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Erythropoietin (Epo) has neuroprotective and neurotrophic effects and is a promising candidate for treatment of neurodegenerative and

psychiatric disorder. Recently, we demonstrated that Epo modulates memory-relevant hippocampal response and fear processing in

human models of antidepressant drug action 1 week post-administration, and improves self-reported mood for 3 days immediately

following administration. The present study explored the effects of Epo (40 000 IU) vs saline on self-reported mood and on neural and

cognitive function in healthy volunteers 3 days post-administration to test the reliability of the rapid mood improvement and its

neuropsychological basis. Neuronal responses during the processing of happy and fearful faces were investigated using functional

magnetic resonance imaging (fMRI); facial expression recognition performance was assessed after the fMRI scan. Daily ratings of mood

were obtained for 3 days after Epo/saline administration. During faces processing Epo enhanced activation in the left amygdala and right

precuneus to happy and fearful expressions. This was paired with improved recognition of all facial expressions, in particular of low

intensity happiness and fear. This is similar to behavioral effects observed with acute administration of serotonergic antidepressants.

Consistent with our previous finding, Epo improved self-reported mood for all 3 days post-administration. Together, these results suggest

that characterization of the effects of Epo in a clinically depressed group is warranted.

Neuropsychopharmacology (2008) 33, 611–618; doi:10.1038/sj.npp.1301439; published online 2 May 2007
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INTRODUCTION

While conventional drug treatments of depression are
effective for many patients, there remains a subset for
which these treatments are ineffective. Current drug
treatments are also limited by slow clinical action and
unwanted side effects. Hence, there remains a real need for
novel treatment strategies, which may work via different
mechanisms or which have more rapid antidepressant
effects. There is particular interest in the hypothesis that
neural atrophy and reduced neurogenesis are involved in
the pathophysiology of depression while increased cellular
resilience and plasticity are key mechanisms in chronic
antidepressant treatment (Santarelli et al, 2003; Berton and
Nestler, 2006). This neurotrophic hypothesis is supported
by evidence that increased hippocampal brain-derived-
neurotrophic-factor (BDNF) is necessary for the behavioral
effects of antidepressant treatment (Santarelli et al, 2003)

and that infusion of BDNF into the hippocampus mimics
the behavioral effects of antidepressants in rodents
(Shirayama et al, 2002). Notably, the antidepressant effects
of BDNF infusion were observed as early as 3 days post-
administration and lasted for at least 10 days (Shirayama
et al, 2002).

Erythropoietin (Epo) is used for the treatment of anemia
associated with chronic renal failure and chemotherapy.
Epo has recently received attention for neurobiological
actions mediated through a non-hematopoietic Epo recep-
tor system in the central nervous system (CNS) of animals
and man (for review, see Brines and Cerami, 2005).
Systemically administered Epo crosses the blood–brain
barrier and has neuroprotective and neurotrophic effects in
experimental CNS damage (Brines et al, 2000) and animal
models of neurodegenerative and neuropsychiatric condi-
tions (Brines and Cerami, 2005). Evidence from animal
models suggests that these actions are mediated through
several mechanisms including rapid upregulation of BDNF
(Wang et al, 2004; Viviani et al, 2005) and neurogenesis
(Wang et al, 2004), downregulation of neural apoptosis in
brain regions adjacent to primary damage site (Siren et al,
2001), and axonal regeneration after axotomy (King et al,
2007). In humans, Epo commenced within 8 h post-stroke
reduces infarct size and improves neurological recovery
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after 1 month (Ehrenreich et al, 2002). In addition, weekly
administration of Epo vs saline to schizophrenic patients
improved cognitive function after 12 weeks (Ehrenreich
et al, 2007). However, because of concomitant upregulation
of red cell mass in schizophrenic patients treated with Epo
vs placebo, it is unclear whether this effect was mediated by
the direct neuroprotective actions or increased oxygen
delivery to the brain. Similarly, earlier studies have found a
correlation between elevation of red blood cell levels and
improved cognitive function, mood, and life quality in
anemic patients treated with Epo (Nissenson, 1992; Leitgeb
et al, 1994) implying that the beneficial effects of Epo may
be non-specific and due to correction of anemia (Nissenson,
1992).

