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ERK1/2 Activation Is Necessary for BDNF
to Increase Dendritic Spine Density
in Hippocampal CAl Pyramidal Neurons
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Brain-derived neurotrophic factor (BDNF) is a potent modulator of synaptic transmission and plasticity in the CNS,
acting both pre- and postsynaptically. We demonstrated recently that BDNF/TrkB signaling increases dendritic spine
density in hippocampal CAl pyramidal neurons. Here, we tested whether activation of the prominent ERK (MAPK)
signaling pathway was responsible for BDNF’s effects on spine growth. Slice cultures were transfected with enhanced
yellow fluorescent protein (eYFP) by particle-mediated gene transfer, and CAl pyramidal neurons were imaged by
laser-scanning confocal microscopy. We confirmed that BDNF (24 h) increases spine density in apical dendrites of
CAl neurons. The MEK (ERK kinase) inhibitors PD98059 and UOI126 completely prevented the increase in spine
density induced by BDNF, without having an effect on spine density by themselves. In contrast to its actions on
cortical pyramidal neurons, BDNF had minor and rather localized effects on dendritic complexity in hippocampal
pyramidal neurons, increasing the total length, but not the branching of apical dendrites within CAl stratum radiatum,
without affecting basal dendrites in stratum oriens. Our results support the hypothesis that the ERK-signaling pathway
not only mediates long-term synaptic plasticity and hippocampal-dependent learning, but it is also involved in the

structural remodeling of excitatory spine synapses triggered by neurotrophins.

Due to their effects on synaptic transmission and plasticity (for
review, see Poo 2001; Tyler et al. 2002a,b; Vicario-Abejon et al.
2002), neurotrophins in general, and brain-derived neurotrophic
factor (BDNF) in particular, are strong candidates to mediate ac-
tivity-dependent modulation of dendritic structure. BDNF/TrkB
signaling modulates dendritic complexity in cortical and cerebel-
lar neurons (McAllister et al. 1995; Schwartz et al. 1997; Shimada
et al. 1998; Mertz et al. 2000; Yacoubian and Lo 2000), as well as
in dentate granule neurons (Danzer et al. 2002; Tolwani et al.
2002). Overexpression of BDNF in cortical pyramidal neurons
caused a destabilization of dendritic spines, suggesting that local
dendritic instability allows activity-dependent morphological
changes in spine growth to occur (Horch et al. 1999). We dem-
onstrated recently that long-term exposure to BDNF increases
apical dendritic spine density in hippocampal CA1 pyramidal
neurons (Tyler and Pozzo-Miller 2001, 2003). Despite the poten-
tial relevance of these actions for activity-dependent synaptic
plasticity and hippocampal-dependent learning and memory,
the intracellular signaling pathways responsible for the effects of
BDNF on dendritic structure are largely unknown.

The extracellular signal-regulated protein kinase (ERK) sig-
naling pathway could, in principle, mediate the structural
changes triggered by BDNF activation of TrkB receptors (for re-
view, see Segal and Greenberg 1996). ERK1/2 signaling mediates
the effects of BDNF on synaptic plasticity, nuclear signaling, and
memory formation (Finkbeiner et al. 1997; Gottschalk et al.
1999; Blanquet 2000; Pizzorusso et al. 2000; Alonso et al.
2002a,b). In fact, Wu et al. (2001) described that ERK1/2 activa-
tion by patterned stimuli was critical for the formation of persis-
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tant dendritic filopodial extensions, their stability being depen-
dent on the stimuli arriving in a spaced, repeated fashion. In an
intriguing relationship, this same pattern of stimuli has long
been known to fully activate nuclear signaling via cAMP response
element-binding protein (CREB), a mechanism implicated in
long-term changes in synaptic strength and memory formation
(for review, see Lonze and Ginty 2002). We show here that
ERK1/2 signaling is also necessary for BDNF to increase spine
density in hippocampal CA1 pyramidal neurons.

