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Abstract There is considerable evidence showing that the

neurodegenerative processes that lead to sporadic Parkin-

son’s disease (PD) begin many years before the appearance

of the characteristic motor symptoms and that impairments

in olfactory, cognitive and motor functions are associated

with time-dependent disruption of dopaminergic neuro-

transmission in different brain areas. Midkine is a 13-kDa

retinoic acid-induced heparin-binding growth factor

involved in many biological processes in the central nervous

system such as cell migration, neurogenesis and tissue repair.

The abnormal midkine expression may be associated with

neurochemical dysfunction in the dopaminergic system and

cognitive impairments in rodents. Here, we employed adult

midkine knockout mice (Mdk-/-) to further investigate the

relevance of midkine in dopaminergic neurotransmission

and in olfactory, cognitive and motor functions. Mdk/- mice

displayed pronounced impairments in their olfactory dis-

crimination ability and short-term social recognition mem-

ory with no gross motor alterations. Moreover, the genetic

deletion of midkine decreased the expression of the enzyme

tyrosine hydroxylase in the substantia nigra reducing par-

tially the levels of dopamine and its metabolites in the

olfactory bulb and striatum of mice. These findings indicate

that the genetic deletion of midkine causes a partial loss of

dopaminergic neurons and depletion of dopamine, resulting

in olfactory and memory deficits with no major motor

impairments. Therefore, Mdk-/- mice may represent a

promising animal model for the study of the early stages of

PD and for testing new therapeutic strategies to restore

sensorial and cognitive processes in PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder

that affects approximately 1% of the population older than

50 years (Mayeux 2003). Classically, PD is considered to

be a motor system disease, and its diagnosis is based on the

presence of a set of cardinal motor signs (e.g., rigidity,

bradykinesia, tremor and postural reflex disturbance).

Unfortunately, the patients only fulfill these clinical criteria

when 60–70% of the neurons of the substantia nigra (SN)

are degenerated and the striatal dopamine (DA) content is

reduced by 80% (Riederer and Wuketich 1976; Meissner

et al. 2004). Recent evidence suggests that areas in the

central nervous system (CNS) processing olfactory infor-

mation are affected at the early stages of PD, even before

the development of its classical symptoms (Doty et al.

1988; Muller et al. 2002; Braak et al. 2004). Consequently,

olfactory dysfunction might be an early indicator of PD,

and the development of specific olfactory testing may

represent an important tool in the clinical diagnosis of early

stages of this disease (Doty et al. 1995).

Beyond the olfactory symptoms, in the early stages of PD,

subtle cognitive impairments can be observed, consisting

mainly of executive dysfunction with secondary visuospatial

and mnemonic disturbances (Dubois and Pillon 1997; Bos-

boom et al. 2004). In about 20–40% of patients, these

problems may eventually proceed to dementia, which con-

stitutes an important risk factor for caregiver distress,

decreased quality of life and nursing home placement. Even

non-demented PD patients have been reported to present

visuospatial working memory deficits (Dubois and Pillon

1997; Stebbins et al. 1999; Lewis et al. 2003). Furthermore,

although there are reports of declarative (or episodic)

memory impairments in PD (Bondi and Kaszniak 1991),

they are less severe in comparison to other neurodegenera-

tive disorders such as Alzheimer’s disease (Bondi and

Kaszniak 1991; Bosboom et al. 2004).

Animal models are an invaluable tool for studying the

pathogenesis and progression of human diseases, as well as

for testing new therapeutic intervention strategies. To date,

most studies performed with animal models of PD have

focused on their ability to induce nigrostriatal dopaminer-

gic pathway damage and motor alterations associated with

advanced phases of PD (for review see Gerlach and Rie-

derer 1996; Beal 2001). Because PD is accompanied by

alterations in a variety of functions, including olfactory

dysfunction (Doty et al. 1988; Muller et al. 2002) and

memory deficits (Dubois and Pillon 1997; Stebbins et al.

1999; Lewis et al. 2003), evaluating whether the proposed

animal models of PD alter any of these functions seems

important. Until recently, no well-accepted model of the

early phase of PD was available in literature. This view has

been re-evaluated following the findings that the infusion

of the proneurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP) by intranasal route (Prediger et al.

2006, 2009; Moreira et al. 2010) or directly into the rat SN

(Da Cunha et al. 2001) causes a partial loss of DA neurons

and depletion of striatal DA levels that result in olfactory

and memory deficits with no gross motor impairments.