Given this background, we previously assessed the effects
of a single dose of Epo on neural and cognitive function in
human models of antidepressant drug action independent
of any hematological effects (Miskowiak et al, 2007). One
week post-administration, Epo downregulated occipito-
parietal blood-oxygen-level dependent (BOLD) response to
fearful vs neutral faces and reduced recognition of fearful
expressions, similar to the effects of serotonergic and
noradrenergic antidepressants (Harmer et al, 2004, 2006).
In addition, Epo enhanced the hippocampal BOLD response
during picture retrieval (Miskowiak et al, 2007), perhaps
consistent with increased hippocampal BDNF and neuro-
genesis (Hariri et al, 2003). Unexpectedly, Epo also
improved self-reported mood for 3 days post-administra-
tion, reflected by reduced negative affect scores on the
positive and negative affect scales (PANAS), indicating
increased calmness and serenity (Watson et al, 1988).
Although many studies do not find effects of antidepres-
sants on conventional measures of mood in healthy
volunteers (eg Harmer et al, 2004, 2006), one study has
reported decreased negative affect scores after an SSRI vs
placebo in non-depressed participants (Knutson et al,
1998).

The aim of the present study was to investigate this rapid
mood change by assessing the accompanying neuronal and
psychological actions of Epo at this early time point. The
acute mood improvement following Epo led us to hypo-
thesize that this group would show neuronal evidence of
increased positive emotional processing relative to placebo
treatment.

METHODS

Participants

Ethical approval for the study was obtained from the
Oxfordshire Research Ethics Committee. Healthy volunteers
were screened through a medical examination and psychia-
tric interview using the Structured Clinical Interview for
DSM-Clinical Version (SCID-IV). Exclusion criteria were:
history of psychiatric disorder, any significant medical
condition (including diabetes, epilepsy, hypertension, and
thrombosis), pregnancy, current medication (including the
contraceptive pill), or first-degree family history of blood
clotting, heart disease, or seizure disorders. Functional
magnetic resonance imaging (fMRI) scanning also required
the following exclusion criteria: cardiac pacemaker, me-
chanical heart valve or any mechanical implants. A baseline

blood sample was taken to check that hematocrit, hemo-
globin (Hb), renal function, liver function, and ferritin
levels were normal, and a pregnancy test was performed on
female volunteers. After complete description of the study
to the participants, written informed consent was obtained.

Experimental Design

Twenty-four right-handed volunteers were randomly allo-
cated to receive an intravenous injection of either Epo
(40 000 IU) or saline over 5 min in a randomized double-
blind between-groups design. Groups were matched for:
gender (seven males per group), age (mean7SD: 23.374.7
years and 23.776.2 years, respectively), and IQ measured
with the National Adult Reading Test (mean7SD of test
score: 114.673.9 and 113.374.7, respectively). Blood
pressure and subjective state were monitored for 2 h
following the injection. Daily ratings of mood were obtained
for 3 days after drug administration. fMRI scanning and
psychological testing were performed on day 3. Blood
pressure was measured at the beginning of the test day as
well as immediately before and after scanning while
volunteers were lying on the scanner bore. A follow-up
blood sample was taken to check for any changes in levels of
red cell mass.

Experimental Paradigm

During fMRI, tasks were projected from a computer using
e-prime software (version 1.0; Psychology Software Tools
Inc., Pittsburgh, PA) onto an opaque screen at the foot of
the scanner bore. Participants viewed the screen through
angled mirrors and responded by pressing the keys of a
response pad with their thumbs. Thereby, accuracy and
response time (RT) could be investigated.