RESULTS

BDNF Increases Spine Density in CAl

Pyramidal Neurons
Recently, we demonstrated that BDNF increased spine density in
the apical dendrites of CA1 pyramidal neurons using a patch-
and-fill approach with a fluorescent dye (Alexa-594; Tyler and
Pozzo-Miller 2001, 2003). To obtain a higher yield of fluores-
cently labeled neurons, we transfected hippocampal slice cul-
tures with eYFP using particle-mediated gene transfer (Lo et al.
1994). Transfected slice cultures preserved normal hippocampal
cytoarchitecture for at least 12 d in vitro (div; Fig. 1A). In addi-
tion, eYFP-expressing CA1 pyramidal neurons displayed sponta-
neous excitatory synaptic currents, and fired accommodating
trains of evoked action potentials (Fig. 1C-E), thus demonstrat-
ing that eYFP biolistic transfection did not cause any detectable
deleterious effects on neuronal and synaptic function.
Consistent with our previous observations, application of
BDNF (250 ng/mL) in serum-free medium for 24 h in vitro in-
creased spine density in secondary and tertiary branches of apical
dendrites of eYFP-transfected CA1 pyramidal neurons
(BDNF =11.17 + 0.93 spines per 10 pm of dendritic length, 10
cells from seven slices, vs. serum free = 6.13 + 0.62 spines/10

11:172-178 ©2004 by Cold Spring Harbor Laboratory Press ISSN 1072-0502/04; www.learnmem.org



BDNF Increases Spines via ERK1/2

<« Basal

vl[/"\”w"u'y'l‘“‘wkf\”“vw 0

* £
*’fvf'r\/““ V¥ fkhﬂ“ i 3
SODA-J.— * A Vm:-60
[
200ms * 1
0.2s
F G _ s
P 3 #
o
2
£ 199
a
)
u6 —_
o 5
o
£
s
c
BDNF 04

SF BDNF

Figure 1 BDNF increases spine density in eYFP-transfected CA1 pyra-
midal neurons. (A) NeuN immunocytochemistry allowed identification of
all hippocampal subfields, CA1, CA3, and dentate gyrus (DG). White
square indicates the region from which pyramidal neurons were selected
for confocal imaging. (B) Confocal image of a representative eYFP-
transfected CA1 pyramidal neuron from a serum-free slice. (C) Confocal
image of a representative eYFP-transfected CA1 neuron (green), filled
with Alexa-594 during whole-cell recording (red). (D) Representative
continuous records of spontaneous excitatory synaptic currents. (E) Ac-
tion potential train (top trace) evoked by somatic current injection (bot-
tom trace, 200 pA, 0.8 sec). (F) Higher magnification views of represen-
tative segments of apical dendrites from control serum-free (SF) and
BDNF-treated slices (scale bar, 2 ym). (G) Quantification of spine density,
expressed per 10 um of apical dendrite. (#) P < 0.001, Student t test,
t=4.615, n=10-13.

pm, 13 cells from 12 slices; P < 0.001; Fig. 1F,G). In all of our
studies, we used serum-free medium as the control condition to
avoid the confounding effects of unknown amounts of hor-
mones and growth factors potentially present in horse serum
(Tyler and Pozzo-Miller 2001, 2003). The spine density in apical

dendrites of eYFP-transfected CA1 pyramidal neurons obtained
in the present studies is in good agreement with those we ob-
served in Alexa-594 filled neurons (Tyler and Pozzo-Miller 2001,
2003).

