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Knockout of ERK1 MAP Kinase Enhances Synaptic
Plasticity in the Striatum and Facilitates
Striatal-Mediated Learning and Memory

Our results reveal an unexpected complexity of ERK-
dependent signaling in the brain and a critical regula-
tory role for ERK1 in the long-term adaptive changes
underlying striatum-dependent behavioral plasticity
and drug addiction.
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Summary nergic signaling in such a variety of functions has also
been substantiated by genetic experiments. For in-

Extracellular signal-regulated kinases (ERK1 and 2) stance, ablation in the mouse of D1 and D2 receptors
are synaptic signaling components necessary for sev- results in opposing effects on basal locomotion and
eral forms of learning. In mice lacking ERK1, we ob- altered behavioral responses to drugs of abuse such as
serve a dramatic enhancement of striatum-dependent morphine and cocaine (Maldonado et al., 1997; Xu et
long-term memory, which correlates with a facilitation al., 1994a, 1994b). However, still very little is known of
of long-term potentiation in the nucleus accumbens. the intracellular mechanisms leading to synaptic plastic-
At the cellular level, we find that ablation of ERK1 ity in the striatum. Classical studies on D1- and D2-like
results in a stimulus-dependent increase of ERK2 sig- receptors have demonstrated that these receptors are
naling, likely due to its enhanced interaction with the differentially coupled to the cAMP/PKA pathway but
upstream kinase MEK. Consistently, such activity recent evidence indicates that DA receptor activation in
change is responsible for the hypersensitivity of ERK1 the striatum may also activate other signaling cascades,
mutant mice to the rewarding properties of morphine. including the ERK pathway (Nestler, 2001).

The mitogen-activated protein kinase (MAPK)/extra-
cellular signal-regulated kinase (ERK) pathway is a sig-8 Correspondence: r.brambilla@hsr.it

9 These authors contributed equally to this work. naling cascade, controlled by the Ras family of small
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GTPases, which plays a crucial role in a variety of cell is consistent with results obtained from peripheral tis-
sues, such as embryonic fibroblasts (Pagès et al., 1999).regulatory events (Shields et al., 2000; Pearson et al.,

2001). The role of the Ras/ERK pathway in cell prolifera- We also probed brain extracts with phospho-specific
antibodies recognizing both phospho-ERK1 and phos-tion, differentiation, and survival is well established, but

several lines of evidence have recently pointed to an pho-ERK2, to evaluate the in vivo activation state of the
two ERK isoforms (Figure 1B). Once again, no differ-involvement of Ras/ERK signaling in long-term synaptic

changes and behavior (Adams and Sweatt, 2002; Maz- ences between mutants and wild-type extracts were
observed, confirming that the absence of ERK1 did notzucchelli and Brambilla, 2000; Orban et al., 1999). Pro-

longed activation of postsynaptic receptors results in alter the basal phosphorylation state of ERK2. Next, we
compared the stoichiometry of in vivo phosphorylationtranslocation of ERK kinases to the nucleus, resulting in

phosphorylation and activation of transcription factors of ERK1 with that of ERK2. Scanning and normalization
of the signals in wild-type mice revealed that the basalsuch as CREB and Elk-1. These nuclear events initiate

cell-specific gene expression programs necessary for phosphorylation level of p42ERK2 was much higher than
that of p44ERK1 in all structures examined (Figure 1C).synaptic remodeling and long-term changes in synaptic

efficacy. Similar conclusions were also drawn from in vitro experi-
ments with primary cultures (Figure 1D). In wild-typeThe most abundant ERK kinases in the brain are the

products of ERK1 and ERK2 genes. Most of the experi- cortical neurons stimulated with glutamate, p42ERK2 be-
came strongly activated while little phosphorylation wasmental evidence for a role of ERK-dependent signaling

in synaptic function has so far relied on the use of inhibi- seen in p44ERK1, confirming that ERK2 is the major MEK
substrate in the brain.tors that do not discriminate between the two kinase