On the other hand, midkine is a multifunctional peptide

that constitutes a novel heparin-binding growth factor

family together with pleiotrophin (Muramatsu 2002). As

neurotrophic factors, they have been implicated in devel-

opment, regeneration and pathology of CNS (for review

see Muramatsu 2010). Of high interest, Marchionini et al.

(2007) reported that midkine and pleiotrophin, their

receptors syndecan-3 and receptor protein tyrosine phos-

phatase b/f (RPTP b/f), and associated intracellular sig-

naling molecules are highly expressed in the striatum

during nigrostriatal development. Moreover, previous

studies have demonstrated that midkine-deficient (Mdk-/-)

mice exhibit a hypodopaminergic state (i.e., decreased

levels of DA and its receptors in the striatum) together

with working memory and prepulse inhibition deficits

(Nakamura et al. 1998; Ohgake et al. 2009). Additionally,

midkine is up-regulated under several pathological condi-

tions in the adult brain, such as in the serum and senile

plaques of patients with Alzheimer’s disease (Yasuhara

et al. 1993; Kadomatsu and Muramatsu 2004), in ischemic

brain regions (Kadomatsu and Muramatsu 2004) and in the

serum of patients with schizophrenia (Shimizu et al. 2003).

Despite the recent findings that pleiotrophin was up-regu-

lated in the degenerating SN of PD patients (Marchionini

et al. 2007) and in the striatum of rats with partial lesions of

the nigrostriatal pathway (Ferrario et al. 2008), no evidence

for the direct involvement of midkine in PD has to date

been documented. Therefore, in the present study we

employed adult midkine knockout (Mdk/-) mice, behav-

ioral tests and neurochemical analysis to evaluate the rel-

evance of midkine in the olfactory, cognitive and motor

functions and dopaminergic neurotransmission.

Materials and methods

Animals

Experiments were conducted using male wild-type C57BL/

6 and Mdk-/- mice 3–4 months old, weighing 25–30 g.

They were kept in groups of five animals per cage and were

maintained in a room under controlled temperature
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(23 ± 1�C). They were subjected to a 12-h light/dark cycle

(lights on 7:00 a.m.) with free access to food and water.

Wild-type C57BL/6 and Mdk-/- mice were obtained from

the Faculty of Psychological and Physical Sciences, Aichi

Gakuin University (Aichi, Japan). Deletion of the coding

sequence for midkine was achieved according to the

methodology described previously by Nakamura et al.

(1998). The heterozygous mice had been backcrossed for

11 generations to a C57BL/6 genetic background. All mice

were experimentally naı̈ve, and two separate groups of

mice were used for experiments [one for olfactory dis-

crimination, social recognition memory tests and HPLC,

and one for activity chambers test and tyrosine hydroxylase

(TH) immunohistochemistry]. All animal procedures were

carried out in compliance with the European Directive No.:

86/609/EEC and the guidelines of the local institutional

animal care and use committee. All efforts were made to

minimize the number of animals used and their suffering.

Behavioral tests

Olfactory discrimination

The olfactory discrimination ability of mice was assessed

with an olfactory discrimination test that had been previ-

ously evaluated in our laboratory (Prediger et al. 2005a,

2010). The task was based on the fact that rodents usually

disclose preference for places impregnated with their own

odor (familiar compartments) and not for places with other

non-familiar odors. Briefly, each mouse was placed for

5 min in a cage divided in two equal areas separated by an

open door, where it could choose between one compart-

ment with fresh sawdust (non-familiar compartment) and

another with unchanged sawdust (familiar compartment)

that the same mouse had occupied for 3 days before the

test. Performance was monitored with a ViewPoint video-

tracking system (Life Sciences, Montreal, Canada) and the

following parameters were registered: time (s) and distance

(cm) traveled in each compartment (familiar versus non-

familiar) and total distance (cm) traveled.

Social recognition

Short-term social memory was assessed with the social

recognition task described by Dantzer et al. (1987) and

previously evaluated in our laboratory (Prediger et al.

2005a, b, 2010. The test was scored by the same rater in an

observation room, where the mice had been habituated for

at least 1 h before the beginning of the test. Juvenile

C57BL/6 mice (25–30 days old) (Cente d’Elevage René

Janvier, Le Genest St Ile, France) were kept in groups of

ten per cage and served as social stimuli for the adult mice.

