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The Receptor Tyrosine Kinase EphB2
Regulates NMDA-Dependent Synaptic Function

cell surface (Holland et al., 1996). A-type ephrins, which
activate EphA receptors, attach to the membrane
through a glycosylphosphatidylinositol (GPI) group,
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while the B-type ephrins have a transmembrane regionand Tony Pawson1,3

and bind EphB receptors (Flanagan and Vander-1Program in Molecular Biology and Cancer
haeghen, 1998; Gale et al., 1996). Eph receptor activa-Samuel Lunenfeld Research Institute
tion commonly results in reorganization of the cytoskele-Mount Sinai Hospital
ton and cell repulsion (Bruckner and Klein, 1998; Meima600 University Avenue
et al., 1997; Elowe et al., 2001). Interaction of EphB2Toronto, Ontario M5G 1X5
receptors with cells expressing ephrinB ligands resultsCanada
not only in EphB2 activation, but also in the phosphoryla-2 Department of Physiology
tion of tyrosines in the ephrinB cytodomain (Binns et3 Department of Molecular and Medical Genetics
al., 2000; Davis et al., 1994; Holland et al., 1996; Xu et al.,University of Toronto
1999). Such data have suggested that ephrinB/EphB2Toronto, Ontario M5S 1A8
signaling may not be limited to activation of Eph RTKCanada
activity. Indeed, a mutant allele of murine EphB2 in which
the kinase domain is replaced with �-galactosidase can
support formation of the pars posterior of the anteriorSummary
commissure, which is impaired in EphB2 null mutants
(Henkemeyer et al., 1996). Similarly, the C. elegansMembers of the Eph family of receptor tyrosine ki-
VAB-1 receptor exhibits both kinase-dependent andnases control many aspects of cellular interactions
-independent functions (Chin-Sang et al., 1999; Wangduring development, including axon guidance. Here,
et al., 1999).we demonstrate that EphB2 also regulates postnatal

A number of Eph receptors and their ligands continuesynaptic function in the mammalian CNS. Mice lacking
to be expressed following the period of primary CNSthe EphB2 intracellular kinase domain showed wild-
innervation (i.e., Carpenter et al., 1995; Matsunaga ettype levels of LTP, whereas mice lacking the entire
al., 2000), and Eph receptors can be localized to post-EphB2 receptor had reduced LTP at hippocampal CA1
synaptic densities in the hippocampus (Buchert et al.,and dentate gyrus synapses. Synaptic NMDA-medi-
1999; Dalva et al., 2000; Torres et al., 1998). In addition,ated current was reduced in dentate granule neurons
EphB2 interacts with the NMDA receptor NR1 subunitin EphB2 null mice, as was synaptically localized NR1
(NMDAR1) in cultured embryonic hippocampal neuronsas revealed by immunogold localization. Finally, we
(Dalva et al., 2000; Grunwald et al., 2001). Associationshow that EphB2 is upregulated in hippocampal pyra-
between EphB2 and NMDAR1 requires ephrin-inducedmidal neurons in vitro and in vivo by stimuli known to
EphB2 oligomerization but not EphB2 kinase activity,induce changes in synaptic structure. Together, these
suggesting that this interaction is mediated through thedata demonstrate that EphB2 plays an important role
extracellular domain of EphB2. These data raise thein regulating synaptic function.
possibility that EphB2 plays a physiologic role in synap-
tic function.Introduction

Synaptic function in the brain requires the appropriate
signaling and structural responses of a wide array of

EphB2 belongs to a large family of receptor tyrosine
intracellular and membrane bound proteins. With re-

kinases (RTKs), which are involved in the cell-cell inter-
spect to hippocampal LTP, NMDA-dependent signaling

actions required to organize complex tissues (Flanagan has been shown to play a central role, although postsyn-
and Vanderhaeghen, 1998; Wang et al., 1999). Mamma- aptic AMPA, kainate, and metabotropic glutamate re-
lian Eph receptors participate in boundary formation, ceptors, as well as additional presynaptic and postsyn-
cell adhesion, migration of the neural crest, and axon aptic proteins, have also been implicated in this process
guidance (Drescher, 1997; O’Leary and Wilkinson, 1999). (Bortolotto et al., 1999; Gomperts et al., 2000; Malinow
In addition, Eph RTKs regulate the topographic guid- et al., 2000; Shi et al., 1999; Tang et al., 1999). While
ance of diverse groups of axons within the developing many of the molecular mechanisms regulating the in-
CNS and PNS (Birgbauer et al., 2000; Brownlee et al., duction and/or maintenance of LTP remain unclear, cal-
2000), as well as controlling aspects of axonal matura- cium and protein kinase second messengers, which in-
tion (pruning) during this period (Brownlee et al., 2000; teract with NMDARs, are known to be critical mediators
Gao et al., 1999). Furthermore, Eph receptors can regu- of this process (Lisman et al., 1997; Sans et al., 2000;
late proper axonal crossing of the sagittal midline, as Soderling and Derkach, 2000).
well as dorsoventral axon migration (Henkemeyer et al., We demonstrate here that the regional and cellular
1996; Bergemann et al., 1998; Birgbauer et al., 2000). pattern of EphB2 expression changes markedly during

Eph receptors are activated upon binding to ephrin the early postnatal period, in a manner that correlates
ligands, which are themselves normally anchored to the with dendritic maturation and the upregulation of a num-

ber of genes known to be critical for synaptic function.
In addition, we show that EphB2 expression is regulated4 Correspondence: henderson@mshri.on.ca
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Figure 1. Expression of EphB2 and Hippocampal Markers during Postnatal Development

(A–J) Pattern of EphB2 during postnatal development as shown by Lac-Z staining in EphB2�/N2 mice. (A and D) postnatal day (P)7, (B and E)
P10, and (C and F) P35. Note the change in EphB2 expression between P7 and P10.



Role of EphB2 in Synaptic Function
1043

in an activity-dependent manner by stimuli known to during and immediately following target innervation (em-
bryonic day [E]10–16). Postnatally, this pattern reverses,induce synaptic plasticity. Finally, we demonstrate that

EphB2 null mice exhibit an attenuation of NMDA-depen- with EphB2 becoming expressed primarily in neuronal
dendrites. As shown in Figures 1C and 1E–1G, EphB2dent LTP at both Schaffer collateral/CA1 and perforant/

dentate granule synapses, while EphB2 mutants that is absent in virtually all postnatal axonal tracts, a notable
exception being hippocampal pyramidal neurons, whichlack kinase activity exhibit wild-type levels of LTP.
exhibit both axonal and dendritic EphB2 expression (see
Figure 5A). The changes observed in EphB2 expression

Results correlate with the pattern of dendritic maturation which
occurs in the postnatal CNS and suggested to us that

EphB2 Expression Changes Markedly in the Early EphB2 may be involved in regulating postnatal synaptic
Postnatal Period function.
To examine EphB2 function in the postnatal CNS, we
used mice heterozygous for a mutation of the EphB2
gene (�/N2) in which the extracellular and juxtamem- Loss of EphB2 Does Not Alter the Fundamental