isoforms, since they all act on the upstream activators
MEK1/2. However, until now, no evidence has been pro- Altered Behavioral Responses in ERK1
duced for specific functions of ERK1 and ERK2 kinases. Mutant Mice
Here we show that ERK1 and ERK2 MAP kinases play In the absence of evident anatomical abnormalities in
specific and distinct roles in regulating synaptic func- ERK1 mutant mice, we evaluated possible behavioral
tion. Mice lacking ERK1 manifest abnormal signaling changes associated with the mutation. We began our
responses, which are linked to an upregulation of ERK2 behavioral characterization by monitoring basal loco-
activity in the brain. These biochemical changes result in motion in ERK1 mutant mice and littermates. Mutant and
dramatic alterations of synaptic plasticity in the striatum wild-type mice were individually placed in the activity
and correlate with altered behavioral responses depen- boxes for 10 min on three consecutive days (Martin et
dent on this structure, including a striking increase in al., 2000a). Since the environment is novel, wild-type
sensitivity to the rewarding properties of morphine. mice initially show very high levels of locomotor activity,

which subsides with time both within and across test
sessions. The results showed statistically significant in-Results
crease in locomotion of ERK1�/� mice, both in horizontal
(F1,95 � 12.101, p � 0.001) and vertical (F1,95 � 5.688, p �In Vivo Loss of ERK1 Does Not Affect Brain

Development or Alter Expression of ERK2 0.05) activity (Figures 2A and 2B), in the first session.
Furthermore, whereas wild-type mice showed clear ha-To address the in vivo roles of ERK1, we have previously

generated protein null mutant mice. These mice are via- bituation from day 1 to 3 (p � 0.001) both in horizontal
and in vertical activity, ERK1 mutants retained a signifi-ble, fertile, and of normal size, but manifest deficits in

thymocyte maturation (Pagès et al., 1999). Before exam- cantly higher activity on day 3, both in horizontal activity
(F1,95 � 17.383, p � 0.001, genotype effect) and in verticalining possible effects of ERK1 deletion on synaptic func-

tion, we first analyzed the brains of mutant mice for activity (F1,95 � 26.441, p � 0.001, genotype effect). Alto-
gether, these results demonstrate a significant differ-anatomical abnormalities. Histochemical analysis with

myelin/Nissl staining (Figure 1A) or parvalbumin and cal- ence between wild-type and ERK1 mutants in their basal
locomotor features.bindin (not shown) did not reveal any anatomical dif-

ferences between ERK1 mutant mice and littermate Next, we subjected the mice to two operant condition-
ing tests with the aim of assessing possible cognitivecontrols, excluding the possibility of an anatomical alter-

ation in brain development. dysfunction. We used the active and passive avoidance
procedures to test mutant mice since they are reliableTo assess the expression profile of both ERKs, and

to check for possible compensatory changes in ERK2 and complementary tests for measuring the integrity
of the long-term synaptic processes in a number ofexpression in ERK1-deficient mice, we then dissected

selected brain areas and prepared protein extracts. In subcortical structures, including the hippocampus, the
amygdala, and the striatum (Schutz and Izquierdo, 1979;all structures analyzed by Western blotting, we observed

a more pronounced immunoreactivity for p42ERK2 in com- Taghzouti et al., 1985; Izquierdo et al., 1997; Roozendaal
et al., 1993; Salamone, 1994).parison to p44ERK1 in wild-type brains (Figure 1B). This

is in agreement with previous reports, indicating that, The two-way avoidance (“active avoidance”) para-
digm is a measure of associative emotional learning andin some brain areas such as hippocampus, ERK2 is the

predominant isoform (English and Sweatt, 1996, 1997). reinforcer-driven control of motor activity (Clincke and
Werbrouck, 1993). The apparatus consists of two-cham-However, no differences in ERK2 expression were de-

tected between ERK1 mutant and wild-type mouse bered boxes of the same size and shape with a door in
the wall between the two compartments. In the proce-brains, indicating that loss of one isoform did not result

in compensatory increase of the other. This observation dure, a warning light (conditioned stimulus, CS) pre-
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Figure 1. Anatomical and Biochemical Analysis of ERK1�/� Brains

