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Disruption of EphA/ephrin-A signaling in the nigrostriatal system

reduces dopaminergic innervation and dissociates behavioral

responses to amphetamine and cocaine
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We have investigated functional roles of EphA/ephrin-A signaling in

the development and function of the nigrostriatal system by over-

expressing a soluble, broad-range EphA receptor antagonist in the

central nervous system of transgenic mice. Adult transgenic mice

showed a 30–40% reduction in the total volume of the substantia nigra

(SN) without detectable differences in the number of dopaminergic

neurons. Using fluorogold retrograde tracing from the striatum, we

detected a 40–50% reduction in the number of dopaminergic neurons

that could be traced from this structure in transgenic mice, suggesting

that, a lower proportion of these cells were able to reach the striatum

after disruption of EphA/ephrin-A signaling. In spite of this, total

dopamine content in the striatum of transgenic mice was comparable to

wild type. Analysis of locomotor activity and its regulation by

pharmacological treatments that stimulate dopaminergic transmission

revealed an unexpected dissociation of the behavioral responses to

amphetamine and cocaine. In particular, transgenic mice were

relatively insensitive to amphetamine while retaining normal respon-

siveness to cocaine, which, to the best of our knowledge, represents the

first report of a dissociation of the behavioral responses to these two

psychostimulants. Together, these results reveal an unexpected role for

EphA/ephrin-A signaling in the normal connectivity and function of

midbrain dopaminergic neurons.

D 2004 Elsevier Inc. All rights reserved.

Introduction

During development of the nervous system, stereotypic patterns

of axonal growth and target innervation are generated under the

influence of specific signals from the extracellular environment. An
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array of soluble and immobilized molecular cues are deployed in

highly refined spatiotemporal patterns to guide and direct axonal

growth, target invasion and connectivity. Many of the same signals

persist at later stages of nervous system development and into

adulthood, suggesting additional roles in maintenance and plasticity.

The Eph receptor tyrosine kinases and their ligands, the ephrins,

play prominent roles in the control of axon guidance and target

innervation (Dodelet and Pasquale, 2000; Flanagan and Vander-

haeghen, 1998; Frisen et al., 1999; Holder and Klein, 1999;

Lemke, 1998; O’Leary and Wilkinson, 1999; Wilkinson, 2001).

Fourteen Eph receptors and eight ephrins are known in vertebrates,

making this one of the most diversified ligand–receptor systems

and therefore well suited to provide specificity during axon

guidance. Eph receptors and ephrins comprise two major specific-

ity subclasses: EphA receptors bind GPI-anchored ephrin-A

ligands, and EphB receptors bind transmembrane ephrin-B ligands.

Both receptor and ligand need to be membrane anchored for

transmembrane signaling to occur, a property that allows Eph/

ephrins to provide local guidance cues through direct cell–cell

contact. In fact, soluble forms of either ligand or receptor lack

intrinsic biological activity and have been shown to function as

antagonists (Krull et al., 1997; Gao et al., 1998; Lackmann et al.,

1998). Eph receptors and ephrins are often, although not always,

expressed in complementary graded patterns in different regions of

the nervous system (Gale et al., 1996; Zhang et al., 1996). The

presence of complementary ligand–receptor gradients is believed

to encode positional information for topographic connectivity such

as in the retinotectal (Cheng et al., 1995; Drescher et al., 1995) and

hippocamposeptal (Gao et al., 1996) systems. Although most

studies have so far highlighted the ability of Eph/ephrins to

promote short-range repulsive interactions, a few examples of their

ability to enhance cell adhesion have also been reported (Holmberg

and Frisen, 2002). Interestingly, analyses of loss-of-function ani-

mal models of Eph and ephrin signaling have identified both cell-

autonomous and non-cell-autonomous functions for receptors and

ligands (Davy et al., 1999; Holland et al., 1996; Klein, 1999; Knoll

and Drescher, 2002). Combined with biochemical studies, this
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work has demonstrated that Eph/ephrin interactions trigger bidi-

rectional signaling in the two interacting cells, suggesting a

complex web of intercellular communication underlying axonal

pathfinding via this signaling system.

In addition to its effects on axon guidance and migration, recent

evidence suggests a role for Eph/ephrin signaling in the regulation

of neurotransmission and neuronal plasticity. Using a soluble

EphA5 construct as a receptor antagonist and clustered ephrin-

A5 as an agonist, Gao et al. (1998) showed that EphA/ephrin-A

signaling is required for the induction of long-term potentiation

(LTP) in hippocampal slices. Blockade of EphA signaling affected

LTP induction but not basal synaptic transmission. Intriguingly,

however, activation using clustered ephrin-A5 induced a sustained

increase in normal synaptic transmission that mimicked LTP (Gao

et al., 1998). More recently, Dalva et al. (2000) and Takasu et al.

(2002) reported a physical and functional interaction between

EphB and NMDA glutamate receptors with important consequen-

ces for the excitability and function of hippocampal neurons. These

and other studies have raised the possibility that Eph/ephrin

signaling contributes not only to the development but also to the

function of the nervous system by regulating synaptic plasticity.