Stimuli pictures of happy, fearful, and neutral faces
acquired from the Pictures of Affect Series (Ekman and
Friesen, 1976) were presented covertly and overtly in a
blocked paradigm. The covert condition consisted of four
blocks each of happy, fearful, and neutral faces presented
for 17 ms each and immediately replaced by a neutral face
mask for 183 ms. Mask images were faces different from
target faces but of the same gender. The overt condition
contained four blocks each of fearful, happy, and neutral
faces presented for 200 ms. There were a total of 24 stimulus
blocks, each 20 s long and consisting of 10 faces/face mask
pairs. Stimulus blocks were presented in random order
interspersed with 20 s of a fixation cross leading to a total
task time of 16 min. During this time, participants
performed a simple gender discrimination task.

Visual Stimulation Paradigm

A control visual stimulation paradigm was used to assess
whether drug-related effects observed during facial expres-
sion processing may reflect global effects of Epo on baseline
cerebral blood flow. A flashing checkerboard (frequen-
cy¼ 8 Hz) was presented in blocks of 15 s alternating with
15 s of a fixation cross for a total of 20 cycles. Participants
were instructed to lie with their eyes open during this
control task.
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fMRI Data Acquisition

Imaging data were collected using a Siemens Sonata scanner
operating at 1.5 T, at the Oxford Centre for Clinical
Magnetic Resonance Research. Functional imaging con-
sisted of 35 T2*-weighted echo-planar image slices
(repetition time (TR)¼ 3000 ms, echo time (TE)¼ 54 ms,
matrix¼ 128� 128), 1.5� 1.5� 4.5 mm3 voxels. To facilitate
later co-registration of the fMRI data into standard space,
we also acquired a Turbo FLASH sequence (TR¼ 12 ms,
TE¼ 5.65 ms) voxel size¼ 1 mm3. The first two EPI images
in each session were discarded to avoid T1 equilibration
effects.

fMRI Data Analysis

fMRI data were pre-processed and analyzed using FSL
version 3.2b (www.fmrib.ox.ac.uk/fsl). After realignment,
spatial normalization, and spatially smoothing (Gaussian
kernel, 5 mm), the time series in each session were high-
pass filtered (maximum of 0.04 Hz). FSL was used to
compute individual subject analyses in which the time
series were prewhitened to remove temporal autocorrela-
tion (Woolrich et al, 2001). Three experimental conditions
were modeled; fear, happy, and neutral. Each condition was
modeled separately by convolving trials with a canonical
hemodynamic response function (Boynton et al, 1996).
Temporal derivatives were included as covariates of no
interest to increase statistical sensitivity. All analyses at the
group level employed a full mixed effects approach
(Woolrich et al, 2004). Z (Gaussian T) statistic images were
thresholded using clusters determined at Z¼ 2.0 and a
corrected cluster significance of P¼ 0.05. Foci of activation
were localized with the aid of a standard anatomical atlas
(Talairach and Tournoux, 1988). The following contrasts
were chosen to maximize sensitivity to a drug effect on
emotion processing: covert fear–covert neutral, covert
happy–covert neutral, overt fear–overt neutral, and overt
happy–overt neutral. For regions where significant drug
group by emotion interactions were observed in the whole-
brain analysis, mean percent BOLD signal change was
extracted and examined with analysis of variance. Signifi-
cant interactions were explored further with simple main
effect analyses to identify the profile of drug effect. To
assess amygdala response during faces processing, ROIs for
the left and right amygdala in standard space were obtained
using mri3dX (http://www.aston.ac.uk/lhs/staff/singhkd/
mri3dX/mri3dX.jsp), which utilizes a stored representation
of the Talairach Daemon Database (Lancaster et al, 2000).
Mean percent BOLD signal change during these conditions
was computed in left and right amygdala and compared
between Epo and placebo groups. For the control stimula-
tion paradigm, we compared mean percent BOLD signal
change in volunteers given Epo vs placebo within a region of
the occipital (calcarine) cortex activated by photic stimuli
(Maldjian et al, 2003).