(A) ERK1 mutant brain sections (b, d, f, h) as compared to littermate controls (a, c, e, g). All pictures were taken from 40 �m parasagittal
cryosections. (A) Cyto- and myeloarchitecture visualized by cresyl violet staining (a–f) or gold chloride myelin stain (g and h). (a and b) Overview
showing normal brain size and overall cyto- and myeloarchitecture in ERK1�/� brains. (c and d) Hippocampal formation (magnification 5�).
There is no obvious size reduction in ERK1�/� mice and the cell, and synapse layers of the dentate gyrus and Ammon’s horn are normally
developed. Perforant path (arrows), fimbria (asterisk), and corpus callosum have normal appearance. (e–h) Details of dorsal striatum showing
normal cell density as well as unaffected number and appearance of fiber bundles (arrows) in the internal capsule (magnification 20�). (B)
Normal ERK2 expression in ERK1 mutant brains. Immunoreactivity to both anti-ERK and anti-phospho-ERK antibodies of wild-type and ERK1
mutant mice brain extracts (ob, olfactory bulbs; cx, neocortex; st, striatum; hip, hippocampus; hyp, hypothalamus; am, amygdala; crb,
cerebellum; pit, pituitary gland, 10 �g/lane). In addition to p44ERK1 and p42ERK2, a nonspecific band of p46 (asterisk) is recognized by the anti-
ERK antibodies. (C) Quantification of normalized p44 and p42 bands intensities from (B) (C, cortex; S, striatum; H, hippocampus). (D) Embryonic
cultures (E16) were prepared from cortex of wild-type mice and then stimulated with 100 �M glutamate for the indicated times. Protein extracts
(10 �g) were separated onto SDS-PAGE and probed with either anti-ERK or anti-phospho-ERK antibodies. Band intensities were quantified
as mean from three independent experiments and plotted as normalized relative intensity of both p42 and p44 (�� p � 0.001, t test).

cedes a mild electric footshock (unconditioned stimulus, shown). Importantly, to rule out the possibility that the
result obtained was not due to associative learning, weUS) by 5 s and overlaps it for 25 s. Over extensive training

(5 days, 100 trials per day), mice learned to associate measured both footshock sensitivity and basal locomo-
tor activity (in absence of shock) in the shuttle box. Nothe US and the CS, and avoid the US by running into the

opposite compartment before the US onset. As shown in statistical differences were seen in either parameter (see
inset in Figure 2C for basal activity). Therefore, theseFigure 2C, both wild-type and mutant mice gradually but

efficiently learned to avoid the electric shock. However, results indicate that ERK1 mutant mice show an en-
hanced rate of learning in the active avoidance par-ERK1 mutants were significantly faster in learning the

task. Two-way ANOVA revealed a significant interaction adigm.
Multiple-trial learning paradigms, such as activeof genotype and training (p � 0.01). Post-hoc analysis

indicated significant genotype differences on days 2, 3, avoidance, do not allow precise discrimination between
behavioral changes occurring at the level of short-termand 4. At day 5, statistical differences between the

groups were no longer seen, and both groups apparently (STM) or long-term memory (LTM) formation. This preci-
sion is possible, however, with passive avoidance inreached a learning plateau. However, memory retrieval

monitored after 5, 10, 20, and 30 days suggested a which short- and long-term memory formation can be
probed at 30 min and 24 hr, respectively (Sahgal, 1993).tendency for superior performance of the KO mice (not
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Figure 2. Hyperactivity and Improved Performances in Active and Passive Avoidance Task of ERK1�/� Mice

Animals (wild-type, wt, n � 53; ERK1�/�, ko, n � 44) were placed for 3 consecutive days in activity boxes for 10 min. (A) Horizontal and (B)
vertical activity was measured and plotted as indicated. (C) Active avoidance behavioral responses are indicated as percentage of shock
avoidance, over 5 days (16 mice each genotype). In the inset, number of crossings at the end of the experiment indicates no differences
between groups in basal locomotory activity. (D) Passive avoidance learning is indicated as step-through latency, for untrained mice, trained
mice probed at 30 min (wild-type, n � 8; ERK1�/�, n � 10), and 24 hr after training (wild-type, n � 15; ERK1�/�, n � 17). Values are mean �

SEM. ��� p � 0.001, �� p � 0.01, � p � 0.05, genotype effect.

The apparatus consists of two chambers: a larger dark Loss of ERK1 Affects Synaptic Plasticity
in a Region-Specific Mannerchamber, separated by a door from a smaller one kept

strongly illuminated. A floor grid placed in the dark The results obtained from the operant conditioning tests
imply that in vivo loss of ERK1 results in a marked en-chamber permits passage of footshocks. This test takes

advantage of the natural tendency of mice to prefer dark hancement of memory consolidation, while learning and
STM appear to be normal. Altogether, the behavioralspaces over lit spaces. The task begins by placing the

mouse in the lit box, then opening the door between data suggest that in ERK1 mutant neuronal networks,
changes in cell signaling might have significant effectsthe chambers. When the mouse enters the dark com-

partment after a short latency, the door is closed and on synaptic function. We therefore examined synaptic
plasticity in hippocampus (CA1), basolateral amygdala,a single footshock is administered. A single training ses-

sion is normally sufficient to learn the task, i.e., to learn and ventral striatum (nucleus accumbens), all of which
are known to be implicated in behavioral plasticity (Le-not to enter the dark compartment. The time spent in the

lit side (step-through latency) is the measure of passive Doux, 2000; Martin et al., 2000b; Nicola et al., 2000).
Tetanic stimulation (two trains of 100 pulses at 100 Hzavoidance.