Ventral midbrain dopaminergic neurons of the substantia nigra

and ventral tegmental area project to the forebrain via several

pathways. Substantia nigra dopaminergic neurons project to the

caudate putamen (dorsolateral striatum), whereas ventral tegmental

neurons project to the nucleus accumbens (ventromedial striatum)
Fig. 1. Characterization of the expression of the GFAP-EphA5Fc transgene. (A) E

(E15) transgenic mouse embryo. The sagittal section shows strong immunostaining

extracts of wild type (wt) and transgenic (tg) mice compared to standards of purifie

mg wild-type postnatal day 3 (P3) brain extract; lane 7, 1 mg transgenic line 308

Immunoblot of lysates and conditioned medium of total glial and purified astrocyte

expression on adult brain of transgenic mice. (a) Immunoreactivity is observed in t

an astrocytic morphology. (c) No signal is observed in wild-type animals. (d) In th

reticulata (SNpr) than in the pars compacta (SNpc) subregions. (e) High magnificat

animals showed no immunoreactivity. Scale bars: a, d, 200 Am; b–c, e– f, 50 Am
and to the cerebral cortex. The molecular mechanisms directing the

development and maintenance of these pathways are still not

defined. Within the Eph/ephrin system, expression of two Eph

receptors, EphA5 and EphB1, has been observed in dopaminergic

neurons of the ventral mesencephalon. Expression of EphB1 appears

to be predominant in substantia nigra dopaminergic neurons but low

or absent in cells of the ventral tegmental area (Yue et al., 1999). In

dissociated cultures, ephrin-B2 (a ligand of EphB1) behaved as a

negative regulator of neurite outgrowth and neuronal survival of

substantia nigra neurons (Yue et al., 1999). The preferential expres-

sion of ephrin-B2 in the nucleus accumbens, from which substantia

nigra axons are normally excluded, indicated that this ligand/

receptor pair may help to confine ascending dopaminergic pathways

from the substantia nigra to the caudate putamen. EphA5 expression

has been detected in dopaminergic neurons of both the substantia

nigra and ventral tegmental area (Maisonpierre et al., 1993; Yue et

al., 1999), while expression of ephrin-A5 (a ligand of EphA5) has

been detected in cells of the caudate putamen (Renping Zhou,

personal communication). The possible roles of EphA5 and eph-

rin-A ligands in the development and function of the nigrostriatal

system still remain unexplored.

In this study, we set out to investigate functional roles of EphA/

ephrin-A signaling in the development and function of the nigros-

triatal system using a soluble EphA5 receptor construct as a broad-

range antagonist of this subclass of ephrins. Since EphA5 is able to

interact with all ephrin-A ligands (Gale et al., 1996), overexpres-
xpression of the EphA5Fc transgene in the brain of an embryonic day 15

for the product of the transgene in the tectum. (B) Immunoblot of total brain

d recombinant EphA5-Fc protein. Lanes 1–5, purified EphA5-Fc; lane 6, 1

3 P3 brain extract. The EphA5-Fc fusion protein runs at about 100 K. (C)

cell cultures extracted from P1 transgenic brains. (D) Detection of EphA5Fc

he striatum of transgenic animals. (b) At high magnification, the cells show

e substantia nigra (SN), higher levels of expression are observed in the pars

ion showing immunoreactive cells with astrocytic morphology. (f) Wild-type

.
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sion of soluble EphA5 is expected to have a broad antagonistic

effect on the activities of all members of the A subclass of ephrins.

We found that this manipulation affected the pattern of striatal

innervation by substantia nigra dopaminergic neurons and caused

an unexpected dissociation of behavioral responses to the psychos-

timulants amphetamine and cocaine.
Fig. 2. Decreased tyrosine phosphorylation of endogenous EphA5 receptors

in the brain of transgenic mice. Lysates of synaptic membranes were

immunoprecipitated (IP) with anti-EphA5 antibodies and subsequently

immunoblotted (IB) with anti-phosphotyrosine antibodies. Extracts were

obtained from total brains of P4 (A) and P14 (B) transgenic mice from line

3114 (tg) and littermate controls (wt). The panels below show comparable

levels of EphA5 in the different samples.
Results

Generation of transgenic mice overexpressing a soluble form of the

EphA5 receptor and characterization of transgene expression

Broad CNS-specific overexpression of a transgene encompass-

ing the extracellular domain of the rat EphA5 receptor fused to the

Fc domain of human IgG (EphA5Fc) was obtained using the

promoter and regulatory sequences of the human glial fibrillary

acidic protein (GFAP) gene, a specific astrocytic marker. Previous

studies in transgenic mice using the lacZ reporter gene have shown

that this promoter becomes activated at embryonic day (E) 13 of

development. Its activity increases throughout gestation and early

postnatal stages, and levels off in adult stages at relatively high

levels (Brenner and Messing, 1996; Brenner et al., 1994). Several

independent lines of EphA5Fc overexpressors were obtained based

on analyses of transgene mRNA expression by RNase protection

assay (data not shown). Two of these, termed 3083 and 3114,

respectively, were subsequently bred to obtain mice that were

homozygous for the transgene. Transgene mRNA expression could

first be detected during the last week of embryonic development

(Fig. 1A), with increasing levels during postnatal and adult stages.