Facial Expression Recognition

Facial expression recognition was assessed using a different
set of faces stimuli pictures also taken from Ekman and
Friesen (1976), which were presented sequentially on a

computer screen in a randomized order for 500 ms. Faces
expressed one of six basic emotions: happiness, surprise,
sadness, fear, anger, and disgust, and participants were
instructed to determine the particular emotions by pressing
the corresponding keys on a keyboard as quickly and
accurately as possible. Emotional expressions had been
morphed between two standard images 0% (neutral) and
100% (full emotion) by taking a variable percentage of the
shape and texture differences between the two in 10% steps
(for details see Harmer et al, 2004). Four examples of every
emotion at each intensity level were presented, and every
face was also given in a neutral expression, making a total of
250 stimuli presentations. Accuracy, RT for correct choices,
and misclassifications were recorded.

Subjective Ratings

On the day of drug administration, baseline mood was
assessed using the Beck Depression Inventory (BDI; Beck
et al, 1961) and State-Trait Anxiety Inventory (STAI;
Spielberger, 1983). Transient subjective state was assessed
with Befindlichkeits Scale (BFS; Von Zerssen et al, 1974)
and Visual Analog Scales (VAS) of relevant mood states at
times �15 min, + 15 min, + 60 min, and + 120 min pre- and
post-injection. Mood was measured with daily ratings on
the PANAS (Watson et al, 1988), BFS, STAI, and VAS for 3
days after drug administration. On the test day, baseline
mood was assessed with the BDI and transient subjective
state with the BFS, STAI, and VAS at baseline, + 150 min,
and + 240 min.

Statistical Analysis of Behavioral and Mood Data

Behavioral data and mood ratings were analyzed using
repeated measures analysis of variance with group as the
between-subjects factor and time as the within-subjects
factor. Significant interactions were examined with simple
main effect analyses. To obtain a further measure of
accuracy for facial expression recognition corrected for
the subject’s response tendency, signal detection theory was
applied. The proportion of correctly recognized stimuli (cr)
and falsely recognized stimuli (fr) constitute the parametric
sensitivity measure: d0 ¼ 0.5 ((cr-fr) (1 + cr-fr)/4 cr (1-fr)),
with a higher d-value reflecting greater recognition accuracy
(Grier, 1971). All statistical analyses were performed using
the statistical package for social sciences (SPSS).

RESULTS

Biological Tests

Consistent with previous reports (Miskowiak et al, in
press), a single dose of Epo produced no significant changes
in Hb (P40.1) or hematocrit (P40.1), although there was a
non-significant trend for RCC to be increased following Epo
vs placebo (P¼ 0.08; Table 1). However, this effect seems to
be partly driven by decreased RCC in the placebo group and
there was no significant difference between the baseline and
post-treatment measurement in the volunteers receiving
Epo (P40.2). Further, recordings of diastolic and systolic
blood pressure on the test day revealed no differences
between groups (P40.2).
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Mood Ratings

Groups were well matched in terms of general mood on
both test occasions (all P40.5). There were no acute effects
of Epo on subjective state within the 2 h after administration
(all P40.1). On the day of the fMRI scan, there was no
difference between groups in transient subjective state
during testing (all P40.1), allowing for examination of
the effects of Epo on neural and cognitive processing of
emotional information unconfounded by changes in mood,
arousal, and anxiety.

Daily ratings of mood demonstrated no differences
between groups on the STAI and VAS. In contrast, Epo-
treated volunteers scored significantly higher on positive
affect on the PANAS for all 3 days compared with
volunteers given placebo (main effect of group:
F(1,22)¼ 4.7, P¼ 0.04), reflecting increased enthusiasm,
energy, and alertness (Watson et al, 1988). Ratings on the
BFS showed a general reduction in scores on total (T) and
energy (E) items (main effect of time: F(2,42)¼ 4.6, P¼ 0.02
and F(2,42)¼ 4.8, P¼ 0.01, respectively). In particular, Epo-
treated volunteers scored significantly lower on both T and
E items than those given placebo (main effect of group:
T: F(1,21)¼ 9.4, P¼ 0.006, E: F(1,21)¼ 9.0, P¼ 0.007), sug-
gesting increased well-being and energy levels.