Circuitry or Fine Structure of the Hippocampusbrane regions are fused to �-galactosidase (Henke-
meyer et al., 1996). These animals, as well as homozy- To determine if EphB2 ablation altered the neuroanat-

omy of EphB2 null hippocampi, several immunologicgous N2/N2 mice, are neuroanatomically and functionally
normal at all loci examined, including projections such and ultrastructural assays were employed. Western

analysis of NMDAR1 and GluR1 showed no quantitativeas the pars posterior of the anterior commissure, which
is defective in EphB2 nulls (Henkemeyer et al., 1996). difference between EphB2 null mice and controls in hip-

pocampal lysates (Figure 1K, left and middle panels,Similarly, EphB2�/N2 mice are also neuroanatomically
normal, indicating that a single EphB2 N2 allele rescues respectively). Timm’s staining also showed a normal

pattern of axonal and dendritic development for EphB2the defects observed in EphB2 nulls. Thus EphB2�/N2

mice can be used to examine the wild-type pattern of null pyramidal neurons, as well as a proper mossy fiber
innervation (Figure 1L). Serial sections from EphB2 nullEphB2 in the CNS. EphB2 expression changes markedly

during the early postnatal period, coincident with post- and control littermates also showed similar patterns of
hippocampal staining for NADPH diaphorase (Figurenatal synaptogenesis (Figures 1A–1J). While EphB2 is

expressed in the brain during development, this expres- 1M), GluR1 (Figure 1N), calretinin (Figure 1O), parval-
bumin (Figure 1P), and calbindin (Figure 1Q). The unal-sion is extinguished during late embryogenesis with the

exception of the superior colliculus and ventral fore- tered pattern of the latter three proteins is significant,
as developmental disturbances in neuronal architecturebrain. However, by postnatal day (P)7, EphB2 is reex-

pressed at low levels within the hippocampus (predomi- often disrupt the patterns of late born interneurons that
express these markers.nantly CA3 and dentate gyrus) and medial entorhinal

and cingulate corticies. By P10, the level and extent of To examine the hippocampal ultrastructure of EphB2
null mice, CA1 and dentate granule neurons were exam-EphB2 expression is increased, most prominently within

the hippocampus and neocortex, as well as Purkinje ined via Golgi staining, electron microscopy (EM), and
in retrogradely labeled fluorescent preparations. Thedendrites, amygdala, geniculate, and thalamic and hy-

pothalamic nuclei (Figures 1B and 1E), and continues morphology of CA1 dendrites in control (Figures 2A and
2C) and EphB2 null (Figures 2B and 2D) mice did notinto the adult period (Figures 1C and 1F–1J). In addition,

by P10, EphB2 is expressed in a dorsoventral gradient differ significantly. Analysis of 75 �m segments of apical
CA1 dendrite within the stratum radiatum of EphB2 nullsthroughout the neocortex and exhibits a laminated pat-

tern of expression, which is higher in layers IV and VI and controls (n � 9 segments analyzed for each of four
individuals per genotype) showed similar spine densities(Figure 1I, arrowheads) and somatosensory barrels (Fig-

ure 1G, arrowhead). EphB2 also becomes expressed in (102 � 10 versus 118 � 9 per 100 �m, respectively).
The thickness of these dendritic shafts in EphB2 nullsa rostro-caudal pattern of stripes within Purkinje den-

drites, similar to (but distinct from) that previously de- appeared greater than that of controls in both Golgi
(Figure 2D versus Figure 2C) and fluorescent prepara-scribed for zebrin (Figure 1J).

Not only does the general pattern of EphB2 expres- tions (Figure 2F versus Figure 2E). However, analysis
via EM cross-sections did not reveal significant differ-sion change during postnatal development, but the in-

tracellular distribution of EphB2 changes as well during ences in either CA1 or dentate neurons (n � 22 per
genotype). Similarly, no significant differences in num-this period in neurons. The dominant embryonic pattern

of EphB2 is one of high-axonal/low-dendritic expression ber (density), morphologic appearance, or class of pre-

(A–C) Interior parasagittal views of the cerebrum (orientation: left � caudal, right � rostral).
(D–F) Coronal sections at the level of the hippocampus (orientation: left � midline, right � distal).
(G–J) Added views of EphB2 expression at P35. (G) EphB2 staining at the level of the PBSF (arrowhead), (H) cingulate, (I) EphB2 staining in
cortical layers; EphB2 is particularly prominent in layers IV and VI (arrowheads), and (J) cerebellum.
(A–J) Scale bar (A) represents 3 mm.
(K) Whole hippocampal lysates from P35 EphB2�/� and EphB2�/� mice probed for NMDAR1 (left), GluR1 (middle), and �-tubulin (right).
(L–Q) Staining pattern of hippocampal markers in adult EphB2�/� (top) and EphB2�/� (bottom) mice. (L) Timm’s, (M) NADPH diaphorase, (N)
GluR1, (O) calretinin, (P) parvalbumin, and (Q) calbindin. Scale bars equal 500 �m for (L) and (P–Q); 1 mm for (M) and (N). Photomicrographs
are oriented as indicated in (L) with the sagittal midline (m) to the left, dentate (d) subregion.
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Figure 2. Ultrastructure and Attenuation of LTP in Schaffer Collateral/CA1 Synapses of EphB2 Null Mice

(A–D) Golgi impregnated apical dendrites of CA1 neurons in vivo in EphB2�/� (A and C) and EphB2�/� (B and D) mice. Sections are oriented
so that the distal portions of the dendrite extends toward the top of the photomicrograph. Scale bar equals 20 �m in (A) and (B), and 8 �m
for (C) and (D).
(E and F) Fluorescent images of FITC-dextran labeled CA1 dendrites showing synaptic spines in EphB2�/� (E), and EphB2�/� (F) mice,
respectively. Scale bar, 10 �m.
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synaptic or postsynaptic terminals were observed in Following induction of LTP, further tetanic stimulation
normally produces additional elevations in synaptic re-EphB2 null mice versus controls by EM at either CA1

(Figure 2G) or the dentate gyrus (Figure 2H). This lack of sponses. In contrast to control littermates, successive
trains of stimulation were not effective in potentiatingneuroanatomic perturbation is, perhaps, not surprising

given the absence of EphB2 expression in these struc- synaptic responses in EphB2 null mice (Figure 3C,
closed triangles). Thus, successive trains of high fre-tures during embryonic and neonatal development.
quency stimulation cannot compensate for the loss of
EphB2.EphB2 Null Mice Exhibit a Reduction in LTP

Altered presynaptic and/or postsynaptic properties,Despite the absence of neuroanatomical defects, EphB2
as well as inhibitory tone may contribute to the defectsnull mice exhibited a significant attenuation in LTP. As
in synaptic plasticity observed in EphB2�/� mice. Theshown in Figure 2I, field recordings of Schaffer collat-
efficiency of synaptic coupling between presynaptic anderal/CA1 responses in EphB2 null mice show a signifi-
postsynaptic neurons, as depicted by the input-outputcant reduction in LTP compared to wild-type littermates
relationship (fEPSP versus stimulus intensity), was unaf-(157.6% � 4.6%, n � 13 versus 180.4% � 5.3%, n �
fected in EphB2�/� mice (Figure 3D, left; p 	 0.25). More-9; p � 0.004). However, mice homozygous for the EphB2
over, the contribution of inhibitory neurons to synapticN2 allele exhibited wild-type levels of LTP (180.2% �
response appears unchanged in EphB2 null mice, given7.3%, n � 10; p � 0.98), demonstrating that the reduction
that the input-output relationship was enhanced to thein LTP is independent of EphB2 kinase activity (Figure
same extent in EphB2�/�, EphB2�/�, and EphB2�/� mice2I). Examination of paired pulse facilitation in CA1 (Fig-
after the addition of picrotoxin to block GABAA-mediatedure 2J) demonstrated no differences between EphB2�/�

