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STOP (stable tubule only polypeptide) null mice display neurochemical and behavioral abnormalities that resemble several

well-recognized features of schizophrenia. Recent evidence suggests that the hematopoietic growth factor erythropoietin improves the

cognitive performance of schizophrenics. The mechanism, however, by which erythropoietin is able to improve the cognition of

schizophrenics is unclear. To address this question, we first determined whether acute administration of the erythropoietin analog known

as darbepoetin alfa (D. alfa) improved performance deficits of STOP null mice in the novel objective recognition task (NORT). NORT

performance of STOP null mice, but not wild-type littermates, was enhanced 3 h after a single injection of D. alfa (25 mg/kg, i.p.).

Improved NORT performance was accompanied by elevated NADPH diaphorase staining in the ventral hippocampus as well as medial

and cortical aspects of the amygdala, indicative of increased nitric oxide synthase (NOS) activity in these structures. NOS generates

the intracellular messenger nitric oxide (NO) implicated in learning and memory. In keeping with this hypothesis, D. alfa significantly

increased NO metabolite levels (nitrate and nitrite, NOx) in the hippocampus of both wild-type and STOP null mice. The NOS inhibitor,

N (G)-nitro-L- arginine methyl ester (L-NAME; 25 mg/kg, i.p.), completely reversed the increase in hippocampal NOx levels produced by

D. alfa. Moreover, L-NAME also inhibited the ability of D. alfa to improve the NORT performance of STOP null mice. Taken together,

these observations suggest D. alfa enhances the NORT performance of STOP null mice by increasing production of NO.
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INTRODUCTION

Schizophrenia is a common psychiatric disorder that
affects approximately 1% of the population worldwide
(Mueser and McGurk, 2004; Sawa and Snyder, 2002) and
is characterized by positive (hallucinations, delusions,
disorganized speech, and disorganized behavior) and
negative (affective flattening, alogia, and avolition) symp-
toms (Andreasen and Flaum, 1991; van Os and Kapur,
2009). In addition to these symptoms, cognitive deficits
are becoming increasingly recognized as an important
feature of schizophrenia (Breier, 2005; Keefe and Fenton,
2007; Ranganath et al, 2008), however, no therapies are
currently available that improve the cognitive performance
of these patients.

Although the etiology of schizophrenia is poorly
understood, converging evidence from a number of fields
supports the view that deficits in neuronal connectivity
linked to synaptic alterations is a key contributing factor

to this devastating disorder (Harrison, 1999; Mirnics et al,
2000; Robertson et al, 2006). For instance, the protein
encoded by a gene (disrupted in schizophrenia 1, DISC1)
that is mutated in a familial form of schizophrenia is
involved in various interactions between microtubule-
related organelles or proteins suggesting that connectivity
deficits in schizophrenia may result from dysfunction
of the cytoskeleton (Ayhan et al; Callicott et al, 2005).
In keeping with this proposal, Shimizu and coworkers
have reported an association between schizophrenia and
polymorphisms in the gene-encoding microtubule-asso-
ciated protein 6 (MAP6) (Shimizu et al, 2006). The Map6
gene product known as STOP (stable tubule only peptide)
is a Ca2 + -calmodulin regulated microtubule-associated
protein present in neurons, oligodendrocytes, and astro-
cytes (Bosc et al, 2003; Denarier et al, 1998; Galiano et al,
2004). Mice lacking a functional copy of STOP (STOP null)
display several synaptic abnormalities that are accompanied
by an array of cognitive deficits (Begou et al, 2008; Brun
et al, 2005; Eastwood et al, 2007; Powell et al, 2007). STOP
null mice display a two-fold reduction in pre-synaptic
glutamatergic vesicle density in the CA1 region of the
hippocampus, a brain structure implicated in learning and
memory (Andrieux et al, 2002). This pre-synaptic vesicular
depletion is accompanied by deficits in electrophysiological
measures of synaptic plasticity such as LTP, long-term
depression and post-tetanic potentiation that may account
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for performance deficits in behavioral tests of learning and
memory (Andrieux et al, 2002). STOP null mice also show
neurochemical, pharmacological and behavioral profiles
indicative of hyperactivity of the mesolimbic dopamine
system (Bouvrais-Veret et al, 2008; Brun et al, 2005; Fradley
et al, 2005). In STOP null mice, mesolimbic dopaminergic
hyperactivity is accompanied by reduced glutamatergic
transmission (Brenner et al, 2007), an interrelationship now
thought to be a neurochemical hallmark of schizophrenia
(Carlsson et al, 2000; Jablensky, 2004). Delotterie et al,
(2010) reported that long-term treatment with risperidone,
a representative atypical antipsychotic drug, did not
improve working memory of STOP null mice assessed
with the Y maze. This finding is consistent with the lack or
weak effects of antipsychotic drugs on cognitive deficits
associated with schizophrenia (Young et al, 2009) suggest-
ing that the STOP null mouse may be a useful model for
the identification of therapeutics capable of improving the
cognition of schizophrenics. Taken together, these findings
indicate that the STOP null mice model several important
features of schizophrenia.