EphA5Fc protein expression was estimated by Western blotting to

be in excess of 100 ng per milligram of total brain protein for the

3083 line (Fig. 1B). Somewhat lower levels were produced by the

3114 line (data not shown). EphA5Fc protein was present in total

cell lysates of mixed glial cultures and purified Type 1 astrocytes

prepared from cortices of postnatal day (P) 1 transgenic pups (Fig.

1C). Abundant expression was also seen in the conditioned

medium of 3-day-old cultures (Fig. 1C), indicating release of the

EphA5Fc fusion protein by Type 1 astrocytes. Using antibodies

directed against the human Ig portion of the overexpressed protein,

EphA5Fc immunoreactivity could be detected in both striatum and

substantia nigra (Figs. 1Da and d) on cells with astrocytic mor-

phology (Figs. 1Db and e). No immunoreactivity was observed in

sections from wild-type mice (Figs. 1Dc and f).

The overall level of activation of EphA5 receptors in wild type

and transgenic mice was assessed by immunoprecipitation from

lysates of synaptic membranes followed by immunoblotting with

anti-phosphotyrosine antibodies. Decreased levels of tyrosine

phosphorylation of EphA5 receptors could be observed in the

brain of transgenic mice (line 3114) at both postnatal day (P) 4 and

P14 compared to wild-type littermate controls (Figs. 2A and B).

This result indicated that overexpression of the EphA5Fc protein

reduced signaling by endogenous EphA5 receptors in the brain of

transgenic mice.

Reduced volume but normal number of dopaminergic neurons in

the substantia nigra of GFAP-EphA5Fc transgenic mice

Dopaminergic neurons in the substantia nigra pars compacta

(SNpc) of adult transgenic mice were examined by tyrosine

hydroxylase (TH) immunohistochemistry (Figs. 3A–C). A reduc-
tion in the volume of the SNpc was observed in both lines of

transgenic mice. Analyses of serial sections revealed that SNpc

volume was reduced by 28% and 42% in the 3083 and 3114

transgenic lines, respectively, compared to wild-type controls (Fig.

3D). Despite this reduction in volume, no difference could be

observed in the number of TH+ dopaminergic neurons in the SNpc

of adult transgenic mice compared to wild type (Fig. 3E), indicat-

ing that the reduction in volume was not due to loss of dopami-

nergic neurons, but may have been caused by a reduction in the

number of non-dopaminergic neurons or glial cells.

Abnormal dopaminergic innervation of the striatum in

GFAP-EphA5Fc transgenic mice

We next investigated whether overexpression of soluble EphA5

affected the pattern of striatal innervation by dopaminergic neurons

of the substantia nigra. To this purpose, we injected fluorogold in

the striatum of adult wild type and GFAP-EphA5Fc transgenic

mice. Retrograde transport of fluorogold was observed and quan-

tified in the substantia nigra. A reduction of fluorogold transport,

measured as the number of fluorogold-positiveneurons in the

substantia nigra, was observed in both transgenic lines (Fig. 4A).

Analyses of serial sections revealed that fluorogold retrograde

transport was reduced to 57.7% and 56% of the level of wild type

in the 3083 and 3114 transgenic lines, respectively (Fig. 4A). No

significant difference could be seen between the two transgenic

lines. Double labeling with fluorogold and TH immunohistochem-

istry demonstrated that only a fraction of dopaminergic neurons

were able to transport fluorogold from the striatum in transgenic

mice compared to wild type (Fig. 4B).

Although a lower number of dopaminergic neurons appeared

to be able to reach the striatum in transgenic mice, total dopamine

content was not different from wild type in this brain region.

Levels of dopamine in the striatum of adult wild type and GFAP-

EphA5Fc transgenic mice (line 3114) were 58.74 F 4.85 (n = 9)

and 79.42 F 3.85 (n = 7) nmol per gram of tissue, respectively.

DOPAC (3,4-dihydroxyphenylacetic acid) levels were 5.38 F
0.41 in wild type and 5.70 F 0.62 nmol/g in transgenic, whereas



Fig. 3. Reduced volume but normal number of dopaminergic neurons in the substantia nigra of GFAP-EphA5Fc transgenic mice. (A–C) Photomicrographs of

TH immunohistochemistry in the substantia nigra pars compacta (SNpc) of wild type (wt), and transgenic lines 3083 and 3114. Scale bars, 200 Am. (D) SNpc

volumes (mean F SEM, four animals per group) in transgenic mice were reduced by 28% (3083 line) and 42% (3114 line). *P < 0.05, **P < 0.001 vs. wild-

type animals (ANOVA, LSD post hoc test). (E) Quantification of the number of TH-positive neurons in the SNpc showed no differences between wild type and

transgenic mice. Values represent the mean F SEM (n = 4) of the total number of counted TH-positive somas as described in Experimental methods.
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HVA (homovanillic acid) levels were 5.72 F 0.29 in wild type

and 5.77 F 0.40 nmol/g in transgenic animals. Thus, although a

fraction of dopaminergic neurons reached the striatum in trans-

genic compared to wild-type mice, total dopamine levels in the

striatum appeared normal, suggesting a compensation in the

innervating neurons.