influences (Figure 3D, right; p 	 0.11). Thus, differencesmice and controls, suggesting that the defect in LTP
in baseline stimulation cannot account for the LTP defi-was not due to presynaptic effects.
ciencies observed in EphB2 null mice. Presynaptic mod-To pursue the role of EphB2 in hippocampal function,
ulation of synaptic transmission (Wang and Wojtowicz,we examined the induction of LTP in perforant path/
1997) was also unaffected in EphB2 null mice. Paired-dentate granule synapses. As in CA1, NMDARs mediate
pulses delivered 10–600 ms apart also elicited similara substantial component of LTP at this site, and EphB2
levels of depression in EphB2�/�, EphB2�/�, andis strongly expressed in dentate granule dendrites. How-
EphB2�/� slices (Figure 3E). Data in Figures 3D andever, in contrast to axons of CA1 pyramidal neurons,
3E represent repetitions of four, seven, and five fordentate mossy fibers do not express EphB2 nor do their
EphB2�/�, EphB2�/�, and EphB2�/� mice, respectively.innervating perforant path fibers. Thus, dentate syn-
Basal synaptic responses between wild-type andapses provide a more defined system to test EphB2
EphB2�/� fEPSPs for experiments shown in Figure 3Afunction. Examination of dentate granule responses in
were also not significantly different (�0.52 � 0.02 mV/slices from EphB2�/�, EphB2�/�, and EphB2�/� mice
ms versus �0.56 � 0.04 mV/ms, respectively, p � 0.36).revealed reductions in posttetanic potentiation and LTP
Thus, we observe no impairments in presynaptic func-(Figure 3) for EphB2 null mice which were of greater
tion and/or synaptic coupling for dentate granule cells.magnitude than that observed for CA1. The average
These data suggest that the observed LTP deficits arefEPSP slopes within the first 2 min after the tetanus (4
mediated by postsynaptically localized EphB2 re-trains, 100 Hz/0.5 s, 20 s apart), was 318% � 21% in
ceptors.wild-type mice EphB2�/� (8 slices/4 mice) and 210% �

19% in EphB2 nulls (�/�) (10 slices/5 mice); this differ-
ence is significant (p � 0.002, t test). Animals heterozy- Synaptic NMDA Currents Are Reduced in Mice

Lacking EphB2gous for EphB2�/� exhibited intermediate levels of LTP
(271% � 10%, 13 slices/7 mice; p � 0.02 compared to The LTP deficit in EphB2�/� mice may reflect functional

changes in NMDARs. We therefore directly examinedwild-type). When compared 90 min after tetanus, LTP
in EphB2�/� slices was severely affected compared to NMDAR function by measuring its contribution to

evoked glutamatergic synaptic current. Granule neuronswild-type controls (116% � 9% versus 173% � 12%,
respectively, p � 0.001). For EphB2�/� mice, this value were clamped at holding potentials between �80 and

�60 mV, and synaptic currents were evoked by stimula-was 156 � 7% at 90 min posttetanus (p � 0.002 in
comparison to EphB2 nulls, p � 0.22 in comparison tion of the medial perforant path. Synaptic currents of

EphB2�/� and EphB2�/� mice were similar (Figure 3F).to [�/�] littermates). Similar to CA1, EphB2N2/N2 mice
exhibited normal levels of LTP (Figure 3B). Thus, loss Addition of the NMDAR blocker D-AP5 reduced EPSCs,

especially at positive cell holding potentials (Figure 3F,of EphB2 largely abolishes the sustained, late phase of
LTP, and these effects are independent of EphB2 kinase traces labeled as �AP5). Subsequent addition of NBQX

to block AMPA receptors eliminated more than 80% ofactivity.

(G and H) Electron photomicrographs of CA1 (G), and dentate synapses (H) from EphB2�/� and EphB2�/� mice as indicated in figure. Scale
bar equals 0.3 �m (s � dendritic spine, t � nerve terminal/bouton, a � spine apparatus, v � presynaptic vesicles, n � spine shaft/neck, d �

dendrite, and pd � primary dendrite with associated axo-dendritic synapse).
(I) Analysis of LTP in wild-type, EphB2�/�, and EphB2N2/N2 mice. Plotted are representative traces (average of four sweeps) of fEPSPs obtained
immediately before (1) and 50 min after (2) tetanic stimulation.
(J) Analysis of paired pulse facilitation in CA1 synapses for EphB2�/� and EphB2�/� mice. Plot denotes the degree of facilitation in the second
fEPSP slope of trace (2) compared with trace (1) (see inset in [I]) as a function of interpulse interval.
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Figure 3. Reduction of LTP in Dentate Gyrus of EphB2 Null Mice

(A) Analysis of LTP in perforant/dentate granule synapses of EphB2�/� (8 slices/4 mice), EphB2�/� (13 slices/7 mice), and EphB2�/� (10 slices/
5 mice) mice. High frequency stimulation (HFS) was delivered via medial perforant path at t � 0 (closed triangle). Insert shows representative
fEPSPs (average of six) before and after tetanus for EphB2�/� (blue) and EphB2�/� (red) mice.
(B) LTP in dentate synapses of EphB2�/N2 mice (6 slices/3 mice/genotype).
(C) Saturation of LTP in EphB2�/� and EphB2�/� mice (7 slices/6 wild-type mice and 9 slices/6 null mice). HFS was applied four times as
indicated (closed triangle).
(D) Input/output relationship within dentate synapses in the absence (left) and presence (right) of picrotoxin for EphB2�/�; 4 slices/4 mice,
EphB2�/�; 7 slices/7 mice, and EphB2�/�; 5 slices/5 mice.
(E) Paired pulse depression within the dentate gyrus in the absence (left) and presence (right) of picrotoxin from same slices as in (D).
(F) Whole-cell recordings of EPSCs from single dentate granule neurons in response to medial perforant path stimulation of wild-type EphB2�/�

(blue traces) and null EphB2�/� (red traces) mice (holding potentials between –80 and �60 mV). Control EPSCs appear on the top and currents
obtained after NMDA blocker D-AP5 addition appear below (�AP5).
(G) Current voltage relationship in dentate granule cells from EphB2�/� (blue traces, 4 cells/slices from three mice) and null EphB2�/� mice
(red traces, 4 cells/slices from four mice). NMDA currents were removed pharmacologically by addition of AP5, and AMPA receptors were
subsequently blocked by further addition of NBQX. Difference between control and AP5 curves (shaded in yellow) represents the NMDA
current.
(H) Normalized synaptic currents from neurons held at �60 mV and sequentially exposed continuously to the indicated blockers (green bars).
Number of repetitions for EphB2�/� and EphB2�/� was 11 cells/slices from five mice and 10 cells/slices from five mice, respectively.
(I) NMDA and AMPA current, as well as the AMPA/NMDA ratio, was calculated from EPSCs obtained in experiments shown in (H).
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Table 1. Analysis of NMDAR1 Immunogold Labeling within the Dentate

EphB2 genotype (N1)

Structure (�/�) (�/�)

Postsynaptic density:
Particles/synapse 2.61 � 0.19 1.52 � 0.13*
Particles/�m2 within PSD zone 229 � 38 139 � 29*
Particles/PSD (absolute range) 0 � 9 0 � 5
Total particle count 601 345

Average PSD length (�m) 0.457 � 0.059 0.438 � 0.068
Synapses analyzed per animal 120, 110 120, 110
Dendritic cytoplasm:

Particles/�m2 44.5 � 6.22 57.4 � 7.18
Number of structures analyzed per animal 60, 60 60, 60

Dentate nuclei, particles/�m2 3.21 � 0.43 3.60 � 0.57
Nuclei examined per animal 10, 10 10, 10
Formvar coating, particles/�m2 0.22 � 0.04 0.24 � 0.02

Postsynaptic density counts reflect numbers of immunogold particles associated with synaptic membrane.
Dendritic cytoplasm refers to dendritic immunogold labeling not associated with dendritic plasma membrane or spinous processes.
Data shown � SE.
Asterisk denotes statistical significance at p 
 0.05.