All juveniles were isolated in individual cages for 20 min

prior to the beginning of the experiment. The social rec-

ognition task consisted of two successive presentations

(5 min each), separated by a short period of time, where the

juvenile mouse was placed in the home cage of the adult

mouse and the time spent by the adult in investigating the

juvenile (nosing, sniffing, grooming or pawing) was

recorded. At the end of the first presentation, the juvenile

was removed and kept in an individual cage during the

delay period and re-exposed to the same adult mouse after

30 min. In this paradigm, if the delay period is less than

40 min, the adult rodents display recognition of the juve-

nile, as indicated by a significant reduction in the social

investigation time during the second presentation (Dantzer

et al. 1987; Prediger et al. 2005a, b, 2010). However, when

the same juvenile is re-exposed after a longer time (more

than 60 min) after the first presentation, the adult mouse no

longer recognizes this juvenile, i.e., the social investigation

time in the second presentation is similar to that observed

during the first one. Thus, a 30-min interval between two

presentations of the same conspecific juvenile was used to

demonstrate possible deficits in the social recognition

memory of Mdk-/- mice.

Spontaneous locomotor activity

To assess possible effects of the genetic deletion of mid-

kine on locomotor activity, the animals were tested in

activity chambers as described previously (Prediger et al.

2010). The activity chambers (20 9 20 9 20 cm), with a

steel grid floor, equipped with three parallel horizontal

infrared beams positioned 3 cm above the floor and spaced

evenly along the longitudinal axis, had a digital counter

which recorded photocell beam interruptions. The items of

data obtained were expressed as signals corresponding to

spontaneous movements for 15 min.

Neurochemistry

Measurements of monoamine levels by high-performance

liquid chromatography

For determining DA, 3,4-dihydroxyphenylacetic acid

(DOPAC), homovallinic acid (HVA), noradrenaline (NA)

and 5-hydroxytryptamine (5-HT) contents in brain, some

wild-type and Mdk-/- mice were killed by decapitation.

Brains were removed immediately and the structures,

olfactory bulb, striatum, prefrontal cortex and hippocam-

pus, were dissected, weighed and sonicated for 5 s in

10 volumes (v/wt) of 0.1 N perchloric acid/0.05% diso-

dium EDTA/0.05% sodium metabisulfite. DA, DOPAC,

HVA, NA and 5-HT were extracted, and 10-ll samples

were injected onto a Beckman Ultrasphere 5-lm IP column

(Beckman) (Hamon et al. 1988; Prediger et al. 2010).
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Eluted DA, DOPAC, HVA, NA and 5-HT were quantified

electrochemically (at 0.65 V) and concentrations were

calculated in nanograms per gram of tissue.

Immunohistochemistry

Some wild-type and Mdk-/- mice were killed and the

posterior part of the brain, including the ventral mesen-

cephalon, was dissected and fixed by immersion in 4%

formaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 day

and then placed in 0.1 M PBS containing 30% sucrose for

24 h before being frozen at -30�C in isopentane until

further processing. This material was used to make a ster-

eological analysis of TH-positive neurons in the SN. The

evaluation of TH-positive neurons in the substantia nigra

pars compacta (SNpc) was performed as previously repor-

ted (Prediger et al. 2010). Briefly, serial coronal 20-lm

thick sections were cut on a cryostat (Leica SM2000 R) and

identified according to the mouse brain atlas of Franklin and

Paxinos (1997). Sections between coordinates 1.26 and

-0.08 mm with respect to the interaural axis contained the

SN ventral tegmental area complex. One of every tenth

section was used for immunostaining. Free-floating sections

were incubated overnight at 4�C with anti-TH monoclonal

antibody (1:300, catalog MAB318, Millipore/Chemicon

International, Technology, Billerica, MA, USA) following

30 min pre-incubation in 0.1 M PBS containing 5% normal

goat serum to block the nonspecific binding and 0.15%

Triton X-100. After incubation with primary antibodies, the

sections were washed with PBS and incubated with the

biotinylated secondary antibody (anti-rabbit IgG 1:250 for

2 h), then processed using an avidin–biotin-peroxidase

complex (1:100, Vectastain, Elite ABC kit, Vector Labo-

ratories, Burlingame, CA). Finally, the antigen–antibody

complexes were visualized by reaction with 3-30-dia-

minobenzidine (DAB) and H2O2 (0.5 mg/mL and 0.025%,

respectively) in 25 mM TBS.