Normal behavioral responses to cocaine in GFAP-EphA5Fc

transgenic mice

The nigrostriatal pathway plays a prominent role in the control

of locomotor activity, and several drugs affect these behaviors by

directly interacting with molecular and cellular components of

dopaminergic neurotransmission. We therefore investigated wheth-

er transgene expression had an effect on basal locomotor activity

and its regulation by cocaine and amphetamine, two central

psychostimulants that are known to mediate motor stimulant

effects via increased dopaminergic transmission.
As a control experiment, we first tested basal and drug-

induced locomotor activity in the two parental strains of our

wild type and GFAP-EphA5Fc transgenic mice, namely, C57BL/6

and CBA. Locomotor activity is a polygenic trait that is known to

vary among inbred strains of mice (Kelly et al., 1998). In

agreement with previous studies, the two strains differed in basal

locomotor activity levels and habituation to the test environment,

with the C57BL/6 strain showing consistently higher levels of

locomotor activity than CBA (Fig. 5A). Despite these differences,

treatment with either cocaine or amphetamine was able to induce

similar relative increases in the levels of activity in both strains

(Fig. 5A).

Wild type and GFAP-EphA5Fc transgenic mice (3083 line) did

not differ in their basal locomotor activity and habituated to the test

environment with a similar gradual reduction in rearing, motility

and locomotion (Fig. 5B). Low levels of activity were observed

after 60 min in the test environment in both transgenic and wild-

type animals, indicating comparable habituation. We then tested



Fig. 4. Reduced dopaminergic innervation of the striatum of GFAP-EphA5Fc transgenic mice. (A) Fluorogold tracer was injected in the striatum, and 2 days

later, sections of the substantia nigra were processed for analysis. The histogram shows the quantification of the number of fluorogold-labeled neurons in the

substantia nigra ipsilateral to the striatum injected. Values represent the mean F SEM (n = 4–6) of the number of fluorogold-positive cells counted in serial

sections through. *P < 0.0001 vs. wild type (wt) (ANOVA, LSD post-hoc test). No significant differences were observed between the 3083 and 3114

transgenic lines. Representative photomicrographs of fluorogold transport in the substantia nigra of the three types of animals are also shown. Scale bars, 200

Am. (B) Double labeling with fluorogold and TH immunohistochemistry showing that only a fraction of dopaminergic neurons were able to transport

fluorogold from the striatum in transgenic mice (only line 3083 is shown here) compared to wild type. Scale bars, 200 Am.
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Fig. 5. Behavioral responses in parental lines C57BL/6 and CBA, and basal locomotor activities in wild type and GFAP-EphA5Fc transgenic mice. (A) Motility

responses of wild-type C57BL/6 and CBA parental strains to cocaine (5 mg/kg) and amphetamine (1.5 mg/kg) after 60 min of habituation. (B) Wild type (wt)

and GFAP-EphA5Fc transgenic mice (3083 line) (tg) did not differ in their basal locomotor activity and habituated to the test environment with a similar

gradual reduction in rearing, motility and locomotion. Measurements (in arbitrary units) were taken at 10-min intervals following placement of the animals in

the activity monitor cage. Results are expressed as mean F SEM, n = 8. ANOVA confirmed a strong habituation [ P < 0.00001, F(5,610) = 228.9] but no

difference between strains nor strain– time interaction ( P = 0.21 and P = 0.75, respectively).
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motility responses of wild type and GFAP-EphA5Fc transgenic

mice (3083 line) to cocaine and amphetamine. After a period of

habituation of 60 min, mice were treated with one of the psychos-

timulants and their locomotor response recorded for an additional
Fig. 6. Normal behavioral responses to cocaine in GFAP-EphA5Fc transgenic mice

doses of cocaine after 60 min of habituation. The drug was administered intrap

expressed as mean F SEM, n = 8. The histogram below shows a comparison of th

(mean F SEM). Both strains of mice displayed a dose-related stimulation of moto

effect of strain ( P = 0.5) nor strain–dose interaction ( P = 0.61).
60 min. Both wild type and GFAP-EphA5Fc transgenic mice

responded to cocaine administration with a similar elevated level

of motility (Fig. 6). As expected, a greater response was observed

at 20 mg/kg than at 5 mg/kg cocaine (Fig. 6). Cocaine-induced
. Motility responses of wild type and transgenic mice (3083 line) to different

eritoneally after 60 min in the activity monitor cage (arrow). Results are

e compound activities during a 60-min period following drug administration

r activity [dose effect: F(2,25) = 6.3, P < 0.05], but we could not detect an
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motility reached a peak 30 min after drug administration and

declined thereafter. No differences between wild type and trans-

genic mice could be observed in either the time course or the

magnitude of the response to cocaine treatment, measured as the

accumulated motility scores during the 60 min following drug

administration (Fig. 6). Similar results were obtained for rearing

and locomotion (data not shown).