Erythropoietin (Epo) is a glycoprotein derived from the
kidney whose principal function is to stimulate erythropoi-
esis by inhibiting the programmed cell death of erythrocyte
precursors (Ghezzi and Brines, 2004). Epo also has
well-established neuroprotective properties in models of
cerebral ischemia (Sadamoto et al, 1998; Sakanaka et al,
1998), neuroinflammation (Brines et al, 2000; Li et al, 2004),
neuronal injury (Zhang et al, 2010), and neurotoxin-
induced cell death (Adembri et al, 2004; Orhan et al,
2004). In addition to these neuroprotective properties,
recent studies have shown that Epo enhances cognitive and
neural measures of executive function using a verbal fluency
task and working memory during functional magnetic
resonance imaging in healthy volunteers (Miskowiak et al,
2008a) and improves cognitive function in schizophrenia
patients (Ehrenreich et al, 2007). Epo is now being
considered as an adjunctive therapy for cognitive dysfunc-
tion in psychiatric disorders; however, the mechanism by
which Epo improves cognition remains unclear. Based
on these findings, we hypothesized that acute administra-
tion of darbepoetin alfa (D. alfa), an Epo analog, would
improve performance deficits of STOP null mice in the
novel object recognition task (NORT). Given that Epo has
been shown to increase extracellular concentrations of nitric
oxide (NO) (Yamamoto et al, 2004), a chemical messenger
implicated in learning and memory (Kendrick et al, 1997;
Ota et al, 2008), we also hypothesized that D.alfa would
increase NO metabolites in the cortex and hippocampus
and modulate nitric oxide synthase (NOS) activity within
specific structures in the forebrain. Lastly, we hypothesized
that administration of the NOS inhibitor L-NAME would
abolish the effects of D.alfa on novel object recognition
memory, indicating that the effects of D. alfa on memory
performance were mediated through NO signaling.

MATERIALS AND METHODS

Animals

Adult male and female BALBc/129 SvPas heterozygous
STOP mice were obtained from a colony maintained in

Grenoble, France (Andrieux et al, 2002). Mice were
crossed with male and female 129S1/SvImJ mice (Jackson
Laboratories, Bar Harbor, ME, USA) to produce litters
with increased viability. Heterozygous (BALBc/129 SvPas x
129S1/SvImJ) breeding pairs were established that gener-
ated litters at an approximate ratio of 25% wild-type (WT):
50% heterozygous (Het): 25% homozygous null for STOP
(STOP null). Mice were group housed with ad libitum
access to food and water, and maintained on a 12 h light–
dark schedule. The Carleton Animal Care Committee at
Dalhousie University approved the experimental procedures
described in this article and that were also in accordance
with the guidelines detailed by the Canada Council on
Animal Care. Each of the four groups used to compare
the effects of vehicle (10 ml/kg, i.p.) and darbepoetin alfa
(D. alfa; 25 mg/kg, i.p.) on the NORT performance of WT
and STOP null mice were composed of 12–16 animals
(Figure 1). In the case of the nitrate and nitrite (NOx) tissue

Figure 1 Acute darbepoetin alfa (D. alfa; 25mg/kg, i.p.) treatment
reversed object recognition deficits in STOP null mice. (a) Object
exploration time in the sample phase. The time spent exploring objects
is shown in the bar graph as mean±SEM. Wild-type mice (WT) and STOP
null mice (KO) injected with vehicle (10 ml/kg, i.p.; WT: N¼ 12, KO:
N¼ 13) or D. alfa (25 mg/kg, i.p.; WT: N¼ 12, KO: N¼ 16) spent equal
amounts of time investigating the objects during the sample phase.
(b) Discrimination ratio (d2) in the choice phase is shown in the bar graph
as mean±SEM. KO mice treated with an acute injection of D. alfa (25 mg/
kg i.p.) displayed a significant improvement in NORT performance
compared with vehicle controls. White bars, vehicle (10 ml/kg, i.p.; WT:
N¼ 12, KO: N¼ 13); black bars, D.alfa (25 mg/kg, i.p.; WT: N¼ 12, KO:
N¼ 16). Two-way ANOVA with Bonferroni post hoc t-test, *po0.05.
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measurements shown in Figure 3, 8–10 animals from
each of these four groups were used. For the L-NAME
dose–response studies shown in Figure 4b–d, each group
consisted of 5–6 mice that were also used for NOx tissue
measurements (Figure 4a). In the case of the last experiment
in which we examined the ability of L-NAME (25 mg/kg, i.p.)
to reverse the effects of D. alfa (25 mg/kg, i.p.) on NORT
performance, each group was composed of 8–9 animals
(Figure 5a and b). All of these mice in the four groups
were used for determination of NOx levels (Figure 5c).
For the NADPH diaphorase staining shown in Figure 2,
separate groups, composed of 6 mice each, were given

vehicle (10 ml/kg, i.p.) or D. alfa (25 mg/kg, i.p.) and
prepared for histological examination of NADPH diaphor-
ase staining.