BOLD Response during Facial Expression Processing

Main effect of task. Overt presentations: Presentations of
overt fearful and happy expressions produced significant
bilateral amygdala activation (F(1,23)¼ 18.9, Po0.001, and
F(1,23)¼ 16.4, P¼ 0.001, respectively), as expected. In the
whole brain analysis, overt fearful, happy, and neutral
expressions activated a similar network of frontal, temporal,
cingulate, parietal, and occipital regions to those reported
previously (eg Miskowiak et al, in press) (for peak cluster
activation, see Table 2).

Covert presentations: In contrast to overt presentations,
the amygdala was not significantly activated in the masked
fear condition (P40.4). Covert presentations of fearful,
happy, and neutral faces activated a broad neural network
of regions including middle, inferior, and superior frontal
gyri, posterior cingulate, middle and inferior temporal
gyrus, and parietal and occipital cortices (for peak cluster
activation in these regions, see Table 2).

Epo� task interactions. Overt presentations: ROI analysis
revealed that Epo significantly increased left amygdala

BOLD signal change during overt presentations of fearful,
happy, and neutral faces compared with placebo (main
effect of group: F(1,22)¼ 5.03, P¼ 0.04; Figure 1). There
were no other effects of Epo in the whole brain analysis for
the unmasked condition (all P40.05, corrected).

Covert presentations: Consistent with the absence of
amygdala response to masked fearful faces, there was no
effect of Epo on amygdala signal during this condition. In the
whole-brain analysis, the interaction between emotion condi-
tion and drug group revealed increased neural response under
Epo vs placebo to masked fearful vs neutral faces in a cluster in
the right parietal cortex including the precuneus and inferior
and superior parietal gyrus (Figure 2a) and masked happy vs
neutral faces in two clusters in the bilateral precunei and left
cuneus (Figure 2b). Extraction of signal change in these
regions demonstrated that Epo specifically increased response
to masked presentations of fear (F(1,22)¼ 21.8, Po0.001;
t¼ 2.7, df¼ 22, P¼ 0.02; Figure 2a) and happiness (F(1,22)¼
17.7; Po0.001; t¼ 3.9, df¼ 22, P¼ 0.001; Figure 2b). The
effects of Epo on neuronal responses occurred in absence of
any group differences in accuracy (P40.4) or RT (P40.1) of
gender discrimination.

There were no other effects of task or Epo in the whole
brain analysis reported for both the overt and covert
conditions.

Visual Stimulation Control Experiment

Epo did not significantly influence mean percent BOLD
signal change to photic stimulation in the region of occipital
(calcarine) cortex normally activated by photic stimulation
(t¼ 0.8, df¼ 22, P¼ 0.43). The observed effects during faces
processing are therefore likely to reflect task-specific rather
than global hemodynamic changes.

Facial Expression Recognition

Epo improved overall accuracy of facial expression
recognition (main effect of group: F(1,22)¼ 5.2, P¼ 0.03)
in absence of any effect on RTs (P40.05). Signal detection
analysis demonstrated greater discrimination accuracy for
all emotions in Epo-treated participants compared with
those given placebo (main effect of group: F(1,22)¼ 4.6,
P¼ 0.04) in absence of any group differences in response
biases (all P40.7).