Analysis of tyrosine hydroxylase immunoreactivity

For quantification of TH-positive cells in SNpc, digital images

were acquired by a digital camera coupled to a Leitz micro-

scope displaying the structure on a video monitor. Brain

structures were identified according to the atlas of Franklin

and Paxinos (1997). Settings for image acquisition were

identical for tissues from wild-type and Mdk-/- groups. We

obtained six images SNpc for each animal. TH immunore-

activity was assessed using a computer-based image analyzer

(Visioscan 2000, Biocom, les Ulis, France). For spatial map-

ping and counting of individually stained neurons, the sections

were placed in the microscope field so that the midline of the

brain was always oriented along the same line. Cells were

counted on one side of the brain. The contour of the SNpc was

first delineated manually at low magnification. Then, the

stained neurons within the area were counted at higher mag-

nification, marked on the digitized image of each section and

filed in the computer for archiving purposes. The number of

TH-immunoreactive neurons was estimated by counting

positive cells in six sections encompassing rostral, medial and

caudal levels of the SNpc. Values obtained were then plotted

with respect to the cumulative distance between the sections,

and the surface area under this curve gave an estimate of the

total number of neurons in the SNpc from its rostral to caudal

extent, as previously described (Hirsch et al. 1992; Prediger

et al. 2010).

Statistical analysis

The values are expressed as mean ± SEM (n equals the

number of mice included in each analysis). Differences

between wild-type and Mdk-/- groups were analyzed

using unpaired Student’s t test. The accepted level of sig-

nificance for the tests was P B 0.05. All tests were per-

formed using the Statistica� software package (StatSoft

Inc., Tulsa, OK, USA).

Results

Effects of genetic deletion of midkine on the olfactory

discrimination in mice

The results of the effects of genetic deletion of midkine on

the olfactory discrimination ability of mice are illustrated

in Fig. 1. Unpaired Student’s t test revealed that wild-type

mice were able to discriminate between the familiar and

the non-familiar compartments, spending much more time

(t = 5.70, P B 0.0001) (Fig. 1a) and traveling high dis-

tances (t = 3.71, P B 0.01) (Fig. 1b) in the familiar com-

partment. However, Mdk-/- mice presented disruption in

their olfactory discrimination ability, spending similar time

(t = 1.77, P = 0.11) (Fig. 1a) and traveling a similar dis-

tance (t = 1.06, P = 0.32) (Fig. 1b) in the familiar and

non-familiar compartments. These effects on the olfactory

discrimination test are not related with motor impairments

in Mdk-/- mice, since no alterations in total distance were

observed (t = -0.45, P = 0.66) (Fig. 1c).

Effects of genetic deletion of midkine on the short-term

social recognition memory in mice

Figure 2 summarizes the effects of genetic deletion of

midkine on the short-term social recognition memory of

mice. Unpaired Student’s t test revealed that wild-type

mice spent significantly less time (t = 9.66, P B 0.0001)

investigating the familiar juvenile mouse in the second
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exposure. On the other hand, Mdk-/-mice spent as much

time investigating the juvenile mouse during the second

encounter as they did in the first exposure (t = 0.26,

P = 0.80), reflecting a clear impairment of the juvenile’s

recognition ability (Fig. 2).

Effects of genetic deletion of midkine on locomotor

activity in mice

As illustrated in Fig. 3, the exploratory behavior evaluated

by number of crossings (t = 0.24, P = 0.80) and rearing

(t = 1.60, P = 0.13) in the activity chambers during

15 min was not significantly affected by genetic deletion of

midkine in mice (Fig. 3).

Fig. 1 The effects of genetic deletion of midkine on odor

discrimination ability of mice. Midkine knockout (Mdk-/-) and

C57BL6 wild-type mice (n = 8 animals in each group) were placed

for 5 min in a cage, divided into two identical compartments, where

they could choose between one compartment with fresh sawdust (non-

familiar; gray) and another with unchanged sawdust that the same

mouse had occupied for 72 h before the test (familiar; white). Data

are expressed as the mean ± SEM of the a time (s) and b distance

(cm) traveled in each compartment and c total distance. * P B 0.05

compared to the familiar compartment of the same group (unpaired

Student’s t test)