Drugs

Darbepoetin alfa (D. alfa: Aranesp, Amgen Therapeutics,
Thousand Oaks, CA) was obtained as 100 mg/ml stock and
diluted to 2.5 mg/ml in vehicle (0.1% bovine serum albumin
in 0.1 M phosphate-buffered saline (PBS)) and administered
to STOP null mice or WT littermates at a dose of 25 mg/kg
(i.p.). Animals received D. alfa or vehicle (10 ml/kg, i.p.)

Figure 2 Representative NADPH diaphorase staining in the forebrain of a WT mouse 3–4 h after D. alfa (25 mg/kg, i.p.) or vehicle (10 ml/kg, i.p.). (a and b)
dorsal hippocampus; Bregma¼�2.30 mm, (c and d) ventral hippocampus; Bregma¼�3.16 mm, (e and f) amygdala (Am) and rhinal cortex (Rh);
Bregma¼�2.18 mm. Mice (WT or STOP null) treated with D. alfa (25 mg/kg i.p.) showed a marked increase in NADPH diaphorase staining in the ventral
hippocampus as well as medial and cortical aspects of the amygdala relative to vehicle controls (indicated by arrowheads). Scale bars; 1 mm.
(g) Quantification of signal intensity for NADPH-d staining, bars represent the means±SEM of groups composed of six mice each. Mann–Whitney
U-test, *po0.05.
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3 h before testing. N (G)-nitro-L-arginine methyl ester
(L-NAME; Sigma-Aldrich, St Louis, MO, USA) was diluted
in sterile water and administered to mice 30 min before the
D. alfa injection at doses of 10, 25, or 50 mg/kg (i.p.).

Novel Object Recognition Task (NORT)

NORT is a test of object recognition memory that is
dependent upon both the hippocampal formation and the
rhinal cortex (Broadbent et al, 2004; Winters et al, 2004).
The NORT was performed as described previously (Powell
et al, 2007). Briefly, the NORT was conducted in an opaque
plexiglass open field (35� 45.5� 36 cm). Animals were
habituated to the open field in the absence of objects
for 5 min on each of 2 successive days before the test day.
On the test day, animals were habituated to the open field
for 1 min and then returned to a holding cage while two
identical objects were placed in the open field. During the
sample phase, each mouse was placed in the center of the
open field oriented towards the objects and the time spent
exploring each object was recorded over a 5-min period.
The mouse was then returned to the home cage for a delay
of 5 min before being returned to the open field for the
choice phase. In the choice phase, the mouse was placed in
the center of the open field oriented toward the objects: one
familiar object from the sample phase and a novel object.
Time spent exploring each object over a 3-min period was
recorded. Exploration was defined as directing the nose
toward the object at a distance less than 1 cm, and included
placing one or more paws on the object. Sitting beside or on
top of the object was not considered exploration. The total
time spent investigating both objects in the sample phase
was recorded and compared to ensure equal motivation to
explore. In the choice phase the proportion of time spent
with the novel object was determined by dividing the time
spent with the novel object by the total time spent exploring
both objects. A discrimination ratio (d2) was calculated by
taking the difference between the times spent investigating
the novel and familiar objects and dividing that by the time
spent investigating both objects during the choice phase.
Animals that failed to reach a threshold exploration time
in the sample and choice phases (10 and 5 s, respectively)
were excluded from the study.

Histology

Animals were deeply anesthetized with pentobarbital
(30 mg/kg i.p.) and perfused intracardially with saline
followed by cold 4% paraformaldehyde (PFA) in 0.1 M
PBS. The brains were removed, immersed for 12 h in the
same 4% PFA fixative at 41C, and cryoprotected in 30%
sucrose in PBS for 48 h at 41C. The brains were then frozen
and stored at �801C until use. Serial coronal sections
(30 mm thick) were cut on a cryostat, collected as free-
floating sections in PBS, and then processed immediately
for NADPH diaphorase staining.

NADPH Diaphorase (NADPH-d) Staining

NADPH-d staining was performed as described previously
with some modifications (Hope and Vincent, 1989; Vincent
and Kimura, 1992). Sections were rinsed 2� 10 min in

50 mM Tris-buffer saline (TBS) to equilibrate the tissue,
and incubated in NADPH solution (1 mM â-NADPH
(Sigma-Aldrich) and 0.1 mM Nitrotetrazolium blue
(Sigma-Aldrich) in TBS with 0.1% Tween 20 (TBS-T)) for
70 min at 371C protected from light. Sections were then
rinsed 2� 10 min in TBS-T and stored in TBS-T diluted 1 : 1
with distilled water. Slides were submerged in 100% xylene
and coverslipped using Cytoseal solution (Richard Allan
Scientific, Kalamazoo, MI, USA). Slides were viewed using
an Axioscope (Carl Zeiss, Toronto, ON, Canada). Brain
images were captured with an Axiocam HRc digital camera
using imaging software (Canimpex Enterprises, Halifax,
NS, Canada).