Investigation of facial expression recognition over the
different morphed intensity levels revealed that Epo
improved recognition of lower levels of happiness (inter-

Table 1 Hematological Parameters for Volunteers Given Epo and Placebo

Hemoglobin (Hb) Hematocrit Red cell count

Before After Before After Before After

Mean SD Mean SD Mean SD mean SD Mean SD Mean SD

Epo (N¼ 12) 14.5 1.4 14.8 1.0 0.43 0.04 0.44 0.03 4.95 0.48 5.04 0.33

Placebo (N¼ 12) 14.7 1.5 14.5 1.3 0.44 0.04 0.43 0.03 4.99 0.41 4.87 0.32

Interaction F(1,21)¼ 2.9, P¼ 0.10 F(1,21)¼ 2.7, P¼ 0.11 F(1,21)¼ 3.5 P¼ 0.08

A follow-up blood test for one volunteer allocated to placebo was lost and analysis therefore carried out for 23 volunteers of whom 12 had received Epo.
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action intensity� group: F(9,198)¼ 2.1, P¼ 0.03; Figure 3)
and fear (interaction intensity� group: F(9,198)¼ 2.6,
P¼ 0.007; Figure 3). Effects on the recognition of other
emotions across the morphed intensity levels were not seen
(all P40.2).

DISCUSSION

The current study demonstrated that a single intravenous
administration of Epo (40 000 IU) vs saline to healthy
volunteers enhanced the neural and cognitive processing
of facial expressions on day 3 post-administration and
improved self-reported mood in the 3 day period before the
scan. These effects are likely to reflect direct neurobiological
actions of Epo in absence of marked changes in red cell
mass in the experimental group.

Epo Improves Self-Reported Mood

The current study replicated our previous finding of
improved self-reported mood for 3 days following Epo vs
saline administration to healthy volunteers (Miskowiak
et al, in press). Epo-treated volunteers had significantly
higher positive affect scores on the PANAS than those given

Table 2 Peak Cluster Activation in Brain Regions of Significantly Increased BOLD Response during Facial Expression Processing in Placebo-
Treated Volunteers (Main Effect of Task)

Coordinates Coordinates

Task and Region Z-value X Y Z Task and Region Z-value X Y Z

Covert fearful faces Overt fearful faces

L precentral gyrus (BA 4) 3.44 �22 �10 50 L medial frontal gyrus (BA 6) 6.67 2 2 58

L superior frontal gyrus (BA 6) 4.63 �6 4 58 R precentral gyrus (BA 6) 4.49 46 0 32

L inferior parietal lobule (BA 40) 4.02 �40 �36 44 L precentral gyrus (BA 6) 4.38 �42 0 48

L putamen 3.89 �26 4 0 L inferior parietal lobule (BA 40) 4.76 �38 �38 42

R cerebellum, declive 9.25 40 �60 �16

L putamen 4.05 �24 6 4

Covert happy faces Overt happy faces

Left superior frontal gyrus (BA 6) 4.15 �8 4 60 L medial frontal gyrus (BA 6) 3.44 �44 0 38

L inferior parietal lobule (BA 40) 5.18 �42 �36 46 L medial frontal gyrus (BA 6) 4.26 �4 2 58

R inferior parietal lobule (BA 40) 3.27 40 �50 40 R inferior occipital gyrus (BA18) 7.51 48 �80 �8

R middle occipital gyrus (BA 19) 5.65 46 �70 �12 L putamen 4.6 �24 2 4

Covert neutral faces Overt neutral faces

R inferior frontal gyrus (BA 45) 4.79 34 24 10 L medial frontal gyrus (BA 6) 3.65 28 0 0

R superior frontal gyrus (BA 6) 3.68 4 6 58 R precentral gyrus (BA 6) 4.42 46 2 32

L superior parietal lobule (BA 7) 5.3 �28 �64 52 L inferior parietal lobule (BA 40) 5.28 �44 �28 44

L lingual gyrus (BA 18) 6.74 �4 �80 0 R inferior parietal gyrus (BA 40) 3.84 �22 �44 42

R fusiform gyrus (BA 19) 6.58 40 �66 �8

L putamen 5.33 0 2 62

R putamen 4.42 46 2 32

BA, Brodmann area.
MNI coordinates (x, y, z) refer to peak activation within each cluster identified thresholded at Z¼ 2.0 and Po0.05, corrected.