Fig. 2 The effects of genetic deletion of midkine on short-term

social memory of mice. Data are expressed as the mean ± SEM of

the investigation time (s) of adult midkine knockout (Mdk-/-) and

C57BL6 wild-type mice (n = 8 animals in each group) in the first

(white) and second presentation (gray) when the same juvenile was

exposed for 5 min with an interval of 30 min. * P B 0.05 compared

to the first presentation of the same group (unpaired Student’s t test)

Fig. 3 The effects of genetic deletion of midkine on locomotor

activity of mice available in activity chambers (for 15 min). Data are

expressed as the mean ± SEM of the total a crossings and b rearing

performed by midkine knockout (Mdk-/-) and C57BL6 wild-type

mice (n = 8 animals in each group)
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Analysis of neurochemical alterations induced

by genetic deletion of midkine in mice

With the purpose of determining the relationship between

the olfactory and short-term social memory alterations

induced by the genetic deletion of midkine in mice and

neurochemical alterations in dopaminergic, noradrenergic

and serotonergic neurotransmission, the levels of DA,

DOPAC, HVA, NA and 5-HT in the olfactory bulb, stria-

tum, prefrontal cortex and hippocampus were measured in

wild-type and Mdk-/- mice.

As illustrated in Fig. 4, unpaired Student’s t test

revealed that the genetic deletion of midkine promoted a

significant depletion of DA and its metabolites in the

olfactory bulb (DA: t = 2.32, P B 0.05; DOPAC:

t = 2.24, P B 0.05; HVA: t = 2.45, P B 0.05) and stria-

tum (DA: t = 2.14, P B 0.05; DOPAC: t = 2.77,

P B 0.05; HVA: t = 3.58, P B 0.01) of mice. On the other

hand, the levels of DA and its metabolites in the hippo-

campus and prefrontal cortex were not significantly altered

by genetic deletion of midkine (Table 1).

Additionally, NA concentration was increased in the

hippocampus of Mdk-/- mice (t = 3.42, P B 0.01),

whereas no significant alterations of NA were seen in the

olfactory bulb, striatum and prefrontal cortex. Moreover,

no significant differences in the 5-HT levels between wild-

type and Mdk-/- mice were observed in any of the brain

structures investigated (Table 1).

Figure 5 shows representative photomicrographs of TH

immunohistochemistry in the ventral mesencephalom of

Fig. 4 The effects of genetic deletion of midkine on the levels of

dopamine (DA) and its metabolites 3,4-dihydroxyphenylacetic acid

(DOPAC) and homovallinic acid (HVA) in the a olfactory bulb and

b striatum of mice. The values represent the mean ± SEM

monoamine levels (ng/g wet tissue) of midkine knockout (Mdk-/-)

and C57BL6 wild-type mice (n = 4–8 animals in each group).

* P B 0.05 compared to the wild-type group (unpaired Student’s

t test)

Table 1 The effects of genetic deletion of midkine on dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovallinic acid (HVA),

noradrenaline (NA) and 5-hydroxytryptamine (5-HT) levels in different brain areas of mice

Genotype Brain area DA DOPAC HVA NA 5-HT n

Wild type Olfactory bulb 360.81 ± 20.17 81.20 ± 5.29 197.75 ± 13.05 262.03 ± 24.08 474.70 ± 51.86 8

Mdk-/- 284.42 ± 22.58* 70.72 ± 3.09* 158.82 ± l1.72* 236.36 ± 16.19 380.12 ± 16.32 4

Wild type Striatum 14,699.94 ± 1,210.08 865.93 ± 61.40 1304.90 ± 80.55 88.12 ± 14.24 451.01 ± 62.84 7

Mdk-/- 11,120.26 ± 787.00* 590.55 ± 65.83* 844.53 ± 80.91* 93.14 ± 19.96 398.50 ± 32.43 4

Wild type Prefrontal

cortex

1,159.83 ± 296.62 150.16 ± 25.03 255.65 ± 23.80 312.46 ± 17.18 443.83 ± 27.67 7

Mdk-/- 1,081.55 ± 513.10 147.33 ± 60.15 244.00 ± 71.37 331.55 ± 21.08 379.01 ± 18.54 4

Wild type Hippocampus 20.00 ± 3.84 27.06 ± l.06 54.16 ± 6.69 288.53 ± 15.68 508.33 ± 25.71 8

Mdk-/- 20.03 ± 1.92 28.40 ± 0.69 39.97 ± 2.55 385.20 ± 24.99* 529.06 ± 12.80 4

The values represent the mean ± SEM monoamine levels (ng/g wet tissue) of four to eight animals in each group

* P\0.05 compared to the wild-type control group (unpaired Student’s t test)
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wild-type (Fig. 5a) and Mdk-/- (Fig. 5b) mice. As can be

seen, immunohistochemistry revealed a reduced number of

TH-positive neurons in the SNpc (about 30%) of Mdk-/-

mice in comparison to wild-type animals (t = 3.57,

P B 0.01) (Fig. 5c).