Both ERK1 mutant mice and controls successfully for 1 s) of the neocortical inputs to nucleus accumbens
resulted in potentiation that was significantly larger inlearned to avoid punishment in the dark compartment

(main effect of treatment, F1,16 � 540.664, p � 0.001) slices from ERK1 knockout mice than in wild-type slices
(Figures 3A and 3D). Although both groups showed simi-(Figure 2D). There was no significant difference between

ERK1 mutants and their wild-type littermates in step- lar initial levels of potentiation, responses in nucleus
accumbens of ERK1�/� mice increased reliably betweenthrough latency at 30 min. In contrast, long-term reten-

tion tested 24 hr after training was significantly better 15 and 30 min after tetanus, to a final value significantly
greater than littermate controls (190% � 21% of base-in ERK1-deficient compared to control mice (F1,30 �

8.574, p � 0.01). These data confirm that ERK1 mutant line for ERK1�/�, n � 8; 128% � 7% for ERK1�/�, n �
10, p � 0.01). In contrast, the effects of ERK1 deletionmice manifest improved LTM in avoidance tasks.
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Figure 3. Synaptic Plasticity Is Altered in ERK1�/� Mice

(A) Tetanic stimulation of neocortical inputs to saggital slices of nucleus accumbens produced significantly larger LTP in ERK1 mutant mice
(�) than in wild-type littermate controls (�). Two trains of 100 pulses at 100 Hz were delivered after a 15 min baseline period. (D) Comparison
of the average percent of LTP shown in (A) across the 60 min after tetanus. (B–E) Theta-burst stimulation delivered to Schaffer collateral/
commissural inputs to CA1 produced significantly less LTP in knockouts, compared to wild-type controls, while tetanic stimulation produced
equal magnitude LTP in both ERK1�/� and ERK1�/� slices. (C–F) Theta-burst tetanus delivered to the lateral amygdala produced equivalent
magnitude LTP in the basolateral amygdala of ERK1�/� and ERK1�/� slices. A repeated measures ANOVA comparing genotype by post-tetanus
time (in 10 min bins) revealed a significant main effect of genotype in nucleus accumbens and in hippocampus (theta-burst stimulation only).
Values are mean � SEM. �� p � 0.01, � p � 0.05, genotype effect.

on synaptic plasticity in the hippocampus depended on Enhancement of ERK2 Signaling in ERK1 Mutant
Neuronal Networksthe type of stimulation used to induce LTP (Figures 3B

and 3E). Three trains of theta-burst stimulation (each The experimental evidence presented so far suggests
that the loss of one of the two ERK isoforms in the braintrain consisting of ten bursts of four pulses at 100 Hz,

5 Hz burst frequency) induced LTP in both knockout results in enhancement of long-term synaptic plasticity
in some, but not all, forebrain structures, and that thisand wild-type CA1, but the LTP in ERK1�/� slices was

significantly smaller than in wild-type (171% � 10% of enhancement might provide the cellular basis for the
observed facilitation of LTM. To investigate the molecu-baseline for ERK1�/� slices, n � 8; 143% � 6% for

ERK1�/�, n � 17, p � 0.05). Surprisingly, however, when lar mechanisms that may underlie this phenomenon, we
analyzed the kinetics of ERK activation in ERK1 mutanthippocampal slices were tetanized with two 100 Hz

trains of 100 pulses, the magnitude of LTP did not differ and wild-type mice by culturing primary neurons from
neocortex and striatum. Activation of ERK signaling wasbetween ERK1�/� and controls (130% � 13% for

ERK1�/� slices, n � 5; 139% � 20% for ERK1�/� slices, elicited either by stimulating glutamate receptors or by
KCl-mediated membrane depolarization, with similar re-n � 3, p � 0.7). Finally, LTP in the basolateral amygdala,

elicited with a theta-burst stimulation of the lateral sults. We reproducibly observed that ERK1 mutant cul-
tures responded with a markedly enhanced increase ofamygdala, did not differ between the two groups