Figure 1 Differences in left amygdala response to overt presentations of
fearful, happy, and neutral faces in the volunteers treated with Epo vs
placebo. Epo (N¼ 11) enhanced left amygdala BOLD signal change to all
facial expressions vs baseline compared to placebo (N¼ 12) (ANOVA;
main effect of group F(1,22)¼ 5.03, P¼ 0.035). Values represent mean
percent signal change. Error bars represent the standard error (SEM).
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placebo as well as increased well being and energy on the
BFS. Our previous study suggested reduced negative rather
than increased positive affect, so we cannot say whether Epo
affects both of these processes or whether the balance of the
mood improvement interacts with trait or state character-
istics of the sample. Nonetheless, this rapid improvement of
mood, which persisted for 3 days post-Epo-administration,
is noteworthy and deserves further investigation.

Epo Enhances Neural and Cognitive Processing of Faces
on Day 3

Although a number of human imaging studies suggest a
specific role of amygdala in the processing of threat-related
signals (eg Morris et al, 1996; Phillips et al, 1998), the link
between amygdala and threat is not exclusive. This is
highlighted by the activation of amygdala by presentations
of unfamiliar faces (Dubois et al, 1999), facial display of
sadness (Blair et al, 1999) and happiness (Breiter et al,
1996), as well as emotive scenes (Taylor et al, 2000) and film

extracts (Reiman et al, 1997). The recent demonstration of
left amygdala response not only to fearful but also to
disgusted, angry, sad, neutral, and happy faces indicates a
general purpose function of amygdala in the processing
of salient information from faces (Fitzgerald et al, 2006).
The increased left-hemisphere amygdala response to overt
fearful, happy, and neutral faces in volunteers given Epo vs
placebo is thus consistent with increased vigilance for facial
expressions irrespective of valence.

Although amygdala activation has been reported with
subliminal presentations of fear (Whalen et al, 1998), this
effect is not uniformly seen (eg Phillips et al, 2004). In our
sample, covert presentations did not activate the amygdala,
which may explain the absence of an effect of Epo on
amygdala response during this condition. In contrast, Epo
significantly enhanced occipito-parietal response to covert
happy vs neutral faces and parietal activation to covert
fearful vs neutral faces. These regions were partly over-
lapping with those activated by covert presentations of
fearful and happy faces in placebo-treated volunteers (see

Figure 2 (a) Neuronal responses to masked fearful and happy vs neutral faces. Areas marked with blue, yellow, and green are the regions significantly
activated by masked fearful, happy, and neutral faces, respectively. Epo increased response to masked fearful vs neutral faces in a cluster encompassing the
right parietal cortex (areas marked with red). Plot of mean percent BOLD signal change to fearful and neutral faces modeled against baseline (fixation
periods) under Epo (dark bars) and placebo (light bars) in these regions of significant drug group (Epo, placebo)� emotion (fearful, neutral) interaction. (b)
Epo increased response to masked happy vs neutral faces in bilateral precuneui and left cuneus (areas marked with red). Plot of mean percent BOLD signal
change to happy and neutral faces modeled against baseline (fixation periods) under Epo (dark bars) and placebo (light bars) in the region of significant drug
group (Epo, placebo)� emotion (happy, neutral) interaction. Images are thresholded at Z¼ 2.0, P¼ 0.05, corrected, and represent a radiological view of the
brain. Bars show the mean; error bars show the standard error (SEM). *Po0.05.