EPSC (Figure 3G, “NBQX � AP5”). These data indicate largely by NMDARs. The average amplitude of the initial
control EPSC was 388 � 40 and 350 � 47 pA for neuronsthat NMDA and AMPA receptors mediate the majority of

evoked synaptic responses in EphB2�/� and EphB2�/� from EphB2�/� and EphB2�/� mice, respectively (11
cells/slices from five wild-type mice and 10 cells/slicesgranule cells. The current voltage (I/V) relationships un-

der these experimental conditions are shown in Figure from five null mice); the difference in control current
between these genotypes was not significant (p � 0.55).3G (4 cells/slices from three wild-type mice and 4 cells/

slices from four EphB2 null mice). The NMDA current To derive the NMDA current, we determined the reduc-
tion in EPSC size, which occurred after addition of AP5,component (difference between control and AP5 plots,

shaded portions Figure 3G) was reduced in EphB2 nulls and this represented 174 � 21 and 255 � 28 pA in
neurons from EphB2�/� and EphB2�/� mice, respec-compared to controls. We further quantified this differ-

ence in NMDA current, by sequentially perfusing slices tively (Figure 3I). Thus, NMDA-mediated current was
significantly reduced in neurons from EphB2�/� micewith D-AP5 and the AMPA receptor blocker NBQX (Fig-

ure 3H). Dentate granule neurons were held at �60 mV, compared to controls (p � 0.03). The AMPA contribution
was subsequently revealed by determining the reduc-a holding potential where synaptic current is carried

Figure 4. Immunogold Labeling of NMDAR1 at Axo-Dendritic Granule Synapses within the Dentate Molecular Layer

(A) Examples of synaptic labeling for 5-week-old EphB2�/� (A) and EphB2�/� (B) mice. Scale bars equal 100 nm.
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Figure 5. Localization of EphB2 and Ephrin Expression In Vivo and In Vitro

(A) Pattern of EphB2 expression in adult hippocampus as shown by �-galactosidase staining in EphB2�/N2 mouse. CA1, CA3, dentate (d), and
orientation toward the midline (m) are indicated. Dotted square denotes region shown in Figure 4C. Scale bar, 1 mm.
(B) Staining for ephrin B1 in hippocampus. Note staining in mossy fibers (arrowhead).
(C) Top and middle panels show localization of phosphorylated EphB (arrowheads) proximal to inner dentate granule cell layer (dg) by
immunofluorescence. Bottom panel shows adjacent section stained for GluR1 to aid in orientation of dentate structures (ah � axon hilus).
(D) 435J antibody specifically recognizes phosphorylation at tyrosines Y604 and Y610 within the EphB2 juxtamembrane region. Control (�) and
ephrin B1 challenged (�, 2 �g/ml) NG-108, NG-108/EphB2 transfected (NG-EphB2), and NG-108/EphB2 transfected Y/E604, Y/E610 mutant
(EphB2EE) cells were lysed in PLC buffer and immunoprecipitated with anti-EphB2. Samples were resolved by SDS-PAGE, and immunoblotted
with 435J antibody (upper panel). The blot was reprobed with anti-EphB2 (lower panel).
(E) To determine levels of activated EphB2 expression in the adult hippocampus, hippocampal lysates from EphB2�/� and EphB2�/� mice
were immunoprecipitated with anti-EphB2 and immunoblotted with 435J. Equivalence of loading was verified by blotting with �-tubulin as in
Figure 1K.
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tion in EPSC size that occurred after switching to ACSF nizes phosphorylation at Y604 and Y610 within the EphB2
juxtamembrane region, which occurs following ligandcontaining AP5 and NBQX. The synaptic current medi-

ated by AMPA in EphB2�/� and EphB2�/� slices was binding. Receptor phosphorylation is observed within
the inferior aspect of the cellular layer of the dentatenot significantly different (78 � 14 versus 111 � 25 pA,

p � 0.26). The deficit in NMDA (but not AMPA) current gyrus at the interface of EphB2/ephrin expression (Fig-
ure 5C). The 435J antibody is specific for phospho-in EphB2 null neurons compared to controls resulted in

an increased AMPA/NMDA ratio of glutamatergic synap- EphB2, since it recognizes EphB2 in ephrin B1 stimu-
lated NG-108 cells expressing the wild-type receptortic current (Figure 3I) and directly indicates that NMDAR

function is compromised in mice lacking EphB2. (NG-EphB2), but not in unstimulated NG-EphB2 cells,
nor in stimulated cells expressing an EphB2 mutant in
which tyrosines 604 and 610 are mutated to glutamateDistribution of NMDAR1 in Dentate

Granule Neurons (Figure 5D). To verify that EphB2 is phosphorylated at
these tyrosines in the adult hippocampus, hippocampalThe data above demonstrate that EphB2 null mice ex-

hibit reductions in LTP at both Schaffer collateral CA1 lysates from EphB2�/� and EphB2�/� were immunopre-
cipitated with anti-EphB2 and immunoblotted with theand perforant path dentate synapses and exhibit a de-

crease in NMDA-dependent current. To gain insight into 435J. EphB2 exhibits substantial phosphorylation under
these conditions (Figure 5E).the basis of these effects, we examined the distribution

of NMDAR1 in dentate granule neurons of EphB2 null To determine the distribution of activated EphB2 in
hippocampal neurons, cultured pyramidal neurons (P0,mice by immunogold labeling. Though dendritic spines

of EphB2�/� dentate granule neurons exhibit a normal cultured 5 weeks in vitro) were stained for 435J (green)
and the presynaptic marker synaptophysin (red). Stain-morphologic appearance (Figure 2H and Table 1), EphB2

null mice demonstrate a 40% reduction in their level ing for 435J is observed in the dendritic shaft and spine
as well as neural axons, similar to the pattern seen forof NMDAR1 associated with the postsynaptic density

(PSD) in asymmetric axo-spinous synapses (Figure 4 these neurons in vivo (Figures 5F and 5G). Some den-
dritic spines exhibit juxtaposed staining of both synap-and Table 1). In addition, levels of NMDAR1 labeling

within dentate dendrites not associated with the cell tophysin and EphB2 (yellow arrowhead), while others
exhibit EphB2 staining alone (green arrowhead). Thus,membrane exhibited a trend toward higher particle den-

sities in EphB2�/� mice compared to controls, though activated EphB2 is observed in only a subpopulation of
pyramidal dendritic spines.this did not reach statistical significance (Table 1). These

data indicate that loss of EphB2 reduces levels of PSD
associated NMDAR1. Ablation of EphB2 appears to re- EphB2 Is Upregulated Following Glutaminergic