(119% � 5% for ERK1�/�, n � 3; 121% � 3% for ERK1�/�, ERK2 phosphorylation in comparison to wild-type cells
(Figure 4A). Quantification of three independent gluta-n � 5, p � 0.60) (Figures 3C and 3F). These results clearly

demonstrate that the ERK1 mutation did not translate in mate stimulation experiments in cortical and striatal cul-
tures is shown in Figure 4B. In wild-type cultures, wea predictable manner into changes in synaptic physiol-

ogy: of three brain structures examined, only striatum observed maximum ERK2 phosphorylation at 10–30 min
post-stimulus (corresponding to approximately 10-foldmanifested an increased synaptic plasticity consistent

with the behavioral changes observed in the avoidance increase over unstimulated levels). In all ERK1 mutant
cultures, the levels of ERK2 phosphorylation at the sametasks. Importantly, lack of alterations in amygdalar LTP

and very limited changes in hippocampal LTP correlated time points were significantly higher, ranging from 20-
to 40-fold increase over unstimulated levels, in bothwith lack of significant impairments in either emotional

(contextual and cued fear conditioning tests) or spatial brain structures. This biochemical phenomenon, how-
ever, does not seem to be specific of the analyzed cell(Morris and radial maze tests) LTM formation, respec-

tively (data not shown). types. In fact, we observed a qualitatively similar profile
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Figure 4. Enhanced ERK2 Signaling in ERK1 Mutant Brains

(A) Embryonic cultures (E16) were prepared from cortex and striatum, both from wild-type and mutant ERK1 mice, and then stimulated with
100 �M glutamate for the indicated times (min). Protein extracts (10 �g) were separated onto SDS-PAGE and probed with either anti-ERK or
anti-phospho-ERK antibodies. Asterisk indicates a nonspecific band. (B) Band intensities for p42 ERK2 were quantified from experiments in
(A) and normalized phospho-ERK2 levels were calculated as mean from three independent experiments (� p � 0.01; �� p � 0.001, t test). (C)
Enhanced ERK2 signaling in ERK1 mutants results in increased immediate early gene transcription. Cortical and striatal neurons were stimulated
with 100 �M glutamate for the indicated times and equal amounts of total RNA preparations were subjected to RNase protection assay for
c-fos gene. H4 histone was used as internal standard for RNA quantitation. (D) Quantification of the relative expression levels for both c-fos
and zif-268 are indicated in the graphs, from both cortical and striatal preparations.

of ERK2 hyperactivation in hippocampal cells, embry- cially available antibodies against both phopsho-CREB
and phospho-Elk worked poorly on our extracts, weonic fibroblasts, thymocytes, and astrocytes derived

from ERK1�/� animals (Pagès et al., 1999). decided to quantitatively assess transcriptional effects
of altered ERK signaling by analyzing the activation stateChange of gene expression induced by ERK signaling

is known to be dependent on kinase translocation into of two immediate early genes (IEGs), c-fos and zif-268,
whose transcription rates are strictly dependent on thethe nucleus. The activity of ERK kinases on immediate

early gene transcription is mediated by two cooperative binding of trans-acting factors to the SRE and CRE con-
sensus sequences of their promoters (Mazzucchelli andtranscription systems. CRE- and SRE-dependent tran-

scription requires the action of two classes of nuclear Brambilla, 2000). As shown in Figure 4C, glutamate-
stimulated cortical and striatal cultures from mutantfactors: CREB-like and TCF family proteins (Elk-1 and

Sap-1), respectively (Orban et al., 1999). Immunocyto- mice transcribed significantly more c-fos than wild-type
cells. Quantification of the signal for both c-fos and zif-chemical analysis of stimulated ERK1 mutant neurons

with phospho-ERK antibodies confirmed that in mutant 268 is shown in Figure 4D. Interestingly, c-fos and zif-
268 activation in ERK1-deficient striatum seemed to becells, ERK2 is rapidly translocated into the nucleus (not

shown). However, lack of specific anti-phospho-ERK2 more persistent than in cortex: at 4 hr after stimulation,
RNA levels for both genes in mutant cells roughly corre-antibodies precluded us to directly determine differ-

ences with control cells in either the kinetics or the sponded to 1 hr peak levels of wild-type cells whereas
at the same time in cortical mutant neurons signals hadextent of kinase translocation. Moreover, since commer-
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Figure 5. Physiological Responses to ERK2 Signaling Depend on MEK Activity