Discussion

The present findings demonstrate that most of the behav-

ioral impairments presented by Mdk-/- mice appear

analogous to those observed during the early phase of PD,

where sensory and memory deficits appear with no major

motor alterations. Moreover, the deletion of midkine

decreased about 30% the levels of the enzyme TH in SNpc,

resulting in partial depletion of DA and its metabolites in

the olfactory bulb and striatum of mice.

The three main strategic developments that have led to

progress in the medical management of PD have focused on

improvements in dopaminergic therapies (including those

aimed at managing or preventing the onset of motor com-

plications), the identification of non-dopaminergic drugs for

symptomatic improvement and the discovery of compounds

to modify the course of PD (Schapira et al. 2006). Despite

extensive research, to date, there is no proven therapy to

prevent cell death or to restore affected neurons to a normal

state (Dawson and Dawson 2002). Preclinical studies on

laboratory animals have provided several candidate neuro-

protective drugs (e.g., DA agonists, monoamine oxidase

type-B inhibitors, caffeine, co-enzyme Q10, growth factors,

antiapoptotic agents and glutamate inhibitors), but clinical

end points are readily confounded by any symptomatic

effect of the study intervention and thus do not provide an

unequivocal measure of disease progression that can be

used to determine if a drug has a neuroprotective effect

(Schapira and Olanow 2004; Schapira et al. 2006). It can be

hypothesized that the low clinical efficacy of several neu-

roprotective agents is due to a late diagnosis of PD. Fre-

quently, new potential agents are tested when the patient

already shows cardinal motor signs. Unfortunately, the

patients only fulfill these clinical criteria when 60–70% of

the neurons of the SN are degenerated and the striatal DA

content is reduced by 80% (Riederer and Wuketich 1976;

Meissner et al. 2004). Therefore, for a better response,

seems imperative to evaluate new candidate neuroprotec-

tive agents in early pre-motor stages of PD.

The development of new neuroprotective therapies in

PD depends on the existence of representative animal

models to facilitate the evaluation of new pharmacological

agents and therapeutic strategies before they are applied in

clinical trials (Gerlach et al. 2003). As stated in the intro-

duction, early preclinical stages of PD are accompanied by

alterations in a variety of functions (including olfactory and

cognitive) and the management of the non-motor symp-

toms of PD remains a challenge (Chaudhuri et al. 2006;

Prediger 2010). However, few studies have addressed

consistently these preclinical symptoms in animal models

of PD. In this context, we have recently proposed a new

experimental model of PD consisting of a single i.n.

Fig. 5 The effects of genetic deletion of midkine on tyrosine

hydroxylase (TH)-positive cells in the substantia nigra pars compacta

(SNpc) of mice. Representative images of TH immunostaining in the

ventral mesencephalon containing SNpc of a C57BL6 wild-type and

b midkine knockout (Mdk-/-) mice. Scale bar 200 lm. c Graphic

representation of the average TH immunostaining analysis. The

values represent the mean ± SEM of TH-positive cells per mm2 of

four animals in each group. * P B 0.05 compared to the wild-type

group (unpaired Student’s t test)
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administration of MPTP in rats (Prediger et al. 2006, 2009;

Moreira et al. 2010) and mice (Prediger et al. 2010).

Rodents treated intranasally with MPTP suffered progres-

sive impairments in olfactory, cognitive and motor func-

tions associated with time-dependent disruption of

dopaminergic neurotransmission in different brain struc-

tures, which appears to be correlated with different stages

of the human PD. Here, we demonstrated that Mdk-/-

mice may represent a new genetic model featuring partial

depletion of mesencephalic DA neurons, and olfactory and

short-term memory impairments characteristics of the

preclinical phase of PD.