ERK Is Necessary for BDNF-Induced Increase

in Spine Density

Because BDNF activation of TrkB receptors leads to stimulation of
the ERK (MAPK)-signaling pathway (for review, see Segal and
Greenberg 1996), we tested whether this cascade is responsible
for BDNF’s effects on spine density. The MEK (ERK kinase) in-
hibitors PD98059 and U0126 (25 pM; Alessi et al. 1995; Favata et
al. 1998) completely prevented the BDNF-induced increase in
spine density (BDNF + PD98059 25 uM = 6.24 + 1.42 spines/10
pm, seven cells from four slices; and BDNF + U0126 25
M =7.30 = 0.76 spines/10 um, 13 cells from nine slices; both
vs. BDNF =11.17 + 0.93 spines/10 um, 10 cells from seven slices
P < 0.05; Fig. 2). This effect was dose dependent, as lower con-
centrations of the same inhibitors (10 uM) did not prevent
BDNF-induced increase in spine density (BDNF + PD98059 10
M =10.32 =2.19 spines/10 pm, five cells from three slices;
BDNF + U0126 10 pM =9.30 + 1.42 spines/10 um, seven cells
from three slices; P> 0.05 vs. BDNF; Fig. 2). Treatment with
PD98059 or U0126 alone in serum-free medium (25 pM) did not
affect spine density compared with controls (serum-
free = 6.13 = 0.62 spines/10 pm, 13 cells from 12 slices, vs.
PD98059 = 6.33 £ 0.65 spines/10 pm, 11 cells from five slices;
and vs. U0126 =7.41 + 1.61 spines/10 pm, six cells from five
slices, P> 0.05). These data demonstrate that ERK signaling is
necessary for BDNF to increase spine density, whereas the
basal levels of ERK activity in serum-free slices do not affect spine
density.

To independently confirm that the concentrations of MEK
inhibitors used in the previous experiments effectively blocked
ERK1/2 activation in our slice cultures, we measured the phos-
phorylation levels of ERK1 and ERK2 by immunoblotting of du-
ally phosphorylated kinases (P-ERK1 and P-ERK2). Treatment of
hippocampal slice cultures with BDNF (250 ng/mL, 24 h) in-
creased the levels of P-ERK1 and P-ERK2 compared with serum-
free controls (Fig. 2C), as observed in acute hippocampal slices
(Gottschalk et al. 1999). However, preincubation with PD98059
or U0126 (25 pM) caused a significant reduction in P-ERK1 and
P-ERK2 compared with the BDNF-treated group (Fig. 2C), con-
firming that BDNF activates the ERK1/2-signaling pathway in
hippocampal slice cultures. No differences were observed be-
tween serum-free controls and BDNF-treated cultures when the
immunoblots were stripped and reprobed using antibodies that
recognize ERK1 and ERK2 independently of their phosphoryla-
tion state (Total ERK1 and ERK2), indicating that there were no
effects on total protein expression, and that the same amount of
protein was loaded in each lane (Fig. 2 C).

BDNF Has Minor and Localized Effects on Dendritic
Length in CAl Pyramidal Neurons

Neurotrophins increase dendritic complexity in cortical pyrami-
dal neurons (for review, see McAllister et al. 1999). Despite its
well-documented effects on synaptic transmission and plasticity
in the hippocampus (for review, see Poo 2001; Tyler et al.
2002a,b), the possibility that BDNF also modulates dendritic
complexity in hippocampal CA1 pyramidal neurons had not
been thoroughly tested until recently (Danzer et al. 2002). To this
aim, we performed a three-dimensional analysis of dendritic
complexity from z-stacks of confocal optical sections of eYFP-
expressing CAl pyramidal neurons (Fig. 3A-D). No differences
were found in the total dendritic length (Fig. 3E,F; P > 0.05), or in
the number of total dendritic branch points (nodes) of both basal
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Figure 2 ERK activity is necessary for BDNF to increase spine density in CA1 pyramidal neurons.
(A) High magnification views of representative segments of apical dendrites (scale bar, 2 pm).
Images (left to right) are as follows: serum-free (SF); BDNF; BDNF + PD98059 at 10 uM (BDNF + PD
10 uM); BDNF + PD98059 at 25 pM (BDNF + PD 25 uM); BDNF + U0126 at 10 uM (BDNF + U 10
uM); BDNF + U0126 at 25 pM (BDNF + U 25 uM); PD98059 at 25 pM alone (PD 25 pM); and
U0126 at 25 pM alone (U 25 pM). (B) Quantification of spine density, expressed per 10 um of apical
dendrite. (#) P<0.01 vs. SF group; (*) P<0.05 vs. BDNF-treated group; ANOVA followed by
Newman Keul test, F(7, 64) = 3.475; n=5-13. (C) Representative Western blots using antiphos-
phorylated ERK1 and ERK2 (P-ERK1 and P-ERK2) and anti-ERK1 and ERK2 (Total ERK1 and Total
ERK2) antibodies in whole homogenates of hippocampal slice cultures. Lanes (left to right) are as
follows: serum-free (SF); BDNF; BDNF + PD98059 at 10 uM (BDNF + PD 10 pM); BDNF + PD98059
at 25 uM (BDNF + PD 25 pM); BDNF + U0126 at 10 uM (BDNF + U 10 pM); BDNF + U0126 at
25 uM (BDNF + U 25 uM); PD98059 at 25 uM alone (PD 25 uM); and U0126 at 25 uM alone
(U 25 uM).