(A) Cortical cultures were stimulated with 100 �M glutamate either in the presence or in the absence of the MEK inhibitor UO126 (10 �M), for
the indicated times. After SDS-PAGE, protein extracts (10 �g/lane) were probed with either anti-ERK or anti-phospho-ERK antibodies. Asterisk
indicates a nonspecific band. (B) Cortical neurons were stimulated with 100 �M glutamate for 30 min either in the presence or in the absence
of UO126 (10 �M), and RNase protection assay for c-fos gene was performed. (C) Protein extracts prepared from cortical neurons stimulated
with 100 �M glutamate were run in SDS-PAGE (30 �g/lane) and probed with anti-ERK, anti-phospho-MEK, or anti-phospho-ERK antibodies,
as indicated. (D) Concentration/response curve for UO126-mediated inhibition of ERK2 phosphorylation. Cortical cultures from either wt and
ERK1 mutant mice were stimulated for 10 min with 100 �M glutamate in the presence of increasing concentration of UO126. Normalized
phospho-ERK2 levels were plotted as indicated.

returned to basal level. This difference in duration of of IEGs since UO126 almost completely blocked expres-
sion of c-fos in ERK1 mutant cells (Figure 5B).IEGs transcription might be relevant to the observed

physiological and behavioral phenotypes. If MEK/ERK2 interaction is necessary for the observed
phenotype, a plausible molecular explanation might in-In conclusion, it appears that in the absence of ERK1,

ERK2-dependent signaling is strongly enhanced in the voke a deregulation of MEK activity in ERK1 mutant
cells. In some situations, ERK-dependent signaling reg-brain, resulting in a particularly prolonged upregulation

of IEGs expression in the striatum. ulates its own activation by several negative feedback
mechanisms (Pearson et al., 2001). A possible ERK1-
specific negative feedback would be lost in mutant cells

Upregulation of ERK2 Signaling Depends on the and could result in increased phosphorylation and acti-
Interaction with the Upstream Kinase MEK vation of MEK. This does not appear to be the case. As
To understand better the potentiation of ERK2 activity shown in Figure 5C, glutamatergic stimulation of neu-
in ERK1�/� mice, we first examined the involvement of rons caused equal kinetics of MEK phosphorylation in
MEK. This class of enzymes is believed to be the neces- both wild-type and ERK1-deficient cells, arguing against
sary intermediate linking receptor activation of Ras pro- the possibility of a deregulation of MEK activation in
teins to ERK stimulation. Therefore, we first confirmed ERK1 mutants.
that the enhanced ERK2 phosphorylation was entirely As additional confirmation of the integrity of MEK
dependent on MEK activity by stimulating neurons in the functions, we determined the UO126 inhibition curve of
presence of UO126, a specific inhibitor of MEK (Favata et ERK2 phosphorylation, in both control and ERK1 mutant
al., 1998). At a concentration of 10 �M, this molecule cells (Figure 5D). Primary neurons were stimulated for
completely inhibited ERK2 phosphorylation in both wild- 10 min with glutamate, in the presence of increasing
type and mutant cells, ruling out the possibility that the UO126 concentration, and ERK2 activation was as-
enhancement of ERK2 signaling might be caused by a sessed. UO126 acts as a noncompetitive inhibitor which
MEK-independent pathway (Figure 5A). Importantly, such binds to MEK, MEK-ATP, and MEK-ERK complexes with

similar affinity and with Michaelis-Menten kinetics (Fa-MEK dependence was also seen for the super induction
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Figure 6. Ectopic Expression of ERKs Atten-
uates ERK2 Activation in ERK1�/� Cells

(A) Fibroblasts prepared from E13 ERK1�/�

embryos were infected with Semliki Forest
recombinant viruses at the concentration
1 � 106 particles/ml either containing en-
hanced green fluorescent protein (EGFP),
ERK1, ERK1K52R, ERK2, or p38 SAPK1 cDNAs,
as indicated. After 18 hr of starvation, cells
were either immediately extracted or stimu-
lated for 10 min with 20% serum. Protein ex-
tract (10 �g/lane) were separated in SDS-
PAGE and analyzed with anti-phospho-ERK,
anti-ERK, or anti-HA antibodies, as indicated.
(B) Band intensities for p42 ERK2 were quan-
tified and normalized phospho-ERK2 levels
were calculated as mean from three indepen-
dent experiments (�� p � 0.01, t test).