Reduced behavioral responses to amphetamine in GFAP-EphA5Fc

transgenic mice

In contrast to the effects observed with cocaine, treatment with

amphetamine revealed dramatic differences in the locomotor

responses of wild type and GFAP-EphA5Fc transgenic mice.

Wild-type animals responded to amphetamine with a typical
Fig. 7. Reduced behavioral responses to amphetamine in GFAP-EphA5Fc transgen

to different doses of amphetamine after 60 min of habituation. The drug was adm

Results are expressed as mean F SEM, n = 8. The histogram below shows a com

administration (mean F SEM). Strong differences between strains were found for

P < 0.0001; time differences: F(5,610) = 25.5, P < 0.00001; strain– time i

amphetamine with the a classical ‘‘bell-shaped’’ dose-related stimulation of moto

stimulation of the motor activity at the doses 1.5 and 4.5 mg/kg. In contrast, transge

0.08) at the highest dose tested (10.0 mg/kg). (B) Motility responses of wild type

amphetamine (1.5 mg/kg) after 60 min of habituation. (C) Motility responses of

amphetamine (1.5 mg/kg) after 60 min of habituation.
bell-shaped dose–response curve of accumulated motility scores

with maximal stimulation of motor activity at 1.5 and 4.5 mg/kg

(Fig. 7A). In contrast, transgenic mice (3083 line) responded only

very poorly (4.5 mg/kg) or almost not at all (1.5 mg/ml) to

amphetamine administration without any significant dose– re-

sponse correlation of accumulated motility scores (Fig. 7A). At

much higher doses (10 mg/kg), amphetamine treatment produced

stereotypy in all animals, which is known to interfere with

locomotor activity (Fig. 7A). Similar results were obtained for

tests of rearing and locomotion (data not shown). Heterozygous

animals carrying only one copy of the GFAP-EphA5Fc transgene

presented normal motility responses to amphetamine, comparable

to those observed in wild-type mice (Fig. 7B and data not

shown). Importantly, animals from the independently derived

3114 transgenic line also failed to adequately respond to amphet-
ic mice. (A) Motility responses of wild type and transgenic mice (3083 line)

inistered intraperitoneally after 60 min in the activity monitor cage (arrow).

parison of the compound activities during a 60-min period following drug

the effects of amphetamine by ANOVA. Strain differences: F(1,122) = 19.5,

nteraction: F(5,610) = 7.9, P < 0.00001). Wild-type mice responded to

r activity (dose effect P < 0.01) with highly significant ( P < 0.00001)

nic mice showed only a tendency towards increased locomotor activity ( P =

(wt), heterozygous (hz) and homozygous (tg) transgenic mice (3083 line) to

wild type (wt) and homozygous (tg) transgenic mice of the 3114 line to
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amine stimulation (Fig. 7C), although they responded normally to

cocaine (data not shown).
Discussion

By overexpressing an antagonist of ephrin-A signaling in the

central nervous system, we have uncovered a role for this signaling

system in the establishment and/or maintenance of the dopaminer-

gic nigrostriatal projection and in the responsiveness to central

psychomotor stimulants of dopaminergic neurotransmission. Our

results indicate that ephrin-A signaling is an important component

of the molecular mechanisms that regulate the development and

function of dopaminergic terminals.

Based on correlative patterns of expression, Yue et al. (1999)

proposed a role for the EphB1/ephrin-B2 system in the topographic

projection of midbrain dopaminergic neurons to the striatum.

These observations are reminiscent of complementary expression

patterns in other systems were Eph receptors and ephrins are

thought to play a role in the organization of topographic projec-

tions, such as the retinotectal and hippocamposeptal projections. In

these cases, the actions of ephrins on Eph-expressing terminals are

believed to be inhibitory, and appear to contribute to the segrega-

tion of different projections within a common territory. In this

context, the reduction that we observed in the number of substantia

nigra dopaminergic neurons reaching the striatum in GFAP-

EphA5Fc transgenic mice is unexpected, as it suggests that, unlike

their B-class counterparts, class-A ephrins and Eph receptors could

play a positive role in the establishment or maintenance of the

nigrostriatal projection. Activation of Eph receptors by ephrins has

also been implicated in the elimination of mistargeted neurons by

the induction of cell death (Yue et al., 1999). However, because

normal numbers of TH-positive cells were observed in the sub-

stantia nigra of GFAP-EphA5Fc transgenic mice, the reduction in

nigrostriatal projections observed in these animals could not be due

to cell death of dopaminergic neurons. In light of what is known

about the role of Eph signaling in the establishment of axonal

projections, it is possible that disruption of EphA/ephrin-A inter-

actions resulted in the mistargeting of a fraction of substantia nigra

dopaminergic projections to ectopic sites outside the striatum. A

recent report has implicated ephrin-A5 in cell adhesion by its

ability to interact with differentially spliced, truncated EphA

receptors lacking catalytic activity (Holmberg et al., 2000). Al-

though it is presently unknown whether non-catalytic forms of

EphA receptors are expressed in ventral midbrain dopaminergic

neurons, the deficits in the nigrostriatal projections of GFAP-

EphA5Fc transgenic mice could reflect a role for endogenous

EphA/ephrin-A interactions in the establishment or maintenance

of adhesion between dopaminergic terminals and their target cells

in the striatum.

