking of norepinephrine in addition to reduced norepinephrine synthesis
(Anderson et al., 2009). Our data are therefore consistent with a scenario in which lack of
Cp in the hippocampus leads to reduced cellular iron concentrations, resulting in reduced
serotonin and norepinephrine signaling and increased anxiety.

Another factor that can influence emotional behaviors is the neurotrophic factor BDNF.
There is considerable evidence to support a role for BDNF in the mechanism of action of
antidepressant drugs, particularly serotonin-selective reuptake inhibitors such as paroxetine
and fluoxetine, and dual serotonin and norepinephrine reuptake inhibitors such as duloxetine
and venlafaxin (Martinez-Turrillas et al., 2005; Calabrese et al., 2007; Larsen et al., 2008;
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Castren and Rantamaki, 2010). BDNF has also been suggested to exert an anxiolytic activity
(Martinowich et al., 2007). Mice heterozygous for BDNF (Koizumi et al., 2006), mice with
a conditional BDNF knockout in the brain (Rios et al., 2001), and mice with a hippocampus-
specific deletion of BDNF (Heldt et al., 2007) all exhibit increased anxiety phenotypes. Our
data show elevated plasma corticosterone levels in the CpKO mice, indicative of increased
stress, along with reduced levels of BNDF and TrkBf in the hippocampus. These findings
are consistent with the anxiety phenotype in the Cp-deficient mice because elevated
corticosterone levels can decrease BDNF expression in the hippocampus at both the mRNA
and protein levels (Schaaf et al., 2000). Previous studies have shown decreases in BDNF
mMRNA and protein levels and TrkBf mRNA levels in iron-deficient animals (Tran et al.,
2008, 2009). This implies that the reduced iron concentrations seen in the hippocampus of
the CpKO mouse contributes to reduced BDNF signaling in their hippocampus. BDNF has
been shown to have a positive influence on serotonin levels and signaling, and evidence also
suggests that serotonin can, in turn, induce BDNF expression (Martinowich et al., 2008).
Norepinephrine also stimulates BDNF production in hippocampal neurons (Chen et al.,
2007). Thus, the reduced levels of serotonin and norepinephrine in the hippocampus, likely
contribute to reduced BDNF production and the anxiety phenotype of CpKO mice.

It was previously reported that a different line of CoKO mice exhibits increased iron
deposition in the brainstem and cerebellum, loss of brainstem dopaminergic neurons, and
motor deficits which were evident only in old (16 month-old) mice (Patel et al., 2002). In
contrast to the motor impairment in the old CpKO mice in the latter study, we did not detect
a motor deficit in our young 3-4 month-old CpKO mice. Instead, we discovered an anxiety
phenotype associated with deficits in hippocampal iron, monoamine and BDNF levels. We
found no evidence for learning and memory impairment in young CpKO mice compared to
wild type mice. Humans with aceruloplasminemia present with motor symptoms, cognitive
impairment and psychiatric problems in mid-life (Xu et al., 2004). Brain iron trafficking is
known to differ among brain regions, and in an age-dependent manner (Zecca et al., 2004)
so it is likely that the effects of ceruloplasmin deficiency on iron metabolism are brain-
region dependent and that functional deficits manifest at different ages depending upon the
brain region affected. Our findings suggest a likely neurochemical basis for the anxiety
phenotype of ceruloplasmin-deficient mice involving reductions in hippocampal serotonin,
norepinephrine and BDNF production. It will be of considerable interest to determine
whether similar neurochemical alterations occur in ceruloplasmin-deficient humans, and
whether their neurological symptoms can be lessened by treatment with agents that increase
serotoninergic and/or noradrenergic signaling.
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Figure 1.