Measurement of NO Metabolite (Nitrate and Nitrite;
NOx) Levels

For determination of hippocampal and cortical NOx levels,
hippocampi and cortices were rapidly dissected from
the brains. The dissected hippocampi and cortices were
homogenized in 1� PBS and spun at 10 000 g for 20 min at
41C. The supernatant was placed on 30 kDa filters (Milli-
pore, Etobicoke, ON, Canada) and spun at 14 000 g for
60 min at 41C. The filtrate was collected to measure nitrite
levels. The final products of NO in vivo are nitrite (NO2

�)
and nitrate (NO3

�). The relative proportions of NO2
� and

NO3
� are variable and cannot be predicted with certainty.

Thus the best measure of total NO production is the sum of
both NO2

� and NO3
� (NOx). This was achieved using a

commercial kit from Cayman Chemical (Ann Arbor, MI,
USA) that first converts all nitrate to nitrite using nitrate
reductase. The second step used a Griess reaction to convert
all nitrite into a deep purple azo compound that was
detected using a microplate reader. Known concentrations
of nitrite were run in tandem to create a standard curve for
the quantification of nitrite levels in each homogenate
sample derived from the hippocampus. Levels of nitrite
were standardized according to protein content to yield mM
nitrite/mg protein.

Densitometric Analysis of NADPH-d Staining

NADPH-d staining was quantified by densitometric analysis
performed on every 12th coronal section (30 mm thick)
taken from the level of the anterior caudate–putamen to the
posterior aspect the hippocampus (Bregma �0.70 mm to
�3.40 mm). All acquired digital images were converted to
gray scale and the optical density of using NADPH-d
staining measured using ImageJ software (http://rsbweb.
nih.gov/ij/). The background grayscale intensity arising
from white matter (corpus callosum) was subtracted from
that for the regions of interest. Optical density measure-
ments were performed on separate coronal sections for
each animal. These values were averaged for each brain
region (dorsal hippocampus; five sections (Bregma �1.34 to
�2.46 mm), cortex; five sections (Bregma �1.34 mm
to �3.40 mm), ventral hippocampus; three sections (Bregma
�2.46 to �3.40 mm), amygdala; five sections (Bregma �0.70
to �2.54 mm) and rhinal cortex; five sections (Bregma
�0.70 to �2.54 mm)). For each brain region that was
sampled, the average optical density for the vehicle group
was first calculated (0–255 gray scale). The optical density
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for NADPH-d staining for each animal was then converted
to a NADPH-d index. This was done by dividing the optical
density for each animal by the average optical density for
the vehicle group. In this way, the average optical density
for the vehicle group was defined as 100% or 1.0. Optical
densities for each member of the D. alfa group were divided
by the mean grayscale intensity for the vehicle control
group and averaged to yield a mean NADPH-d index for the
D. alfa group. Representative images showing the brain
regions that were quantified are presented in Figure 2.

Data Analysis

NADPH-d indices for different treatments were compared
using the Mann–Whitney U-test (Figure 2). NORT scores
and NOx levels were analyzed by two-way analyses
of variance (ANOVA) for independent groups as a 2
(genotype: Wild-type, STOP null) � 2 (drug: Vehicle, D.
alfa) design followed by Bonferroni post hoc t-tests (Figures
1, 3, and 5). For experiments using only WT mice, the
results were analyzed using a one-way ANOVA followed by
the Newman-Keuls post test to determine differences
between individual groups (Figure 4). A level of po0.05
was considered statistically significant.

RESULTS

Acute Darbepoetin Alfa Treatment Reversed NORT
Deficits in STOP Null Mice

In a first series of experiments, we compared the NORT
performance of STOP null and WT mice that received either
vehicle (10 ml/kg, i.p.) or D. alfa (25 mg/kg, i.p.). During the
sample phase when animals were exposed to the test objects
for the first time, STOP null mice and WT littermates that
received either vehicle or D. alfa spent the same amount of
time exploring both objects (Figure 1a). In contrast, during
the choice phase, STOP mice that received vehicle explored
the novel object less than WT littermates, which were
injected with vehicle (Figure 1b; p¼ 0.0372). Administration
of D. alfa did not alter the proportion of time that WT
littermates spent investigating the novel object during the
choice phase (Figure 1b). In comparison with vehicle-
injected STOP null mice, D. alfa-treated mice spent
significantly more time exploring the novel object during
the choice phase (Figure 1b; p¼ 0.0204).