Our behavioral studies in GFAP-EphA5Fc mice indicate a role

for the EphA/ephrin-A signaling in dopaminergic neurotransmis-

sion. Transgenic mice had a reduced response to motor-stimulant

doses of amphetamine but showed normal responses to cocaine.

This differential response could not be attributed to differences in

the genetic contributions of parental strains or to the site of

transgene integration, but represented specific effects of EphA5Fc

overexpression in the CNS of transgenic mice. Despite their

differences in the underlying mechanisms, both amphetamine and

cocaine are known to induce their behavioral effects by increasing

dopamine levels in the synaptic cleft. In line with this, both drugs
normally produce a similar stimulatory effect on locomotor behav-

ior. In this context, the differential responses to amphetamine and

cocaine that we observed in GFAP-EphA5Fc transgenic mice were

highly unexpected and represent, to the best of our knowledge, the

first case in which the behavioral responses to these two psychos-

timulants are not directly correlated.

The normal responsiveness to cocaine of GFAP-EphA5Fc

transgenic mice suggests that the changes induced by transgene

overexpression may be presynaptic, although postsynaptic mech-

anisms cannot be entirely excluded at present. The normal levels of

basal locomotor activity of transgenic mice suggest that these

animals have no impairments in basal dopaminergic neurotrans-

mission. In agreement with this, and although the number of

dopaminergic neurons that reached the striatum was lower in

transgenic mice, total levels of striatal dopamine were comparable

to wild type. In addition, other studies have shown that behavioral

deficiencies due to loss of dopaminergic neurons are only seen

after losses greater than 85–90% in the substantia nigra (Unger-

stedt, 1971). A presynaptic locus for the deficit in the responsive-

ness to amphetamine is also consistent with the expression of

EphA5 receptors by midbrain dopaminergic, but not striatal,

neurons. In this regard, it is interesting to note that recent studies

have highlighted the possibility that, despite lacking an intracellu-

lar domain, ephrin-A molecules may still be able to transmit a

signal across the membrane when engaged by EphA receptors

(Davy et al., 1999; Knoll and Drescher, 2002). However, we think

it is unlikely that the effects of EphA5-Fc overexpression were due

to increased signaling by ephrin-A molecules since (i) this requires

membrane associated or high-order clustered receptors, and (ii) as

explained above, the effects we observe are more readily explained

by presynaptic, as opposed to postsynaptic, alterations.

Although the actual mechanistic bases for the actions of cocaine

and amphetamine have been a matter of debate, recent work on

mutant mice lacking the dopamine transporter (DAT) has begun to

shed light on this question (Jones et al., 1998). Although it has

been accepted for some time that the DAT is the main molecular

target of cocaine, amphetamine appears to have multiple sites of

action in addition to the DAT. Cocaine increases extracellular

dopamine by inhibiting the reuptake of released dopamine by

plasma membrane DAT (Heikkila et al., 1975). The effects of

cocaine are therefore mediated by dopamine released from vesicles

because of neuronal activity. Amphetamine, on the other hand, is

able to enter the cell by lipophilic diffusion and by DAT-mediated

transport, where it functions by displacing dopamine from secre-

tory vesicles to the cytoplasm and by promoting reverse transport

of cytoplasmic dopamine through the DAT to the extracellular

space (Jones et al., 1998). Previous work has shown that the

stimulatory effect of lower doses of amphetamine (<2 mg/kg) are

primarily dependent upon the cytoplasmic pool of dopamine in

dopaminergic terminals, while at higher doses (>5 mg/kg) amphet-

amine mainly affects the vesicular release of dopamine (Ögren and

Ross, 1977; Sabol and Seiden, 1998). Unlike vesicular release, this

transport-mediated release of cytoplasmic dopamine is independent

of nerve impulses. Thus, both drugs potentiate dopaminergic

transmission by increasing extracellular dopamine content albeit

by different mechanisms. In light of this, the differential respon-

siveness of transgenic mice to cocaine and amphetamine may thus

involve a change in the balance between the vesicular pool of

dopamine, which is mainly affected by cocaine, and the cytosolic

pool, which is released by amphetamine. In agreement with this,

the dose of amphetamine that showed the greatest differences
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between wild type and transgenic mice (i.e. 1.5 mg/kg) is probably

mainly affecting the release of cytoplasmic dopamine.

It is at present unclear how disruption of EphA/ephrin-A

signaling may affect the balance between vesicular and cytoplas-

mic pools of dopamine in the terminals of substantia nigra neurons.