Figure 3 Recognition of fear and happiness across the different intensity levels from 10% to 100% (full emotion). Volunteers given Epo (dashed line)
demonstrated increased recognition of fearful facial and happy expressions compared to placebo (solid line) (interaction group� emotion intensity fear:
F(9,198)¼ 2.6, P¼ 0.007, and happiness: F(9,198)¼ 2.1, P¼ 0.03). Values represent mean accuracy71 SEM *Po0.05.
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Figure 2), suggesting that Epo modulates faces-relevant to
neural processing. A general increase in occipito-parietal
activation to fearful vs happy faces in healthy volunteers is
thought to be a mechanism by which attentional resources
are captured by threatening stimuli (Pourtois et al, 2006).
The increased occipito-parietal activation to happy faces
and increased parietal activation to fearful faces could
therefore suggest that Epo increased subliminal vigilance
towards facial displays of emotion in general.

The effects of Epo on neural processing of faces were
accompanied by improvement in overall recognition
accuracy for facial expressions of fear, happiness, disgust,
anger, surprise and sadness after the scan. In particular,
Epo-treated volunteers displayed enhanced recognition of
lower intensity levels of happiness and fear, similar to acute
effects of serotonergic antidepressants (Harmer et al, 2003).
By contrast, we reported previously a decrease in fear
recognition and neural response to fearful faces 1 week after
administration of Epo (Miskowiak et al, in press). This
reversal of effect is strikingly similar to our previous
findings with SSRI administration in healthy volunteers (eg
Harmer et al, 2003, 2006), where increased fear recognition
is seen with acute administration but after 7 days of
treatment, volunteers show a reduction in this aspect of fear
processing relative to matched placebo treatment. While the
mechanisms mediating this reversal are unknown, the
current finding suggests that Epo taps in to emotion
processing in ways that resemble conventional antidepres-
sants; early increases in the processing of happy facial
expressions accompanied by a reversal of increased to
decreased fear processing over time.

Limitations

A limitation of pharmacological fMRI studies in general is
the possibility that drug effects on neural response may be
confounded by non-specific effects on neural coupling and
cerebral hemodynamics (Bonne et al, 1999). There is
evidence of a positive correlation between blood pressure
and BOLD response (Wang et al, 2006), which could
confound data interpretation. While repeated administra-
tion of Epo may increase blood pressure in response to
elevated red cell mass, we found no significant differences
between groups in blood pressure on the day of scanning. In
addition, Epo had no effect on neural response to flashing
checker-board stimuli in the region of primary visual cortex
normally activated by photic stimulation. It is therefore
unlikely that the observed effects of Epo on neural response
during faces processing resulted from non-specific hemo-
dynamic changes.

It is possible that the effects of Epo reported here on the
neural and cognitive processing of facial expressions
occurred as an indirect effect of the increased mood and
arousal seen in this group rather than a direct neurobio-
logical action on the underlying neural processes. However,
by the day of the scan, ratings of mood and arousal had
returned to normal and were indistinguishable from the
placebo-treated participants. In future studies, however,
more detailed examination of the mood and arousal
changes seen following Epo and their relation to changes
in emotional processing observed 3 days post-administra-
tion should be performed.

Finally, although the present findings suggest that Epo
influences cognitive and neural function and mood in ways
compatible with an antidepressant action in healthy
volunteers, the clinical effect in patients suffering from
depression is unknown. If changes in the processing of
emotional information and improvement of mood are
important in the therapeutic actions of antidepressant
drugs as hypothesized (Harmer et al, 2004), then Epo may
have some benefit in these patients. However, we have also
hypothesized that acute increase in fear processing may
relate to anxiogenic effects of SSRIs seen early in treatment
(Harmer et al, 2003). The possibility of such effects should
therefore also be considered in clinical studies investigating
the effects of Epo.

CONCLUSIONS

In conclusion, the present study showed that Epo influences
neuronal and cognitive function in healthy volunteers 3
days after administration. Epo influenced neural and
cognitive processing of emotional facial expressions in
ways similar to the actions of serotonergic antidepressants.
The replication of mood improvement for 3 days following
Epo administration is also noteworthy given the time to
effect of conventional antidepressant drug treatments.
Together, these findings highlight Epo as a candidate for
neurotrophic add-on treatment and suggest that character-
ization of the effects in a clinically depressed group would
be of great potential interest.
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