Effects of Acute Darbepoetin Alfa NADPH Staining
in the Forebrain

It has been reported that local delivery of Epo in the
hippocampus increases extracellular concentrations of
nitric oxide (Yamamoto et al, 2004) suggesting that Epo
activates nitric oxide synthase (NOS). The NADPH-d
histochemical technique is based on the presence in certain
neurons of NOS that can catalyze the NADPH-dependent
conversion of a soluble tetrazolium salt to an insoluble,
visible formazan product (Hope et al, 1991). In a second
series of studies, we compared the effects of vehicle and D.
alfa on NADPH-d staining in the forebrain of WT mice.
Relative to vehicle-treated animals, D. alfa produced
an increase in NADPH-d staining in the ventral CA1

(Figure 2c and d; arrowheads) and amygdala (medial and
cortical aspects) (Figure 2e and f; arrowheads). Image
analysis indicated that the intensity of NADPH-d staining
(NADPH-d index) in the ventral CA1 was elevated 3 h after
D. alfa (25 mg/kg, i.p.) by 30% relative to vehicle (10 ml/kg,
i.p.) treated controls (p¼ 0.0091). The NADPH-d index in
the medial and cortical aspects of the amygdala was elevated
by about 20% in mice that received D. alfa (25 mg/kg, i.p.)
compared with vehicle (10 ml/kg, i.p.) controls (Figure 2g;
p¼ 0.0260); however, there was not a corresponding
increase in NADPH-d staining intensity in dorsal CA1,
whole cortex and rhinal cortex (Figure 2g).

Effects of Acute Darbepoetin Alfa Treatment on Nitrate/
Nitrite Levels in the Hippocampus and Cortex

NADPH-d staining suggested a single injection of D. alfa
increased NOS activity in the ventral hippocampus but not
the rhinal cortex (Figure 2g). NO, which is produced by
activation of NOS, is an unstable molecule that degrades
within seconds once formed, however, its end-products
(nitrate and nitrite, NOx) are stable products and reflect NO
concentrations in vivo (Moncada et al, 1991). In a third
series of studies, we compared the effects of vehicle and D.
alfa on NOx levels 3–4 h later in the hippocampus and
cortex of STOP null and WT littermates. As shown in
Figure 3b, basal NOx levels in hippocampus were compar-
able in WT and STOP null mice and elevated by more than
70% following D. alfa (25 mg/kg, i.p.) in both strains
(Figure 3b; WT: p¼ 0.0205, KO: p¼ 0.0007). In contrast,
NOx levels in whole cortex were the same in WT and STOP
null mice after D. alfa treatment (Figure 3a).

L-NAME Inhibits the Increase in NOx Levels Produced
by D. alfa

The results shown in Figures 2 and 3 suggest that D. alfa
may increase the NOx levels by activating NOS in the mouse
hippocampus. In a fourth series of experiments, we tested
this hypothesis by determining whether L-NAME, a potent
NOS inhibitor, prevented the increase of NOx induced by
D. alfa (25 mg/kg, i.p.) in WT mice. We administered
L-NAME at doses of 10, 25, or 50 mg/kg (i.p.) 30 min before
D. alfa (25 mg/kg, i.p.) treatment, and then measured the
concentration of NOx in the hippocampus 3–4 h later. As
shown in Figure 4a, D. alfa (25 mg/kg, i.p.) increased NOx
levels in the hippocampus of WT mice by about 70%
relative to vehicle-injected controls (Figure 4a; p¼ 0.0454).
D. alfa-induced increases in NOx levels were reversed by 25
or 50 mg/kg of L-NAME (Figure 4a; 25 mg/kg: p¼ 0.0116;
50 mg/kg: p¼ 0.0151).

Effects of L-NAME on NORT Performance

In a fifth experiment, we determined the effects of L-NAME
(10, 25, and 50 mg/kg, i.p.) on the NORT performance
of WT mice. Compared with vehicle-injected mice, L-NAME
did not reduce the amount of time that WT mice
spent exploring the two test objects during the sample
phase (Figure 4b). NORT performance during the
choice phase was also not reduced by L-NAME (10, 25,
and 50 mg/kg, i.p.) relative to vehicle-injected controls
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(Figure 4c). These results indicate that a dose of 25 mg/kg
(i.p.) of L-NAME did not impair the basal NORT
performance of WT mice, but sufficient to completely
inhibit the increase in hippocampal NOx levels produced by
D. alfa (25 mg/kg, i.p.).

L-NAME Inhibits the Ability of D. alfa to Improve the
NORT Performance of STOP Null Mice

Since NO has a role in synaptic connectivity (Boehning and
Snyder, 2003; Ota et al, 2008; Wang et al, 2005), we
hypothesized that D. alfa may improve NORT performance
in STOP null mice by increasing NO level in hippocampus.