Stimulation in the Hippocampus In Vivosult in a redistribution of NMDAR1, rather than reducing
total NMDAR1 levels, since we observed no overt differ- As shown above, EphB2 plays a role in regulating activ-

ity-dependent synapse function. To determine if stimu-ences in the cellular pattern of NMDAR1 staining for
EphB2�/� and EphB2�/� dentate granule neurons in vivo lus input may reciprocally regulate EphB2 expression,

we examined models of postnatal synaptic plasticity.(data not shown), and total hippocampal levels of
NMDAR1 are similar between these two groups (Figure Implantation of 1 nmol of kainic acid into adult hippo-

campi (Figure 6A) induced degeneration of pyramidal1K). Whether the observed changes in NMDAR1 distri-
bution reflect a change in membrane targeting or a re- neurons (Figure 6B), in turn promoting the sprouting of

mossy fiber collaterals. Kainic acid and saline-treatedduction in the synaptic stability of this protein is as yet
undetermined. hippocampi were isolated from EphB2�/� mice 1 week

following treatment. Western analysis of these hippo-
campal lysates demonstrate that both EphB2 and ephrinEph/ephrin Expression in Hippocampal Neurons

To understand the regulation of Eph/ephrin interactions B1 were modestly upregulated (2-fold) following kainic
acid treatment (Figure 6C). To more specifically deter-within the hippocampus, we examined dentate granule

neurons in further detail. Figure 5A shows the pattern mine the sites of EphB2 upregulation, expression was
monitored using EphB2�/N2 mice. As shown in Figuresof EphB2 expression in the P10 adult hippocampus as

measured by LacZ staining. In dentate granule neurons, 6D–6F, EphB2 expression was strongly upregulated in
dendrites of dentate granule neurons following kainicEphB2 expression is dendritic and is not expressed in

the polymorphic layer or mossy fiber termination zone acid, but not saline treatment. This increase was strong-
est in the dendritic region proximal to the granule cell(see also Figures 6D and 6F). In contrast, ephrin B1

is concentrated to mossy fiber terminals (Figure 5B), layer (Figure 6E). EphB2 expression did not rise immedi-
ately following kainic acid treatment, but rather in-suggesting that Eph/ephrin expression is segregated to

different compartments in these neurons. To determine creased gradually over several days and persisted for
the longest time point examined (5 weeks, data notthe in vivo pattern of receptor activation within the den-

tate gyrus, we stained hippocampal sections with a shown).
To determine if loss of EphB2 had functional conse-phosphospecific antibody (435J) that specifically recog-

(F) EphB2 (green)/synaptophysin (red) expression in hippocampal pyramidal neuron cultured for 5 weeks in vitro.
(G) Higher magnification view of EphB2/synaptophysin expression in pyramidal dendritic spines. Some dendritic spines exhibit both synapto-
physin (red arrowhead) and EphB2 staining (yellow arrowhead), while others exhibit EphB2 staining alone (green arrowhead). Open arrow-
head indicates EphB2 staining in hippocampal axon. For (F) and (G), scale bars equal 50 and 10 �m, respectively.
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Figure 6. EphB2 Expression Following Kainic Acid Stimulation

(A) Overview showing location of cannula placement (arrow) for deposition of drugs into hippocampus (top � rostral, bottom � caudal, ob �

ofactory bulb, sm � sagittal midline, and sc � superior colliculus).
(B) GluR1 staining in kainic acid (left) and saline (right) treated hippocampi of EphB2�/N2 mouse 1 week following treatment. CA1, dentate
gyrus (d), and sagittal midline (sm) are indicated. Scale bar, 0.5 mm.
(C) EphB2/ephrin expression in hippocampal lysates from saline (sal) and kainic acid (KA) treated hippocampi of EphB2�/� mice (opposing
sides of same animal). Hippocampal lysate probed for EphB2 (top left) or ephrin B1 (top right). (Bottom right) ephrin B1 blot reprobed for
phospho-tyrosine. (Bottom left) Reprobe for �-tubulin.
(D) Pattern of �-galactosidase staining in kainic acid (left) and saline (right) treated hippocampi of EphB2�/N2 mouse 1 week following treatment.
Scale bar, 1 mm.
(E and F) Higher magnification views of the dentate in kainic acid (E) and saline (F) treated hippocampi 5 days following treatment indicating
location and intensity of EphB2 expression relative to molecular (ml) and dentate granule cell (arrow) layers (m � sagittal midline, dh � dentate
hilus). A 10-fold greater development time was used to obtain the pattern shown in (D) compared to (E) and (F).
(G–J) DiI labeling of saline (G and H) and kainic acid (I and J) treated hippocampi 4 weeks following treatment in EphB2�/� (G and I) and
EphB2�/� (H and J) mice. Samples were obtained at the same rostral-caudal level. Location of DiI placement is indicated by an asterisk,
dentate granule layer by dotted line. Scale bar, 500 �m. For (G) and (H), sagittal midline is on the left; for (I) and (J), it is on the right.
(K) Coronal view of EphB2 expression as measured by �-galactosidase staining in somatosensory cortical barrels (arrow) in EphB2�/N2 mouse
at P35.
(L) Tangential view of EphB2 expression in PMBSF at P35.
(M) Cytochrome oxidase staining within PMBSF of EphB2�/� mouse at P35.
(L) and (M) represent composites of successive tangential sections.
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quences with respect to kainic acid induced mossy fiber and EphB2 became reexpressed at points of synaptic
contact (Figure 7F, closed and open arrowheads),sprouting, EphB2�/� and EphB2�/� mice were sacrificed

4 weeks following stereotactic kainic acid implantation. whereas neurons which remained synaptically isolated
did not express EphB2 (Figure 7G). Thus, glutaminergicAs shown in Figure 6, mossy fiber sprouting was deter-

mined by DiI labeling in saline (Figures 6G and 6H) and stimuli and synaptic innervation positively regulate
EphB2 expression in hippocampal neurons in vitro.kainic acid treated (Figures 6I and 6J) hippocampi from

EphB2�/� (Figures 6G and 6I) and EphB2�/� (Figures 6H
and 6J) mice, respectively. Both groups showed the

Discussionexpected pattern of dendritic and axonal labeling for
saline-treated hippocampi (Figures 6G and 6H). How-