Midkine is a member of a novel heparin-binding growth

factor family together with pleiotrophin that has emerged

as an important modulator in the CNS (for review see

Muramatsu 2010). For instance, midkine, pleiotrophin and

their receptors are highly expressed in the striatum during

nigrostriatal development (Marchionini et al. 2007) and

midkine was found to promote the survival of mouse

mesencephalic neurons in culture (Kikuchi et al. 1993),

which suggest that midkine exerts a neurotrophic effect on

dopaminergic neurons. The first study with Mdk-/- mice

suggested that these animals have no gross anatomical and

behavioral abnormalities (Nakamura et al. 1998). However,

more recent studies have pointed that Mdk-/- mice exhibit

a hypodopaminergic state (i.e., decreased levels of DA and

its receptors in the striatum) together with working mem-

ory and prepulse inhibition deficits (Nakamura et al. 1998;

Ohgake et al. 2009).

In the present study, we evaluated whether the olfactory

discrimination ability and short-term social recognition

memory in adult mice are affected by the genetic deletion

of midkine. Mdk-/- mice exhibited a clear disruption in

their olfactory discrimination ability. The present olfactory

discrimination task, previously standardized in our labo-

ratory (Prediger et al. 2005a, 2010), was based on some

initial observations of Carr et al. (1976) who had shown

that mature male rodents significantly prefer their own odor

to no odor at all. We suggest that the inability of Mdk-/-

mice to discriminate between the familiar and the non-

familiar compartments really reflects a deficit in olfactory

discrimination, and not a simple locomotor impairment,

since no alterations in the total distance traveled in the two

compartments as well as the number of crossings and

rearing in the activity cages were observed. Moreover, in

the social recognition task, adult Mdk-/- mice spent as

much time investigating the familiar juvenile mouse during

the second presentation as they did on the first encounter,

suggesting an impairment in the ability to recognize the

juvenile after a short period of time (30 min).

The observed behavioral deficits induced by the genetic

deletion of midkine were correlated with a significant

reduction of the levels of DA and its metabolites in the

olfactory bulb of mice. Our results are in accordance with

several lines of evidence that strongly suggest the

involvement of DA in olfactory processing. The olfactory

bulb of mammals contains a large population of dopami-

nergic interneurons, principally periglomerular and exter-

nal tufted cells, which are important for the odor

information processing (Halasz and Shepherd 1983). Most

data indicate that these dopaminergic cells constitute the

entire DA content in the bulb, although there is a report of a

minor projection from the ventral tegmental area (Gall

et al. 1987). One systemic injection of a dopaminergic

agonist can reduce odor detection (Doty and Risser 1989)

and can abolish the odor-induced metabolic activation

pattern in the olfactory bulb (Sallaz and Jourdan 1992).

Moreover, DA appears to be necessary for olfactory

memory because its release increases during olfactory

learning (Coopersmith et al. 1991), whereas DA receptor

antagonists (Weldon et al. 1991; Prediger et al. 2004,

2005b) or treatments that reduce the dopaminergic neuro-

transmission such as MPTP (Dluzen and Kreutzberg 1993;

Prediger et al. 2010) and reserpine (Prediger et al. 2004,

2005b) inhibit olfactory memory.

In this context, we have previously demonstrated that

the administration of the preferential DA D2 receptor

antagonist haloperidol or the selective DA D2 receptor

antagonist sulpiride, but not the DA D1 receptor antagonist

SCH23390, disrupts the social recognition memory of adult

rats (Prediger et al. 2004). Furthermore, Ennis et al. (2001)

have demonstrated that DA D2 receptor agonists reduce the

olfactory nerve-evoked synaptic response in mitral/tufted

and juxtaglomerular cells, while these responses are

enhanced by DA D2 receptor antagonists. There is also

evidence of changes in DA levels and DA D2 receptor

densities, indicating that the dopaminergic system in the

olfactory bulb can be affected by olfactory experience

(Coopersmith et al. 1991; Guthrie et al. 1991). Together,

these data indicate that the activation of DA D2 receptors

induce a temporary inhibition of reciprocal synapses

(between mitral and granule cells) in the accessory olfac-

tory bulb of adult rodents, which seems to be a critical step

in olfactory memory formation (for review see Brennan

and Keverne 1997), facilitating the acquisition of the

juvenile olfactory information. Therefore, the decrease of

DA levels in the olfactory bulb induced by the genetic

deletion of midkine seems to be responsible, at least in part,

by the olfactory and short-term social memory impairments

observed in Mdl-/- mice. Further research is needed to

clarify whether the densities of DA receptors are also

altered in the olfactory bulb of Mdl-/- mice.