To test this hypothesis, we performed a sixth experiment to
determine if administration of L-NAME (25 mg/kg, i.p.)
blocked the ability of D. alfa (25 mg/kg, i.p.) to improve
NORT performance. L-NAME (25 mg/kg, i.p.) administra-
tion did not influence the exploration times of WT and
STOP mice injected with vehicle (10 ml/kg, i.p.) or D. alfa
(25 mg/kg, i.p.) during the sample phase (Figure 5a). The
ability of D. alfa (25 mg/kg, i.p.) to improve the performance
of STOP null mice in the choice phase (Figure 1b) was
blocked by L-NAME (25 mg/kg, i.p.) (Figure 5b; vehicle vs D.
alfa in WT p¼ 0.0366, vehicle vs D.alfa in KO p¼ 0.0074).
L-NAME (25 mg/kg, i.p.) did not alter the NORT perfor-
mance of WT mice that received vehicle (10 ml/kg, i.p.)
(Figure 5b).

L-NAME Inhibits the Ability of D. alfa to Elevate
NOx Levels in the Hippocampus

Finally, NOx levels were measured in the hippocampus to
confirm that L-NAME (25 mg/kg, i.p.) blocked the increase
in NOS activity triggered by D. alfa (25 mg/kg, i.p.). D. alfa
(25 mg/kg, i.p.) produced more than a 70% increase in NOx
levels in both WT and STOP null mice (Figure 3b). Injection
of L-NAME (25 mg/kg, i.p.) 30 min before D. alfa (25 mg/kg,
i.p.) completely blocked the ability of D. alfa to increase in
NOx levels in both WT and STOP null indicating that NOS
activity was blocked by systemic administration of this
inhibitor (Figure 5c). Taken together, these results indicate
that D. alfa improved the NORT performance of STOP null
mice by increasing NO level in the hippocampus.

DISCUSSION

A major finding of this study was that acute injection of
D. alfa (25 mg/kg, i.p.) reversed NORT performance deficits
of STOP null mice that model several features of schizo-
phrenia. There are several reports in the literature indicat-
ing that Epo is able to enhance cognitive function in
rodents. For example, recombinant human Epo enhances
the performance of healthy mice in behavioral tasks
designed to assess attention and executive function
(Ehrenreich et al, 2004; El-Kordi et al, 2009). Furthermore,
we have previously reported that D. alfa improves the
NORT performance of adult rats that have sustained lesions
in the ventral hippocampus as neonates (postnatal day 7) or
young adults (42 days of age) (Hori et al, 2007). This finding
is consistent with a recent report that Epo enhances
hippocampal LTP and learning in mice (Adamcio et al,
2008). Although D. alfa improved the NORT performance
of STOP null mice, it did not enhance the performance of
WT mice. This may have been due to a ceiling effect.
For example, the NORT performance of WT mice may
already be at an optimal level precluding any further
improvements by D. alfa. However, this contrasts with a
previous study showing that Epo vs placebo administration
to well-functioning healthy volunteers was able to improve
their neurocognitive function (Miskowiak et al, 2008a, b).

A second major finding of this study was that systemic
administration of D. alfa elevated NOx levels in the brain.
NO was originally identified as endothelium-derived relax-
ing factor (Furchgott and Vanhoutte, 1989) and since this

Figure 3 Nitrate and nitrite (NOx) levels in brain tissue from wild-type
(WT) and STOP null mice (KO) that received either D. alfa (25 mg/kg, i.p.)
or vehicle (10 ml/kg, i.p.). (a) NOx levels in cortex. (b) NOx levels in
hippocampus. NOx levels [mM/mg (protein)] are shown in the bar graph as
mean±SEM. NOx levels in hippocampus were increased in both WT and
KO mice 3–4 h after D. alfa treatment. White bars, vehicle (10 ml/kg; WT:
N¼ 8, KO: N¼ 8); black bars, D. alfa (25 mg/kg i.p.; WT: N¼ 10, KO:
N¼ 8). Two-way ANOVA with Bonferroni post hoc t-test, *po0.05.
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seminal observation has been implicated a wide variety of
physiological processes underlying learning and memory
(Kendrick et al, 1997; Ota et al, 2008). NO can signal across
the synapse in both the antero- and retrograde directions to
increase levels of the intracellular second messenger cyclic
guanosine-30,50-monophosphate (cGMP). It has been shown
that cGMP activates cGMP-dependent protein kinases
implicated in long-term potentiation (Feil and Kleppisch,
2008). Measurement of the nitrate and nitrite metabolites of
NO (NOx) has shown that Epo can increase tissue levels of
NO in both the peripheral and central nervous system.
Transgenic mice that overexpress human Epo show a 3-fold
increase in serum levels of NOx (Ruschitzka et al, 2000). In
addition, Yamamoto et al, (2004) have reported that local
delivery of Epo in the rat hippocampus induces more than a
2-fold increase in extracellular levels of NOx (Yamamoto
et al, 2004). Cherian et al, (2007) have found that systemic
administration of Epo (5000 U/kg, s.c.; once a day for 3 days
before injury) prevents the reduction in extracellular NO
concentrations in the brain that occurs after cortical impact

injury. In this study, we have shown that NOx levels
are elevated in the hippocampus by 1.7 to 2-fold in both
WT and STOP null mice 3–4 h after injection of D. alfa
(25 mg/kg¼ 5000 U/kg, i.p.) (Figure 3).