Expression of EphB2 in the Postnatal CNSever, while EphB2�/� and EphB2�/� mice showed the
Eph receptors have been shown to control the topo-expected pattern of mossy fiber sprouting following kai-
graphic guidance and maturation of specific axonsnic acid treatment with a loss of innervation to CA3,
during neural development. We demonstrate here thatEphB2 null mice exhibited a strong aberrant projection
EphB2 also participates in the modification of synaptictoward the dentate hilus (Figure 6J).
function postnatally in regions associated with learningTo determine if elevation of EphB2 expression is a
and memory. Consistent with this role, EphB2 is inducedgeneral feature of synaptic plasticity, several additional
in CNS regions which undergo activity-dependent modi-models of plasticity were examined. EphB2 is expressed
fication during synaptic maturation. Analysis of dentatein cortical barrels postnatally in a pattern similar to the
granule and hippocampal pyramidal neurons in vivo andgeneral synaptic marker cytochrome oxidase (Figures
in vitro demonstrates that EphB2 is expressed in den-6K and 6L). EphB2�/N2 mice, which underwent whisker
dritic regions during this period, in contrast to its largelyablation at P0, showed no elevation in EphB2 expression
axonal distribution during embryogenesis (Henkemeyerwithin either cortical barrels or trigeminal barrelets (data
et al., 1996). In dendrites, EphB2 is localized to bothnot shown), despite expansion of adjacent cortical bar-
the shaft and spines in hippocampal neurons in vitro.rels into the ablated field. Furthermore, axotomy of facial
Staining with phosphospecific anti-EphB2 antibodiesmotor or dorsal cutaneous axons at P10 and P30, re-
demonstrates that activated EphB2 receptors are pref-spectively, did not result in an alteration of EphB2 ex-
erentially localized to subpopulations of pyramidal den-pression in effected axons or cell soma, nor did monocu-
dritic spines in vitro. Consistent with this, EphB2 haslar deprivation during the critical period (P22–P29) in
been localized to the synaptic membrane in rat cortexocular columns of the superior colliculus (data not
and colocalizes with synaptophysin in E17 hippocampalshown). Thus, upregulation of EphB2 appears to occur
neurons cultured for 2 weeks in vitro (Dalva et al., 2000;only for specific forms of synaptic plasticity.
Torres et al., 1998). Interestingly, EphB2 is more highly
expressed in NMDAR rich regions, such as proximal

Regulation of EphB2 Expression at Hippocampal components of dentate and pyramidal dendrites (Milner
Neurons In Vitro and Drake, 2001), suggesting that it may preferentially
We explored the mechanism by which kainic acid en- affect particular synaptic inputs, while ephrin B1 is
hances EphB2 expression in P7 hippocampal neurons strongly expressed in regions such as dentate mossy
in vitro. In the absence of added agents, dissociated fibers. Thus, in dentate granule neurons, EphB2 and at
hippocampal neurons exhibited a rapid (12–20 hr) loss least one of its ligands are expressed in specific intracel-
of EphB2 expression (Figure 7A), despite good neuronal lular regions.
viability. The loss of EphB2 expression correlated with
neuronal dissociation, as hippocampal (Figure 7B) or
spinal cord (Figure 7C) explants maintained EphB2 ex- Structural Organization of Hippocampus

in EphB2 Null Micepression for weeks under culture conditions. To deter-
mine if glutaminergic activity played a role in this pro- While it is difficult to rule out subtle developmental alter-

ations in hippocampal structure in EphB2 null mice, sev-cess, hippocampal cultures were exposed to kainic acid
and NMDA. These agents resulted in the maintenance eral lines of evidence suggest that this does not occur.

Morphologically, the major afferent inputs, efferent pro-of EphB2 expression in a subpopulation of pyramidal
neurons (2%–5% of total) (Figures 7D and 7E). In these jections, and intrinsic neuroanatomy of the hippocam-

pus are unperturbed in EphB2 null mice. In addition,cultures, EphB2 tended to be expressed at cell-cell in-
terfaces and was never observed in isolated neurons, EphB2 null mice show no differences in Timm’s staining

of mossy fibers or the expression of immunohistochemi-even in the presence of NMDA. Kainic acid and NMDA
may thus act in concert with factors such as ephrinB cal markers indicative of hippocampal morphology. Sim-

ilarly, CA1 dendritic ultrastructure and dentate granuleligands, which are expressed in these neurons. Though
kainic acid induces neurotrophins such as BDNF and morphology examined by Golgi staining, fluorescent

tracing, and EM did not differ between EphB2 null andNT-3 in the hippocampus in vivo (Lee et al., 1997; Rudge
et al.,1998), treatment with NGF, NT-3, BDNF, GDNF, control mice. Tests of basal synaptic transmission also

revealed no differences between EphB2�/�, EphB2�/�,IL-6, and CNTF, either alone or in combination, failed to
induce EphB2 in acutely dissociated pyramidal neurons and EphB2�/� mice. This is, perhaps, not surprising

since EphB2 is not expressed within the developing(data not shown).
Finally, EphB2 expression was examined in EphB2N2/� hippocampus or its targets from E14 to birth, with the

possible exception of the ventral septum of the forebrainhippocampal neurons plated at P7 and cultured for 	14
days. During this period, neurons became reinnervated (Henkemeyer et al., 1996).
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Figure 7. Regulation of EphB2 Expression In Vitro

(A) Hippocampal neurons 20 hr following dissociation at P7 in the absence of inducing stimuli. Scale bar, 30 �m.
(B) Hippocampal explant from P7 EphB2N2/� mouse after 7 days in culture.
(C) Spinal cord explant from P7 EphB2N2/� mouse after 7 days in culture.
(D) Hippocampal neurons cultured as given in (A) treated with 10 �M kainic acid and 20 �M MK-801 from time of dissociation (20 hr).
(E) Neurons treated with 20 �M NMDA and CNQX.
For (B) and (C) scale bars are 1 mm. For (D) and (E) scale bars are 30 �m.
(F and G) EphB2N2/� hippocampal neurons plated at P7 and cultured for 24 days in vitro.
(F) Formation of interpyramidal synapses during this period in culture results in reexpression of EphB2 at sites of synaptic contact in dendrites
(closed arrowheads) and cell soma (open arrowheads).
(G) Hippocampal neurons which remain isolated during this period, do not reexpress EphB2.
For (F) and (G) scale bar is 20 �m.

Role of EphB2 in Synaptic Plasticity medial perforant path/dentate granule synapses, LTP is
strongly attenuated in EphB2 null mice. As this pathwayLTP is a widely studied form of synaptic plasticity be-

lieved to represent a cellular mechanism of learning and represents a central input to the core circuitry of the
hippocampus, these findings have important implica-memory in the hippocampus (Malenka and Nicoll, 1999;

Malinow et al., 2000). Our results demonstrate that for tions for subsequent “downstream” neural transmission
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within this structure. That EphB2 null mice exhibit defi- sustained increase in EphB2 expression within the den-
tate granule dendrites. Several additional plasticity/ciencies in LTP in both the dentate gyrus and CA1 is

consistent with observations that these mice are defi- injury paradigms failed to elicit increases in EphB2 ex-
pression, suggesting that this response exhibits bothcient in hippocampal-dependent tasks such as the Mor-

ris water maze (Grunwald et al., 2001). Synaptic parame- cell-type and stimulus specificity. That EphB2 may play
a functional role in regulating postnatal sprouting follow-ters such as paired-pulse facilitation and input-output

responses are unaltered in EphB2 null mice, suggesting ing kainic acid treated is suggested from differences in
the pattern of mossy fiber sprouting seen in EphB2 nullthat the defect in LTP reflects alterations in the postsyn-

aptic mechanisms. EphB2N2/N2 mice exhibited no deficits mice versus controls following treatment.
In dissociated hippocampal neurons, EphB2 expres-in LTP, indicating that the kinase domain and carboxy-

terminal elements of EphB2 are dispensable with re- sion was rapidly lost in the absence of depolarizing
agents such as NMDA and kainic acid. However, EphB2spect to LTP. It is, nonetheless, possible that EphB2

kinase activity has an impact on synaptic function, which expression could be maintained continuously for weeks
in organotypic explants under similar conditions. Fur-is compensated for by other EphB family members or

distinct tyrosine kinases in N2/N2 mutants. Previously, thermore, pyramidal neurons reexpressed EphB2 at
sites of synaptic contact following several weeks in cul-intracranial infusion of exogenous Eph/ephrin A5 recep-