and apical dendrites (Fig. 3G,H; P > 0.05) between BDNF (250
ng/mL for 24 h) and serum-free control slices. Analyzing these
variables as a function of distance from the somata revealed a
trend of an increase in the total length of apical dendrites in
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BDNF-treated slices, statistically significant
(P <0.05) only between 240 and 260 pm,
corresponding to stratum radiatum, in
which CA3 axons form synapses with CA1
dendritic spines (serum free = 57.41 *+
23.25 pm, nine cells from nine slices, vs.
BDNF = 157.1 + 36.34 um, seven cells from
seven slices, Student t test, P = 0.03; Fig. 4).
No differences were found in the total
length of basal dendrites, nor in the total
number of branch points of basal and apical
dendrites at any distance from the somata
(all P>0.05). These observations suggest
that BDNF has a rather small and quite spa-
tially localized effects on dendritic length in
CA1 pyramidal neurons, in marked contrast
to its profound effects on dendritic com-
plexity, including total length and branch-
ing, in cortical pyramidal neurons (McAllis-
ter et al. 1995) and dentate granule cells
(Danzer et al. 2002; Tolwani et al. 2002).

DISCUSSION

We have shown previously that BDNF acti-
vation of its TrkB receptor increases spine
density in apical dendrites of hippocampal
CA1 pyramidal neurons (Tyler and Pozzo-
Miller 2001, 2003). Here, we confirm and
extend those findings, demonstrating that
ERK activation is necessary for BDNF to in-
duce spine growth in CA1 pyramidal neu-
rons. In addition, we show that BDNF has
rather small and localized effects on den-
dritic length in CA1 neurons, in contrast to
its profound effects on dendritic complexity
in cortical pyramidal neurons (for review,
see McAllister et al. 1999). These results un-
derscore the differences in the modulation
of dendritic structure by BDNF between
hippocampal versus cortical pyramidal neu-
rons. Overexpression of BDNF in cortical
pyramidal neurons elicited a destabilization
of dendritic spines, leading to a reduction of
their density (Horch et al. 1999), although a
focal source from BDNF-overexpressing
neurons did not alter the local density of
dendritic protrusions on neighboring un-
transfected neurons (Horch and Katz 2002).
On the other hand, BDNF increases spine
density in hippocampal CA1 pyramidal
neurons (Tyler and Pozzo-Miller 2001,
2003; Figs. 1 and 2). In addition, BDNF has
localized effects on dendritic length, but
not on branching of apical dendrites of CA1
neurons (Figs. 3 and 4), as opposed to the
widespread increase of dendritic length and
branching in cortical pyramidal neurons
(McAllister et al. 1995). Consistent with this
view, Danzer et al. (2002) showed recently
that the effects of BDNF in the hippocam-
pus are cell-type specific—BDNF increased
dendritic complexity in dentate granule

cells, without affecting CA3 or CA1 pyramidal neuron dendrites.
Taken together, these observations clearly indicate that BDNF
modulates dendritic structure and spine density in a cell-type-
specific manner, and demonstrate the need for caution when
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Figure 3 BDNF does not affect the length or branching of either apical
or basal dendrites of CA1 pyramidal neurons. Representative low magni-
fication views of eYFP-transfected CA1 neurons, and full tracings from
serum-free (A,C), and BDNF-treated slices (B,D; scale bar, 50 um). Total
length of apical (E) and basal (F) dendrites, and total number of apical
(G) and basal (H) branch points. P < 0.05 in all cases; Student’s t test,
n=7-9.

generalizing the actions of neurotrophins on dendritic
morphology.