The central role played by the DAT in the responsiveness to

cocaine and amphetamine suggests that this molecule could some-

how be involved in the behavioral effects observed in GFAP-

EphA5Fc transgenic mice. Regulation of DAT function by presyn-

aptic EphA receptors could also explain the differences we

observed between the two drugs, as amphetamine, but not cocaine,

requires reverse dopamine transport through the DAT for its effects

on dopamine transmission. The possibility that Eph receptors

regulate synaptic membrane components has recently received

support by the demonstration of a physical and functional interac-

tion between EphB and NMDA glutamate receptors in hippocam-

pal cells (Dalva et al., 2000; Takasu et al., 2002).

In conclusion, we have observed both anatomical and func-

tional abnormalities in the nigrostriatal system following disruption

of EphA/ephrin-A signaling in the brain of transgenic mice.

Although the discussion presented above favors multiple and

largely independent effects of EphA signaling on the anatomy

and function of dopaminergic terminals, we cannot at present rule

out that the effects we observed on dopaminergic innervation and

amphetamine responsiveness may somehow be related. In any

event, our analysis indicates that EphA/ephrin-A signaling plays

an important role in the normal connectivity and function of

midbrain dopaminergic neurons.
Experimental methods

Transgenic mice and genotyping

A 2.2-kb fragment containing the promoter region of the human

GFAP gene (Brenner et al., 1994) was linked to a fusion of the

extracellular domain of rat EphA5 and the Fc fragment of human

IgG. Transgenic mice were generated by pronuclear injection at the

transgenic core facility of the Karolinska Institute according to

standard procedures. Genotyping was performed by slot-blot or

PCR analyses of mouse tail DNA. Tail-blots were hybridized with

a probe derived from the human Fc fragment of the transgene, and

were quantified in a Storm 840 phosphorimager. After normaliza-

tion, this analysis allowed the identification of mice that were

hetero- or homozygous for the transgene. Homozygosity was

confirmed in crosses with wild-type mice from which all resulting

pups carried the transgene. For PCR analysis, primers were derived

from the downstream region of the EphA5 ectodomain and the

middle portion of the human Fc fragment. Primer sequences are

available upon request.

Brain extracts, synaptic membranes and immunoblotting

The brains of postnatal day 4 or 14 mice were homogenized in

1 ml/100 mg tissue of 0.32 M sucrose, 25 mM Tris–HCl (pH 7.4),

2 mM EDTA, 1 mM sodium orthovanadate and protease inhibitors

(Roche) with 4 � 20 strokes in a 7-ml glass homogenizer. Samples

were then centrifuged for 10 min at 1000 � g and the nuclear pellet

was discarded. The supernatant was recentrifuged for 40 min at

14,000 � g and the pellet containing synaptic membranes, syn-

aptosomes and mitochondria was resuspended in NP40 lysis buffer
(1% NP40, 20 mM Tris–HCl, pH 7.4, 137 mM NaCl, 2 mM

EDTA, 10% glycerol, 1 mM sodium orthovanadate and protease

inhibitors). Two milligrams of protein from this fraction was

immunoprecipitated with anti-EphA5 antibodies (L15 from Santa

Cruz) overnight at 4jC. For total brain extracts, 1 mg total brain

lysate (in NP40 lysis buffer with protease inhibitors) was immu-

noprecipitated with Gamma Bind Plus Sepharose overnight at 4jC.
Proteins were separated by 10% SDS-PAGE and transferred onto

PVDF membranes. The product of the EphA5Fc transgene was

detected using an alkaline-phosphatase antihuman Fc (Promega)

followed by ECF detection system (Amersham). Purified recom-

binant EphA5-Fc protein was from Promega. Mixed glial cultures

were established from cortices of P1 transgenic pups from line

3083 as previously described (O’Malley et al., 1994). Purified

Type 1 astrocyte cultures were obtained by passaging mixed glial

cultures as described (O’Malley et al., 1994). Conditioned medium

(CM) was collected from confluent cultures that were incubated in

defined, serum-free medium for 3 days. Media were then concen-

trated 25 times before immunoblot analysis. Cell monolayers were

lysed in lysis buffer containing 1% NP-40 after media collection.

Immunoblot analysis was performed as described above.

Immunohistochemistry

Animals were deeply anesthetized in a CO2 chamber and

transcardially perfused with 4% paraformaldehyde solution in 0.1

M sodium phosphate (pH 7.2). The brains were postfixed 2 h in the

same solution, cryoprotected in 10% sucrose in phosphate-buffered

saline (PBS) for 15 h and frozen in dry-ice cooled isopentane.

Coronal sections obtained with a cryostat (14 Am) through the

whole substantia nigra (SN) were collected serially and processed

for immunohistochemistry. Slices were preincubated for 1 h with

PBS containing 10% methanol and 1% H2O2. After three washes

in PBS, incubated with the monoclonal antibodies directed against

tyrosine hydroxylase (TH; 1/4000; DiaSorin, Stillwater, MN) or

antihuman Fc (Sigma, St. Louis, MO, USA) in PBS containing

0.3% Triton X-100 and 1% bovine serum albumin (BSA) for 16

h at 4jC. Sections were then washed three times with PBS and

incubated with a biotinylated goat anti-mouse antibody (1/200;

Pierce, Rockford, IL, USA) for 1–2 h at room temperature in the

same buffer as the primary antibody. Thereafter, tissue was

incubated with avidin–biotin complex (Pierce) and developed with

the SG chromogen (Vector Laboratories, Burlingame, CA, USA).