tor/ligand bodies have indicated effects on behavior in ture. These data suggest that EphB2 expression is regu-
lated by synaptic activity in CNS neurons. The fact thatmice, though the mechanism is unclear (Gao and Phil-

lips, 1999; Gerlai et al., 1999). While the degree of inhibi- EphB2 regulates both axon guidance during embryonic
development and postnatal synaptic function empha-tion or activation provided through infusion of these

immunoadhesins is difficult to determine, the effects sizes the varied and complex roles for this receptor
family in regulating cell-cell interactions within the CNS.observed likely reflect the results of multiple interactions

between EphA/ephrin A family members.
Experimental ProceduresWith respect to our LTP data, we observed a more

modest reduction in LTP at Schaffer collateral/CA1 syn-
Murine Lines/Sample Preparation

apses compared to perforant path/dentate synapses. For each mutation (m), indicated genotypes were obtained from
This difference may be a function of differences in the intercrosses of (�/�) or (�/m) mice with (m/m) animals, maintained

on either 129SV/cp or outbred backgrounds. Mice homozygous forrelative levels of dendritic EphB2 expression and/or their
the null allele of EphB2 gene were designated EphB2�/�, whereascontribution to NMDARs current at these sites. Alterna-
mice homozygous for a targeted mutation of EphB2 lacking thetively, this difference may reflect the contributions of
kinase SAM and PDZ binding sites were designated EphB2N2/N2, asother EphB receptors and/or ligands in these regions.
previously described (Henkemeyer et al., 1996). Mice were anesthe-

For example, both EphB2 and EphB1 are strongly ex- tized (sodium pentobarbital, 80 mg/kg), and with the exception of
pressed in CA1, whereas EphB2 and EphB3 are domi- animals for Timm’s, Golgi, and �-galactosidase staining, perfused

transcardially with 0.1 M phosphate buffered saline (PBS) at pHnant in dentate granule neurons (Grunwald et al., 2001).
7.4, followed by 4% paraformaldehyde in PBS at 4�C. Brains wereIt will thus be important to characterize the functional
postfixed and processed as either cryostat (Leitz CM 3050) or paraf-influences of different ephrin/Eph family members at
fin sections (Reichert-Jung 2030 microtome) and analyzed blindly.each of these sites.
For DiI labeling, DiI crystals (Molecular Probes) were implanted into

While the attenuation in LTP observed in EphB2 null the middorsal blade of the dentate using a tungsten needle, left at
mice could involve several factors, quantitative immuno- 37�C for 4 weeks, and then cut into 400 �m coronal sections.
gold labeling for NMDAR1 in dentate granule neurons

Surgical Proceduressuggests one possible mechanism. Loss of EphB2 re-
For intrahippocampal delivery of kainic acid and NMDA (0.5 or 1sults in a reduction of functional synaptically localized
nmol), 7- to 9-week-old EphB2 mice were anesthetized, their headsNMDARs. A direct association of EphB2 and NMDAR1 is
placed in a stereotactic frame, and agents delivered (0.1 �l) via

also supported by biochemical studies of hippocampal a borosilicate capillary (terminal diameter 50 �m). Cannulae were
neurons in vitro (Dalva et al., 2000; Grunwald et al., 2001). introduced halfway between the lambda and bregmal sutures, 2 mm

lateral to the midline, to a depth of 1.5 mm from the zero plane.Similar to our LTP data, the association of EphB2 and
Several additional procedures known to induce axonal and/or den-NMDAR1 in these studies was independent of EphB2
dritic remodeling were also performed: (1) monocular deprivationkinase activity. While the precise mechanism by which
through permanent closure of the right eyelid at P22 with the supe-loss of EphB2 alters the localization of NMDAR1 is un-
rior colliculus examined 7 days later (n � 7 animals in three separate

clear in vivo, we suggest that EphB2 may act to stabilize experiments) as described (Cao et al., 2000), (2) mystacial vibrissec-
occupancy of NMDARs within the postsynaptic mem- tomy performed on row D whiskers at P0 with mice examined 10

days postinjury (n � 6 animals) as described (Finney and Shatz,brane. Alternatively, lack of EphB2 may alter signaling
1998) and, (3) cutaneous denervation, performed at P35 with miceevents downstream of EphB2/NMDAR interactions, which
examined 2–5 days following injury (n � 4 animals per group) (Dou-ultimately result in the observed changes in NMDAR1
cette and Diamond, 1987).distribution.

Histochemistry/Immunohistochemistry (IHC)
Sections were blocked in 5% normal goat serum, 0.2% Tween-20Activity-Dependent Regulation of EphB2
in PBS for 1 hr at RT followed by incubation in primary antibodyat Neural Synapses
4�C. Primary antisera were as follows: Calbindin D (Sigma) 1:400,The results obtained for hippocampal neurons both in
calretinin (Chemicon) 1:400, parvalbumin (Sigma) 1:600, mGluR5vitro and in vivo demonstrate that in addition to regulat-
(Upstate Biotechnology) 1:1000, Ephrin B1 (C-18 Santa Cruz) 1:1000,

ing NMDA-dependent synaptic responses, EphB2 can and GluR1a (Upstate Biotechnology) 1:3000. Either fluorescent or
itself be regulated in an activity-dependent manner. biotinylated secondary antibodies were used for visualization ac-

cording to standard protocols. To examine NMDAR1 in WesternTreatment with agents such as kainic acid result in a
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analyses, a rabbit polyclonal antibody (Upstate Biotechnology) was were amplified with an Axoclamp 2B and analyzed using pCLAMP7
software (Axon Instruments). Field potentials were measured byused. For EphB2 immunoprecipitations, 1 mg of total protein was

incubated with 5 �g/ml EphB2 antiserum for 1 hr at 4�C. Samples obtaining slopes of the rising phase between 10% and 90% of peak
response and were verified by addition of 5 �M NBQX (RBI/Sigma)were then separated on SDS-PAGE and immunoblotted with appro-

priate antibodies. For IHC and EM, a mouse monoclonal of NR1 at the end of each experiment. Stimulation intensity was adjusted
to obtain 25%–30% of maximal fEPSP. Tetani to induce LTP con-(Pharmingen 54.1) was employed. Anti-EphB2 was used as pre-

viously described (Holland et al., 1997). We raised a phosphospecific sisted of two trains (10 s apart) at 100 Hz/1s stimulation.
PAB (435J) to the EphB juxtamembrane region. Purified antisera
was used at 1:1000 for immunoprecipitations and Western analyses,

Dentate Granule Recordingsand 1:300 for IHC. Staining for �-galactosidase activity was as pre-
Mice were tested in blind fashion at 4–6 weeks of age. Hippocampalviously described (Ausubel, 1991).
slices were perfused with ACSF consisting of: 124 mM NaCl, 3 mM
KCl, 2.5 mM CaCl2, 1.3 mM MgSO4, 1.25 mM NaH2PO4, 26 mMTimm’s/Golgi Staining
NaHCO3, 10 mM D-glucose (pH 7.4, 30�C). In recordings of fEPSPs,Mice were perfused with 50 ml 0.37% sodium sulfide, (pH 7.2) for
50 �M picrotoxin where indicated was added to block GABAA recep-5 min, followed by 50 ml 4% paraformaldehyde in PBS. Tissues
tor-mediated inhibitory synaptic events. Recordings of excitatorywere processed as previously described (Sloviter, 1982). For Golgi
postsynaptic currents (EPSCs) were performed in ACSF containingstaining, tissues were immersed in 2.6% potassium dichromate,
10 �M bicuculline methiodide and 1 �M CGP-55845 (Tocris) to block0.33% osmium tetroxide for 7 days at room temperature in the dark,
GABAB receptors. Where specified, 100 �M D-AP5 and 2 �M NBQXrinsed briefly in water, and placed in 0.75% silver nitrate for 24 hr
disodium salt (Tocris) were included to block NMDA and AMPAat room temperature in the dark. Sections were then processed at
glutamate receptors, respectively. Application of AP5 together with25–50 �m.
NBQX did not completely eliminate the EPSC, but the residual cur-
rents were not significantly different between genotypes.