In the present and all of our previous studies of BDNF’s
actions using organotypic cultures of hippocampal slices (Tar-
taglia et al 2001; Tyler and Pozzo-Miller 2001, 2003; McCutchen
et al. 2002), we used serum-free medium as the control condition
to avoid the confounding effects of unknown amounts of hor-
mones and growth factors potentially present in the horse serum.
This rationale stems from the observation that BDNF did not
increase spine density in CA1l pyramidal neurons when applied
to slice cultures maintained in horse serum containing medium
(L. Pozzo-Miller, unpubl.). This is in contrast to the effects of
estrogen, which increased spine density in CA1 neurons main-
tained in serum containing medium (Pozzo-Miller et al. 1999).
Thus, it appears as though the unknown quantities of growth
factors and hormones present in the horse serum—or their effects
on BDNF expression and/or release from cells within the cultured
slices—may differentially affect the modulation of spine density

by estrogen versus BDNF, potentially due to different intracellu-
lar signaling cascades. In addition, the spine density in CA1 neu-
rons of slices maintained in medium containing 20% horse se-
rum (the standard protocol; Gdahwiler 1981; Yamamoto et al.
1989; Stoppini et al. 1991) are comparable with those observed in
slices exposed to BDNF in serum-free conditions (11.17 = 0.36
spines/10 pm in medium vs. 9.46 = 0.22 spines/10 pm in serum-
free plus BDNF; data from Tyler and Pozzo-Miller 2003). On the
other hand, endogenous BDNF signaling seems to modulate
spine density in slices maintained in serum containing medium,
as exposure to function blocking anti-BDNF antibodies (50 ng/
mL), or the endogenous BDNF scavenger TrkB-IgG (20 png/mL;
Shelton et al. 1995), reduced spine density in CAl pyramidal
neurons by 52% and 51% compared with neurons of slices kept
in serum containing medium, respectively (L. Pozzo-Miller, in
prep.). Taken together, these results underscore the importance
of the culture medium composition in those studies of neuro-
trophin and hormone actions on dendritic and spine structure
using in vitro cultured preparations.

Regarding the specific role of ERK1/2 in BDNF-induced
spinogenesis in CA1 neurons, it has been reported that
PD098059 and U0126, two widely used MEK inhibitors, also in-
hibit ERKS in COS7 cells (Kamakura et al. 1999). Because BDNF/
TrkB signaling could also activate ERKS in cortical and dorsal root
ganglion (DRG) neurons (Cavanaugh et al. 2001; Watson et al.
2001), we cannot presently rule out the contribution of this ki-
nase to BDNF-induced spine formation in hippocampal slice cul-
tures. However, a recent study indicated that ERKS is highly ex-
pressed in the mammalian brain early during development,
gradually declining as the brain matures (Liu et al. 2003). To-
gether with its role in neuronal survival (Liu et al. 2003), these
observations suggest that the role of ERKS could be more promi-
nent early during development, with less involvement in post-
natal phenomena in established neuronal populations, such as
those studied here.