In the central nervous system, NO has an important
role as an intracellular chemical messenger (Boehning and
Snyder, 2003; Dawson and Snyder, 1994; Kiss and Vizi,
2001). There are several reports that NO enhances the
release of neurotransmitters implicated in cognitive perfor-
mance such as acetylcholine and glutamate (Prast and
Philippu, 1992, 2001). NO has also been shown to enhance
the expression of synaptophysin and GluR1 necessary for
synaptic connectivity (Wang et al, 2005). Moreover, it is
well-established that NOS inhibitors block LTP (Arancio
et al, 1996; Schuman and Madison, 1991), whereas LTP is
significantly reduced in mice that lack both endothelial NOS
and neuronal NOS (Son et al, 1996). Consistent with the
importance of NO for learning and memory, we found that
the ability of D. alfa to improve the NORT performance
of STOP null mice was associated with elevated NO levels

Figure 4 Effect of L-NAME on NOx levels and NORT performance in WT mice. L-NAME (10, 25, or 50 mg/kg; i.p.) was administered 30 min before
vehicle (10 ml/kg, i.p.) or D. alfa (25 mg/kg i.p.). NORT was performed 3 h after D. alfa treatment, and then hippocampi were subjected to measurement of
NOx levels. (a) Dose-dependent inhibition of D. alfa (25 mg/kg, i.p.)-induced increases in nitrate and nitrite (NOx) levels in the hippocampus of wild-type
mice by L-NAME. NOx levels (mM/mg (protein)) are shown in the bar graph as mean±SEM. V; vehicle (10 ml/kg, i.p.); Darbepoetin alfa, D. alfa (25 mg/kg,
i.p.), V/�: N¼ 5, V/ + : N¼ 6, 10 mg/ + : N¼ 5, 25 mg/ + : N¼ 6, 50 mg/ + : N¼ 5. One-way ANOVA with Newman-Keuls test, *po0.05. (b) Object
exploration time in the sample phase. Each bar represents the mean±SEM. Animals that received vehicle or L-NAME spent equivalent amounts of time
exploring objects during sample phase. (c) Discrimination ratio (d2) during the choice phase for animals injected with vehicle (10 ml/kg, i.p.) or L-NAME
(10, 25, or 50 mg/kg; i.p.). Each bar graph represents the mean±SEM. There were no significant differences between groups that received vehicle (10 ml/kg,
i.p.) or L-NAME (10, 25, or 50 mg/kg; i.p.), one-way ANOVA. (d) Percent time spent exploring the novel object during the choice phase. Each bar graph
represents the mean±SEM. V; vehicle (10 ml/kg); Darbepoetin alfa, D. alfa (25 mg/kg), V/�: N¼ 5, V/ + : N¼ 6, 10 mg/ + : N¼ 5, 25 mg/ + : N¼ 6, 50 mg/ + :
N¼ 5. There were no statistically significant differences among the groups, one-way ANOVA.

Darbepoetin alfa improves cognition
K Kajitani et al

1724

Neuropsychopharmacology



in the hippocampus. Furthermore, L-NAME, an inhibitor
of both endothelial NOS and neuronal NOS, attenuated the
improvement of NORT performance by D. alfa in STOP null
mice, suggesting that NO may mediate the cognitive
improvement induced by D. alfa (Figure 5). We did
not observe impaired NORT performance in WT mice
treated with L-NAME, a potent NOS inhibitor. Tanaka et al,
(2009) reported that a high dose of L-NAME (100 mg/kg,
i.p.) impaired Y-maze task of mice, whereas lower doses of

10, 30, and 50 mg/kg (i.p.) did not alter performance in
this task. It therefore appears that the failure of L-NAME
(10–50 mg/kg, i.p.) to inhibit the NORT performance of WT
mice in this study was simply dose related.

It is noteworthy that serum levels of NO have been
reported to be reduced in schizophrenic patients (Lee and
Kim, 2008; Srivastava et al, 2001). Akbarian et al, (1993a, b)
have found that some schizophrenic patients show a
significant decline in NADPH-d-positive neurons in the
dorsolateral prefrontal cortex, hippocampal formation, and
lateral temporal lobe of the neocortex relative to controls
matched for gender, age and post-mortem delay. These
findings imply that decreased NO signaling in certain parts
of the brain may contribute to cognitive dysfunction in
schizophrenia. D. alfa increased NADPH-d staining inten-
sity in the CA1 subregion of the ventral hippocampus
suggesting that it may activate regions associated with
cognitive function. These results raise the possibility that
Epo might compensate for attenuated NO signaling in
schizophrenia by enhancing NO production in the CA1
region. Ehrenreich et al, (2007) found that chronic
schizophrenic patients receiving recombinant human Epo
(40 000 U per week for 12 weeks) displayed a significant
improvement in cognitive deficits. Miskowiak et al, (2009)
found that a single injection of erythropoietin (40 000 U) not
only improved memory in depressed patients, but also
enhanced mood and cognitive function in healthy volun-
teers (Miskowiak et al, 2008a, b). The ability of Epo to
improve mood and cognitive function was also associated
with an enhanced functional magnetic resonance imaging
response in the hippocampus and amygdala (Miskowiak
et al, 2007, 2008b). In support of these findings, we found
that D. alfa enhanced NADPH-d staining intensity in the
ventral hippocampus and amygdala (Figure 2).