Motor ability and hippocampus-dependent memory are not impaired in ceruloplasmin-
deficient mice. A. Results of rotarod testing showing total number of falls (maximum 10
falls) B. Novel object recognition preference index is calculated by dividing the time spent
with the specific object (novel or familiar) by the total time spent investigating both objects.
Both WT and CpKO mice showed preference for the novel object, *p<0.05 (n=12 mice). C.
Morris Water Maze training over 9 days. Average of 4 trials a day. Mice that were passive
and did not swim on all three trials were eliminated from final calculations. n's: WT, day1-9)
=11; KO, dayl = 10; KO day 2 = 8; KO, days 3 through 9 = 6.
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CpKO mice exhibit an anxiety phenotype. A-C. Results of open field tests. Time spent in
the center of the field (t22=2.09, df=20, *p<0.044) (A), time spent in vertical exploration
(t22=2.09, df=20, *p<0.009) (B) and number of vertical exploration counts (t22=2.09,
df=20, *p<0.02) (C) measured during a 30 minute exploration time. D. Elevated plus maze
measures comparing time spent in open vs closed arm of the maze. CpKO mice spent
significantly more time in the closed arm compared to the open arm (t22=2.07, df=22,

*p<0.001).
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Figure 3.

Ceruloplasmin-deficient mice exhibit anxiety-like behavior in fear conditioning tests. A.
Training day comparing % freezing at baseline (start) or during subsequent tones paired with
a foot-shock. Over repeated measures CpKO mice show a significant increase in percentage
of freezing (anova repeated measures #p<0.0001, n=12) (E). B. Contextual fear measures on
day 2 comparing percent freezing over 5 min in intervals of 1 min. CpKO mice show a
significant increase in percentage of freezing (ANOVA repeated measures; #p<0.007,
n=12). C. Cued fear measures on day 2 comparing percent freezing at baseline or with a
tone (cue). CpKO mice show a significant increase in percentage of freezing at baseline
(t22=2.07, df=22, *p<0.02) but not in the cued portion of the test.
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Figure 4.
Serum corticosterone levels are elevated in ceruloplasmin-deficient mice. Serum taken from

morning tail bleeds from 3 month old mice prior to behavior testing was assayed for
corticosterone using a radioimmunoassay. Levels of corticosterone were significantly
elevated in CpKO mice compared to WT animals (t22=2.03, df=32,*p<0.033)

J Neurochem. Author manuscript; available in PMC 2013 January 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Texel et al.

Page 17

30 600

A mWT B HWT
* 0 CpKO 01 CpKO
— 500
g
wn 20 o 400
= 2 x
2 *
o = 300
: g
‘; 10 5 200 *
K a
100
0 0
5HT S5HIAA NE
Figure 5.

CpKO mice have decreased concentrations of iron, serotonin (5HT), the serotonin
metabolite (SHIAA) and norepinephrine (NE) in the hippocampus. A. Atomic absorption
measures of hippocampal biopsy punches show significant decreases in iron concentrations
in CpKO compared to wild type mice (t22=2.04, df=30, *p<0.0017). B. HPLC measures of
hippocampal biopsy punches show significant reductions in levels of 5HT (t22=2.23, df=10,
*p<0.009), SHIAA (t22=2.23, df=10, *p<0.005). and NE (t22=2.23, df=10, *p<8.2x10°). in
CpKO compared to WT mice.
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Figure 6.
The expression of BDNF and TrkB are reduced in the hippocampus of ceruloplasmin-

deficient mice. A. RT-PCR measures of the 4 BDNF transcripts show a decrease in BDNF
transcripts 2 (t22=2.31, df=8, *p<0.01) and 3 (t22=2.31, df=8, *p<0.03) in the hippocampus
of the CpKO mouse. B. RT-PCR measures of 2 TrkB transcripts, a full-length form TrkBf
and a short form TrkBt, show decreases in TrkBf, (t22=2.31, df=8, *p<0.003) but not TrkBt
in the hippocampus of the CpKO mouse. C. Hippocampal BDNF protein levels were
measured by ELISA. CpKO mice exhibit significantly decreased levels of BDNF protein in
the hippocampus (t22=2.31, df=8, *p<0.03).
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