Dendritic spines are the sites of diverse synaptic plasticity
events, ranging from changes in synaptic strength (for review, see
Sorra and Harris 2000; Yuste and Bonhoeffer 2001) to experience-
dependent plasticity in vivo (for review, see Zito and Svovoda
2002). We have shown recently that BDNF signaling via ERK1/2
in the CA1 region is required for a hippocampal-dependent, one-
trial avoidance-learning task in rats (Alonso et al. 2002a). Con-
sidering that BDNF activation of ERK1/2 also induces long-term
potentiation in the dentate gyrus in vivo (Ying et al. 2002), the
present results on dendritic spine density strongly suggest that
BDNEF/TrkB signaling is converging on the ERK1/2 cascade to
induce enduring changes at the behavioral, physiological, and
morphological levels (for review, see Tyler et al. 2002a).

MATERIAL AND METHODS

Organotypic Slice Cultures

Hippocampal slices from postnatal-days 7 to 10 (P7-P10)
Sprague-Dawley rats were cultured as described previously (Tyler
and Pozzo-Miller 2001, 2003). The confounding effects from un-
wanted factors in the sera were eliminated by using a fully de-
fined, serum-free medium in all control groups (Neurocellular-II,
Biofluids; plus B-27 supplement; Invitrogen). Antibiotics, anti-
myecotics, or proliferation inhibitors were never included in the
culture medium.

Particle-Mediated Gene Transfer

Slices were transfected at 7 d in vitro (div), after 24 h in serum-
free medium. Plasmid DNA coding for enhanced yellow fluores-
cent protein (eYFP; Clontech; a gift from Dr. C. Garner (Stanford
University) was introduced by biolistic transfection using a gene
gun (Helios, Bio-Rad) following the manufacturer’s protocols.
DNA was precipitated onto colloidal gold (1.6 ym) at a ratio of 2
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ture (RT), followed by PB saline (PBS)
washes (4 X, 15 min), trimming of the filter
membrane around the slices, and mounting
on glass slides with Vectashield (Vector
Laboratories). Only small numbers of pyra-
midal neurons happened to be transfected
per slice, usually none to three in each slice,
making it easy to distinguish the entire den-
dritic arborization of individual neurons.
Hippocampal cell layers and subregions
were identified by NeuN immunofluores-
cence following conventional protocols, in-
cluding blocking and permeabilization
(horse serum, bovine serum albumin, and

T T T T H i ¥

T
20 80

Distance fromthe somata (um)

500 -

s

@

o
i

Total basal length (;.:m)

O ot + r
20 60 100

- . ol = o
140 180 220 260 300

Distance from the somata (.1 m)

Figure 4 BDNF has small and localized effects on apical, not basal, dendritic length in CA1
pyramidal neurons. Total length of apical (A) and basal (B) dendrites as a function of distance from

the soma. (*) P < 0.05; Student’s t test, n=7-9.

pg DNA to 1 mg gold, and then coated onto Tefzel tubing using
polyvinypyrrolidine (0.06 mg/mL). Slices were bombarded in the
culture plates (He pressure: 100 psi; distance: ~15 mm). Culture
medium was changed 24 h after transfection, and every 2 d there-
after.

Kinase Inhibitor Treatments

Slices were assigned randomly to the following groups: (1) serum-
free medium control; (2) BDNF (250 ng/mL; provided by Amgen)
in serum-free medium; (3) BDNF preceded, and in conjunction
with PD98059 (10 or 25 uM; Promega); (4) BDNF preceded, and
in conjunction with U0126 (10 or 25 uM; Cell Signaling); (5)
PD98059 (25 uM) alone in serum-free medium; and (6) U0126
(25 pM) alone in serum-free medium. The ERK1/2 inhibitors,
PD98059 and U0126, were dissolved in DMSO (1:1000 final di-
lution); vehicle controls were performed by treating slice cultures
with a 1:1000 dilution of DMSO in culture medium. The inhibi-
tors alone were added 30 min before the application of BDNF
plus inhibitors. A total of 50 pL of medium was placed onto the
slices to facilitate entry of the compounds, followed by full-
medium exchange (-1 mL per well). All treatments lasted 24 h,
beginning 3-4 d after transfection. The concentration of BDNF
used in the present studies (250 ng/mL) was chosen on the basis
of previous reports, including our own, demonstrating robust
effects on dendritic morphology in brain slices (McAllister et al,
1995; Horch et al. 1999; Tyler and Pozzo-Miller 2001, 2003).