vata et al., 1998). The two inhibition curves showed no mild excess of either ERK isoform might alter the activa-
tion of endogenous ERK2 by displacing it from MEK.difference in the IC50, thus demonstrating an overall

functional integrity of MEK in ERK1-deficient cells. Im- As shown in Figure 6A, both ectopic ERK1 and ERK2
significantly attenuated endogenous ERK2 activation asportantly, an IC50 of 0.1 �M is equal to a previously

reported value (Favata et al., 1998). Furthermore, mutant compared to control cells infected with either GFP or
HA-p38 SAPK1 MAP kinase. Importantly, ERK1K52R, acells displayed higher ERK2 phosphorylation levels at

any inhibitor concentration up to 10 �M. Since MEK and mutant form lacking kinase activity, was also effective in
inhibiting ERK2 activation, demonstrating that no ERK1ERK2 protein levels are unchanged, this observation is

consistent with the possibility that, in ERK1 mutants, enzymatic activity is required for the attenuating effect
on endogenous ERK2. Quantitation of three indepen-ERK2 has a greater access to MEK binding sites, giving

rise to an increased accumulation of the activated mole- dent experiments is shown in Figure 6B.
cules. MEK kinases are present in the cell at limiting
concentrations (Pearson et al., 2001) and a simple expla- Modulation of ERK2 Activity Is a Crucial

Determinant of LTP Intensitynation for the observed enhancement of ERK2 phos-
phorylation in ERK1 mutant neurons might lie in compe- in the Nucleus Accumbens

The experiments on cultured neurons from ERK1�/� micetition between ERK1 and ERK2 for access to MEK. Thus,
ERK1 in wild-type cells might compete with ERK2 in described above indicate that the MEK inhibitor U0126

can reduce the stimulus-dependent phosphorylation ofbinding to MEK; as a consequence, in the absence of
ERK1, ERK2 would have greater access to MEK, re- ERK2 to wild-type levels. If the mechanism responsible

for enhanced expression of LTP in the nucleus accum-sulting in higher levels of MEK-mediated ERK2 acti-
vation. bens is related to hyperactivation of ERK2, then adminis-

tration of U0126 in concentrations sufficient to attenuateWe examined this competition model by using Semliki
Forest virus (SFV) vectors to express hemagglutinin (HA) ERK2 activity should return LTP to wild-type levels. Fig-

ures 7A and 7B indicate that accumbens LTP is signifi-epitope-tagged ERK1 and ERK2 proteins in ERK1 mu-
tant cells (Lundstrom et al., 2001). For these genetic cantly reduced following administration of both 0.1 �M

and 1.0 �M U0126. At 0.1 �M, LTP in ERK1�/� accum-manipulations, we chose embryonic fibroblasts since
they can be easily cultured and infected with high effi- bens was significantly lowered when compared to con-

trol medium (t test, p � 0.01), and did not differ signifi-ciency with recombinant SFV-based viral particles. In
addition, the use of limited amount of viral preparation cantly from LTP in control ERK1�/� mice (t test, p �

0.8), suggesting that when ERK2 activation is broughtallows achieving mild expression levels of the ectopic
proteins in these cells. One prediction would be that a close to wild-type levels, LTP also returns to wild-type
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Figure 7. Submaximal Dose of MEK Inhibitor U0126 Rescues Plasticity Enhancement in Nucleus Accumbens of ERK1 Mutants

(A) U0126 was bath applied at 60 min before tetanic stimulation was delivered to the cortical inputs to the nucleus accumbens and washed
out immediately afterwards. U0126 significantly reduced LTP in the nucleus accumbens of ERK1 knockout mice. (B) Comparison of the average
percent of LTP shown in (A) across the 100 min after tetanus indicates that the effect of both concentrations differed significantly from
untreated mutant slices (p � 0.00001 for 1.0 �M; p � 0.01 for 0.1 �M). The dashed line across the bars indicates the level of LTP in stimulated
slices from �/� animals, which did not significantly differ from the �/� slices treated with 0.1 �M UO126.

magnitude in nucleus accumbens. At the higher concen- striatum of ERK1�/� mice upon SKF 38393 treatment,
thus demonstrating the upregulation of gene expressiontration (1.0 �M), LTP is completely blocked in both

ERK1�/� and control mice (104% � 2% and 103% � mediated by dopaminergic signaling in this mouse
model (Figure 8B).10% of baseline, respectively).