It must be argued that previous studies have shown the

importance of other monoamines (beyond DA) for social

recognition ability in rodents. In fact, the olfactory bulb of

rodents receives a prominent noradrenergic input from the
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locus coeruleus (Shipley et al. 1985). Indeed, the social

memory for a conspecific juvenile can be enhanced or

disrupted, respectively, by a drug-induced elevation or

depletion of NA in the CNS of adult rodents (Griffing and

Taylor 1995; Dluzen et al. 1998). Furthermore, Letty et al.

(1997) have demonstrated the improvement of social rec-

ognition memory by 5-HT in rats through the activation of

5-HT4 receptors. Although we cannot exclude completely a

possible interaction between midkine with other mono-

amines (NA and 5-HT), high-performance liquid chroma-

tography (HPLC) analysis indicated that their levels were

not significantly altered in the investigated brain areas

consecutive to the genetic deletion of midkine in mice.

As mentioned before, Nakamura et al. (1998) reported

previously working memory deficits in Mdk-/- mice.

There is compelling evidence that the prefrontal cortex

plays a critical role in working memory (Passingham and

Sakai 2004). Even though most of the dopaminergic

afferents to the prefrontal cortex arise from the ventral

tegmental area, some of them come from the central area of

the SN (Albanese and Bentivoglio 1982). Thus, the pre-

frontal cortex processes working memory information

through cortico-basal parallel loops that are also modulated

by dopaminergic projections from the SN (Alexander et al.

1986). Of high importance, DA depletion in the prefrontal

cortex is observed in the brain of early-stage PD patients

(Zgaljardic et al. 2003; Bruck et al. 2005). For this reason,

the depletion of DA in the prefrontal cortex consecutive to

the genetic deletion of midkine in mice could explain their

impairment in performing the working memory tests.

Surprisingly, we failed to demonstrate significant altera-

tions in the levels of DA and its metabolites in the pre-

frontal cortex of Mdk-/- mice. Therefore, at this moment,

it is not easy to explain the precise underlying mechanisms

by which the genetic deletion of midkine disrupts the

working memory in mice, and this constitutes a very

interesting field that requires additional research.

In accordance with recent findings (Ohgake et al. 2009), in

the present study we demonstrated significant dysfunction of

the nigrostriatal dopaminergic pathway in Mdk-/- mice.

HPLC analysis revealed significant depletion of DA (25%

low) and its metabolites DOPAC (30% low) and HVA (35%

low) in the striatum of Mdk-/- mice when compared to

C57BL/6 wild-type mice. Moreover, immunohistochemistry

revealed a reduced number of TH-positive neurons in the

SNpc (about 30%) of Mdk-/- mice in comparison to wild-

type animals. The present results together with early findings

(Kikuchi et al. 1993; Marchionini et al. 2007) suggest that

midkine exerts a ubiquitous neurotrophic effect on dopa-

minergic neurons and may therefore be useful for neuro-

protection or reconstruction of the DA system. Although the

potential of midkine to confer protection against the loss of

dopaminergic neurons in experimental models of PD

remains to be established, it is important to emphasize that

the neuroprotection by midkine extends beyond PD and the

dopaminergic system. Midkine accumulates in senile pla-

ques of Alzheimer’s disease (Yasuhara et al. 1993) and

protects the cells from Ab-induced cytotoxicity (Yu et al.

1993). Midkine is expressed in the surrounding zone of the

brain infarction (Yoshida et al. 1995). Intraventricular

administration of midkine (Yoshida et al. 2001) or midkine

gene transfer (Ishikawa et al. 2009) protects against neuronal

death following transient forebrain ischemia. Therefore,

midkine confers neuroprotection in diverse brain regions and

against a variety of brain noxious stimuli.

In conclusion, our findings indicate that the genetic

deletion of midkine in mice causes a partial loss of dopa-

minergic neurons in the SNpc and depletion of DA and its

metabolites in the olfactory bulb and striatum, resulting in

olfactory and memory deficits with no major motor

impairments. Therefore, Mdk-/- mice may represent a

promising animal model for the study of the early stages of

PD and for testing new therapeutic strategies to restore

sensorial and cognitive processes in PD.
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ência (PRONEX) and the Fundação de Apoio a Pesquisa do Estado de

Santa Catarina (FAPESC), all of Brazil. ASA Jr was supported by a

scholarship from CNPq-Brazil. AERM was supported by CONACYT
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