Figure 5 L-NAME inhibits the improvement in NORT performance
and the increase of NOx levels of STOP null mice that received D. alfa.
Wild-type (WT) or STOP null mice (KO) were treated with L-NAME
(25 mg/kg, i.p.) and vehicle (10 mg/kg, i.p.; WT: N¼ 8, KO: N¼ 8) or
L-NAME (25 mg/kg, i.p.) and D. alfa (25 mg/kg, i.p.; WT: N¼ 9, KO: N¼ 8).
The first injection occurred 30 min before the second. NORT was
performed 3 h after D. alfa treatment, and then hippocampi were subjected
to measurement of NOx levels. (a) Object exploration time in sample
phase for WT and KO treated with L-NAME (25 mg/kg, i.p.) and vehicle
(10 mg/kg, i.p.) or L-NAME (25 mg/kg, i.p.) and D. alfa (25 mg/kg, i.p.). Each
bar represents mean±SEM. All four groups spent an equivalent amount of
time investigating the objects during the sample phase. (b) Discrimination
ratio (d2) in choice phase for WT or KO treated with L-NAME (25 mg/kg,
i.p.) and vehicle (10 mg/kg, i.p.) or L-NAME (25 mg/kg, i.p.) and D. alfa
(25 mg/kg, i.p.). Each bar represents mean±SEM. L-NAME (25 mg/kg, i.p.)
blocked the ability of D. alfa (25 mg/kg, i.p.) to improve NORT performance
of KO. White bars, L-NAME (25 mg/kg) and vehicle (10 ml/kg); black
bars, L-NAME (25 mg/kg) and D.alfa (25 mg/kg). Two-way ANOVA with
Bonferroni post hoc t-test, *po0.05. (c) L-NAME inhibited the increase
in nitrate and nitrite (NOx) levels induced by D. alfa in the hippocampus of
wild-type and STOP null mice. The hippocampi from all animals were
immediately removed and NOx measurements performed. NOx levels
(mM/mg (protein)) are shown in the bar graph as mean±SEM. L-NAME
(25 mg/kg, i.p.) blocked the ability of D. alfa (25 mg/kg, i.p.) to increase NOx
levels in both WT and KO mice. White bars, L-NAME (25 mg/kg, i.p.)
and vehicle (10 ml/kg, i.p.); black bars, L-NAME (25 mg/kg, i.p.) and D.alfa
(25 mg/kg, i.p.). There were no statistically significant differences among
the groups, two-way ANOVA.
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Although Epo appears to enhance cognitive function in
psychiatric illness, it can also have serious adverse effects.
For example, chronic Epo treatment significantly increases
the risk of thrombosis (Singbartl, 1994). Furthermore, many
malignant tumors express both Epo and Epo receptor, and
Epo-sensitive tumor growth is supported by Epo both in
vitro and in vivo (Yasuda et al, 2003). Unfortunately,
Ehrenreich et al, (2007) reported that chronic administra-
tion of Epo (40 000 U per week for 12 weeks) significantly
increased hematocrit and that it was necessary to perform
bloodletting on several subjects. In what may be a
resolution of this problem, Miskowiak and coworkers
reported that a single injection of Epo (40 000 U) did not
increase hematocrit within 3 or 7 days in their studies
(Miskowiak et al, 2007, 2008a, b, 2009) suggesting that it
may be possible to improve cognition at doses that do not
raise hematocrit at least 7 days after a single administration
of this therapeutic. In this study, we did not determine the
duration for which a single injection of D. alfa (25 mg/kg,
i.p.) improved the NORT performance of STOP null mice.
In view of the findings by Miskowiak and coworkers,
it would be useful to determine the duration of the effects of
D. alfa on the NORT performance of STOP null mice.

In summary, we show that a single injection of D. alfa
(25 mg/kg, i.p.) improved the behavioral performance of
STOP null mice in the NORT. This improvement was
associated with an elevation of tissue levels of NOx in
regions of the brain implicated in NORT performance.
Furthermore, inhibition of NOS by injection of the inhibitor
L-NAME, at a dose that did not impair the basal NORT
performance of WT mice, blocked the ability of D. alfa to
enhance the NORT performance of STOP null mice. These
findings suggest that erythropoietin may improve the
cognitive performance of schizophrenics by enhancing NO
signaling in regions of the brain associated with learning
and memory.
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