Fluorogold tracing

To study the axonal transport, we injected a retrograde transport

tracer as described previously (Canals et al., 2001). Fluorogold (0.2

Al) (2% solution; Fluorochrome, Denver, CO, USA) was injected

into the left striatum at two different coordinates (AP +0.7 and L

+1.8 from Bregma, and �2.6 from dura; AP +0.23 and L �2.1

from bregma, and �2.6 from dura). Two days after tracer injection,

mice were transcardially perfused with 4% paraformaldehyde

solution in 0.1 M sodium phosphate, pH 7.2, postfixed for 1–2

h with the same solution and cryoprotected in 10% sucrose in PBS.

Thereafter, brains were frozen in dry-ice cooled isopentane and

cryostat serial horizontal sections (14 Am) were mounted with

mowiol (Calbiochem, San Diego, CA, USA) and visualized under

fluorescent microscope. For double-labeling fluorogold immuno-

histochemistry, sections were processed for immunofluorescence.

These sections were postfixed 10 min with 4% paraformaldehyde/
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PBS, washed three times with PBS and incubated with primary

anti-TH (1:1000) antibody as above. The sections were then

washed and incubated with a Rhodamine-conjugated donkey

anti-mouse (Jackson Immunoresearch Laboratories, Inc., West

Grove, PA, USA) for 2 h at room temperature, washed and

mounted with mowiol (Calbiochem). In control experiments, we

avoid the primary antibody to show its specificity.

Image analysis and morphometry

All morphometry and cell counting were performed in a blind

coded fashion. The measurements of the SN pars compacta (SNpc)

volume and the number of fluorogold- or TH-positive cells were

performed using the AnalySIS program from Soft Imaging System

GmbH, Münster, Germany) on a computer attached to an Olympus

microscope. For the volume estimations, consecutive sections (an

average of 16–18 sections/animal) were visualized on a computer

and the perimeter of the SNpc was outlined. TH-positive land-

marks within each section were used to delimit the perimeter of the

SNpc. The SNpc volume was estimated by multiplying the sum of

all sectional areas (Am2) by the distance between successive

sections (70 Am). Fluorogold- and TH-positive neurons through

the entire substantia nigra were counted in serial sections every 70

Am. Neurons showing a clear TH-positive cytoplasm surrounding a

nonstained nucleus were counted as positive. Cell counts were

expressed as the sum of positive cells and were corrected by the

Abercrombie (1946) method. Statistical analysis was performed

using one-way ANOVA, followed by LSD (least significant

difference t test) post hoc test.

Measurement of dopamine content in striatum

The supernatants of striatal homogenates were assayed for

levels of dopamine, DOPAC and HVA using high-performance

liquid chromatography (HPLC) with electrochemical detection as

described earlier (Magnusson et al., 1980) with minor modifica-

tions (Larsson et al., 1990).

Measurement of locomotor activity

Mice were individually tested in a dimly lit sound controlled

room. They were removed from their home cages and placed in the

middle of an activity monitor (standard transparent A3 MacrolonR
cage with 50 ml of wooden shavings on the floor) and the data

collecting system was immediately activated. In experiments with

non-habituated animals, the mice were treated with the drug just

before placement in the activity box and locomotor activity was

recorded during 6 � 10 min intervals. In experiments with

habituated animals, the mice were habituated to the test cages for

60 min and thereafter the injection was made and the activity was

recorded as above.

Locomotion, motility and rearing behaviors were recorded in

eight animals simultaneously by means of a multicage red and

infrared-sensitive motion detection system (Ögren et al., 1986).

The system is fully computerized and uses beams of red and

infrared lights in combination with vertical and horizontal photo-

cell arrays (4 cm distance between cells) to detect movements of

animals. Rearing was recorded by counting the number of times an

animal stands on its hind legs and interferes with any of the six

invisible infrared beams passing horizontally through the cages.

The height of these photocells was adapted to the size of the
animals. Motility was defined as all movements of a distance of 4

cm or more detected by 48 vertical photocells, and it represents a

measurement of general activity. Locomotion was defined by

counting the number of times an animal had covered eight

horizontal photocells and moved from one side of the test cage

to the other side (a distance of at least 32 cm).

The dose-dependent effects of drugs on rearing, motility and

locomotion in mice were analyzed by two-way repeated-measures

ANOVA, the between group factors being strain [homozygote

transgenics (tg) vs. heterozygotes (hz) vs. wild-type mice (wt)]

and drug dose and time (6 � 10 min recording) were used as

repeated measurement factors. This was followed by a post hoc

Newman–Keul’s test when appropriate for every time point

separately. The whole study was designed as a between-subjects

(independent groups) experiment (i.e. each animal was used only

once).

Drugs

Amphetamine sulphate (0.5–1.5–4.5–10.0 mg/kg ip, Sigma),

Cocaine HCl (5.0–20.0 mg/kg ip, Sigma). All drugs were dis-

solved in saline.
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