Slice Culture Fixation and Selection of CAl
Pyramidal Neurons

Slices were fixed by immersion in 4% paraformaldehyde in 100
mM phosphate buffer (PB; ~36°C) for 40 min at room tempera-
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Confocal Imaging

Low-magnification views of entire neurons,
and high-resolution images of distal sec-
ondary and tertiary branches of apical den-
drites were acquired with an Olympus Fluo-
view FV-300 laser-scanning confocal micro-
scope (Olympus Fluoview) using dry 20 X
(NA 0.5) and oil immersion 100X (NA 1.4)
objectives (Olympus PlanApo), respectively.
eYFP fluorescence was excited using an argon laser (488 nm) and
detected using standard FITC filters, whereas Texas Red-
conjugated antibodies and Alexa-594 were imaged using a kryp-
ton laser (647 nm) and standard Texas Red filters. Series of optical
sections in the z-axis were acquired at 0.5 or 0.1 ym intervals for
entire neurons and distal dendrites, respectively.

trd Gl
380 420

Analysis of Spine Density

Dendritic spines were identified as small protrusions extending
=3.0 pm from their parent dendrite, and counted off-line using
Image] (National Institutes of Health). Care was taken to ensure
that each spine was counted only once by following its course
through the stack of z-sections. Only spines appearing continu-
ous with their parent dendrites were used for quantitative analy-
ses. Spine density was calculated by quantifying the number of
spines per unit length of dendrite, and normalized to 10 pm of
dendritic length. The total dendritic length used for spine den-
sitometry was as follows: serum free = 1045.92 pm;
BDNF = 1024.59 pm; BDNF + PD98059 10 pM = 513.91;
BDNF + PD98059 25 uM = 667.57 pm; BDNF + U0126 10
M = 829.61 pm; BDNF + U0126 25 pM = 1230.32 pm; PD98059
25 pM =1075.94 pm; and U0126 25 pM = 511.34 pm. Micro-
scope calibrations were performed using 0.2 and 1 pm latex fluo-
rescent beads (Molecular Probes).

Dendritic Complexity Analysis

Neurons were traced in three dimensions from the z-stacks using
Neurolucida (MicroBrigthField). The intersections of traced den-
drites with a series of concentric spheres starting at the soma and
spaced at 20-um intervals were used as a measure of dendritic
complexity. The total dendritic length and number of dendritic
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branch points (nodes) were calculated and used for statistical
comparisons.

Electrophysiological Recordings

Whole-cell recordings were performed from visually identified
eYFP-transfected CA1 pyramidal neurons in 8-10 div slice cul-
tures using simultaneous IR-DIC and epifluorescence microscopy
(Pozzo-Miller et al. 1999). eYFP fluorescence (standard FITC fil-
ters), and sometimes a gold particle (1.6 pm) were used as visual
guides for patch-clamping a transfected CA1 neuron. The re-
corded neuron was unambiguously identified by including
Alexa-594 (Molecular Probes) in the patch pipette (132 pyM), and
using standard Texas Red filters. Following whole-cell recording,
the electrode was gently removed and the slice fixed for 2-chan-
nel confocal microscopy.

Immunoblot Assays

Three slices per group were pooled and homogenized in ice-
chilled lysis buffer. Samples (5 pg of protein) were subjected to
SDS-PAGE (10% gels), and immunoblots were performed with
anti-ERK1 and 2 (1:1000) and anti-phosphorylated ERK1 and
ERK2 (1:1000; both from New England Biolabs), as described pre-
viously (Alonso et al. 2002a,b).

Statistical Analysis

All measurements were performed in a blind fashion. Data were
analyzed statistically using unpaired Student’s f tests, or analysis
of variance (ANOVA), followed by Newman-Keuls as post-hoc
test, all using Prism (GraphPad). P < 0.05 was considered signifi-
cant. Data are presented as mean + standard error of the mean.
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