Hippocampal Spine Imaging
Extracellular fEPSPs were obtained using 3 M� glass electrodes

Hippocampal neurons were imaged using a DeltaVision (Applied
(containing ASCF lacking Ca2�) and an Axopath 1D (Axon Instru-

Precision) deconvolution microscope (Olympus IX70) in brightfield
ments) amplifier set to filter at 2 kHz and digitized at 10 kHz using

and fluorescent modes. Neuronal profiles were extracted from serial
pCLAMP6 software. Whole-cell recordings were made using patch

images collected at 0.2 �m intervals. Numeric counts of dendritic
pipettes (4–6 M�) filled with: 130 mM Cs gluconate, 30 mM HEPES,

spines on hippocampal CA1 apical dendrites were determined by
11 mM EGTA, 10 mM KCl, 2 mM Mg-ATP, 2 mM QX-314 (lidocaine

counting spines in 75 �m segments of apical CA1 dendrites. A
n-ethyl bromide), 1 mM CaCl2 (pH 7.25, 290 mOsmol/l). Recording

minimum of ten dendritic segments were counted in each of four
pipettes were positioned into the granule cell layer using a 40


animals per genotype.
water immersion objective on a Nikon E600FN microscope. Input
resistance was monitored by a voltage step pulse applied after each

EM/Postembedding Immunogold EM EPSC collected. Cells which were not stable were rejected.
For standard transmission EM, samples were fixed in 2% glutaralde- The stimulating electrode was positioned in the dorsal blade of the
hyde, 2% paraformaldehyde in PBS at 4�C. Samples were impreg- dentate molecular layer to record granule cell dendritic population
nated with 1% osmium tetroxide, 2% uranyl acetate, and lead citrate responses (fEPSPs) or single cell synaptic currents (EPSCs) arising
in 0.1 M cacodylate buffer (pH 7.3) (CB) for 1 hr, washed, then from medial perforant path stimulation. Stimulation intensity was
dehydrated and embedded in Spurr resin. Seventy nanometer sec- adjusted to yield fEPSPs, which were 30% of the maximal spike
tions were collected onto 200 mesh copper grids and stained with free fEPSP size. During tetanic stimulation, pulse duration was in-
uranyl acetate and Sato’s lead citrate. The distal component of the creased 3-fold to 0.15 ms. In whole-cell recordings, stimulus inten-
stratum radiatum within the CA1 region and the central third of the sity was set to 50% of the maximum EPSC obtained at a holding
molecular layer of dentate gyrus were examined on a Phillips CM potential of �60 mV. NMDA current was derived pharmacologically
100 electron microscope equipped with a Kodak QRS 2050 digital by determining the reduction in synaptic current upon addition of
camera. D-AP5.

For postembedding immunogold IHC of NMDAR1, the dorsal Field responses were recorded every 20s and slope (10%–50%)
blade of the dentate gyrus and associated molecular layer were was normalized to control responses. EPSC recordings were col-
subdissected from hippocampi in two pairs of P35 EphB2�/� and lected every 10 s and measured by peak amplitude. To calculate
EphB2�/� mice. Samples were fixed in 0.1% glutaraldehyde, 4% input-output relationships, stimulus strength was used as a measure
paraformaldehyde in CB for 1 hr, dehydrated, then embedded in of input. Statistical differences were determined by Student’s t test.
Lowicryl K4M resin at �20�C. Blocks were polymerized overnight
under UV light at �20�C. A series of 70 nm thick sections were then
collected at intervals of 350 nm from each tissue block and placed Cell/Organotypic Culture
onto numbered Formvar coated 200 mesh nickel grids. Tissue sec- Pyramidal and dentate granule neurons (P0-1) were dissociated
tions were incubated with anti-NMDAR1 MAB (Pharmingen, 1:100) from micro-dissected hippocampi by trituration and grown on glass
at 4�C for 6 hr, followed by 10 nm gold-conjugated anti-mouse IgG coverslips coated with 10 �g/ml ECM (Upstate Biotechnology) for
(Amersham; 1:20) for 3 hr at 4�C as described (Milner and Drake, 2 hr at room temperature. For the first 48 hr, hippocampal cultures
2001). Samples were then poststained as given above. Fields con- were grown in 10% fetal calf serum (FCS), 2 mM glutamine, and
taining asymetric spiny dendrites within the central third of the den- 10 �M cytosine arabinoside DMEM, then switched into Neurobasal
tate molecular layer were examined at 46
 and 66,000
 magnifica- media (GIBCO) supplemented with B27 and 2 mM glutamine for 1–4
tion. Numbers of gold particles at or within 25 nm of the postsynaptic weeks. Granule cultures were grown in a medium of 10% FCS, 2
density (determined by morphological parameters) and along its mM glutamine, and 25 mM KCl in DMEM. Kainic acid, NMDA, CNQX,
length were then determined. Density of immunogold labeling per and MK-801 were all from RBI/Sigma and used at concentrations
synapse was calculated as a function of its XY area in units of of 10 �M, 20 �M, 20 �M, and 20 �M, respectively.
�m2. For EphB2�/� and EphB2�/� mice, significant differences were Stimulation conditions of stable cell lines expressing EphB2 were
determined by Student’s t test following a Kolmogrov-Smirnov test as described (Holland et al., 1996). For organotypic cultures, P7-35
for distribution normality. hippocampi and spinal cords were dissected free of surrounding

blood vessels and dura and cut at 300 �m through the central third
of the hippocampus or L2 level using a MacIlwain tissue chopperElectrophysiology/CA1 Recordings

All chemicals used for electrophysiology were from RBI/Sigma un- at 4�C. Slices were cultured on Anopore membrane inserts (Nunc),
in 10% FCS, 2 mM glutamine, 100 units/ml penicillin-G, 100 �g/mlless otherwise specified. CA1 recordings were as described (Jia et

al., 1998). Briefly, field excitatory postsynaptic potentials (fEPSPs) streptomycin in DMEM for 5–14 days as described (Stoppini et al.,
1991). For each experiment, a minimum of six explants per animalwere evoked at a frequency of 0.03 Hz by bipolar tungsten elec-

trodes and recorded with micropipettes filled with ACSF. Responses were obtained for each of the conditions used and experiments
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were repeated a minimum of three times in each of three separate Drescher, U. (1997). The Eph family in the patterning of neural devel-
opment. Curr. Biol. 7, R799–R807.animals.

Doucette, R., and Diamond, J. (1987). Normal and precocious
Acknowledgments sprouting of heat nociceptors in the skin of adult rats. J. Comp.

Neurol. 261, 592–603.
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