In conclusion, these results demonstrate a direct To further address the functional significance of in-
creased dopaminergic signaling in the striatum ofquantitative relation between ERK2 activity in nucleus

accumbens and LTP induction. In this system, the pres- ERK1�/� mice, we tested mice in the conditioned place
preference (CPP) paradigm, a reliable behavioral test ofence of ERK1 appears to attenuate the effect of ERK2

in promoting long-term plasticity but it is otherwise dis- the addictive and rewarding effects of drugs of abuse
(Maldonado et al., 1997). The CPP test reflects a prefer-pensable.
ence for a context which has been repeatedly associ-
ated with a drug stimulus. The experimental protocolERK1 Mutant Mice Manifest Enhanced Behavioral
involves an apparatus with two easily distinguishableResponses to the Rewarding Properties of Morphine
chambers connected to each other by a smaller neutralMany of the functions ascribed to the striatum are linked
area so that the mice can move freely within the appara-to its nigrostriatal and mesolimbic dopaminergic in-
tus. During the conditioning phase, the mouse is injectednervations, which originate in the substantia nigra and
with the drug or saline and confined to one of the cham-in the ventral tegmental area, respectively (Nicola et
bers for 20 min. For each mouse, drug treatment is onal., 2000). Aberrant dopaminergic signaling is a critical
days 1, 3, and 5, in one chamber. Saline administrationdeterminant in the etiology of some major striatal neuro-
is on days 2, 4, and 6 when the mouse is confined topsychiatric disorders. In particular, changes in mesolim-
the other chamber. Control mice receive saline everybic dopaminergic activity are considered the neural sub-
day. Twenty-four hours after the final conditioning ses-strate for opiate addiction and increasing dopamine
sion, the mice undergo a testing session. The learnedrelease in the striatum is a property shared by most
association between the context and the appetitivedrugs of abuse, including opiates and psychostimulants
stimulus results in mice spending more time in the drug-(Berke and Hyman, 2000; Hyman and Malenka, 2001;
associated context.Nestler, 2001). The ERK pathway has recently been

When we tested the reinforcing effects of morphineshown to have an important role in response to drugs
on ERK1 and control mice, significant rewarding re-of abuse (Valjent et al., 2000).
sponses to the drug were observed in both groups ofTo reveal possible alterations in dopaminergic signal-
animals (F1,49 � 14.010, p � 0.001) (Figure 8C). However,ing in our mutants, we treated ERK1-deficient mice with
ERK1 knockout mice showed a strikingly stronger drugthe D1-specific agonist SKF 38393 and rapidly dissected
reinforcement (F1,22 � 9.446, p � 0.01) in spending almoststriatum. Analysis by Western blot of protein extracts
3-fold more time in the morphine-paired chamber thanprepared after stimulation at several time points re-
the control animals.vealed a more sustained ERK2 activation in ERK1 mu-

This last result demonstrates a striking sensitivity oftants than in control mice (Figure 8A). These in vivo
ERK1 mutants to the rewarding effects of morphine andresults were also confirmed by treatment of primary
strongly supports the hypothesis that increased synap-striatal cells with the same D1 agonist in vitro (not
tic plasticity in the nucleus accumbens of these mutantsshown).
has important functional consequences for multiple be-Importantly, we also examined IEG induction and

found that c-fos levels were significantly greater in the haviors that depend on striatal processing.
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Figure 8. D1 Dopaminergic Signaling Is Upregulated in ERK1-Deficient Mice

The D1-specific agonist SKF 38393 was intraperitoneally injected in mutant and wild-type animals (10 mg/kg). The striata were rapidly dissected
at the indicated times after agonist administration. For each time point, the striata of three animals were pooled and proteins or RNA extracted.
(A) ERK activation was analyzed by Western blot with an antiserum specifically recognizing the phosphorylated form of ERKs. The treatment
rapidly and robustly activated ERK2. In control animals, ERK2 phosphorylation peaked at 10 min and then rapidly decreased to basal level
within 1 hr after injection. In contrast, in ERK1-deficient mice, phospho-ERK2 immunostaining reached a higher peak and remained very
intense even at later points (up to 60 min). As a control for equal loading, the same protein extracts were probed with an anti-ERK antibody.
The asterisk (*) indicates a nonspecific band. (B) Superinduction of c-fos in ERK1-deficient mice. Total RNA preparations (5 �g) were subjected
to RNase protection assay for c-fos and histone H4. The treatment rapidly induced c-fos, but its transcription was both more sustained and
prolonged in ERK1�/� mice than in control littermates. (C) Enhanced place preference conditioning for morphine in ERK1 mutants. Mutant
animals were either treated with saline (n � 16) or with 5 mg/kg of morphine (n � 11), as wild-type groups (saline treated n � 13; morphine
treated n � 13). Data are expressed in scores calculated as the difference between postconditioning and preconditioning time spent in the
compartment associated with the drug. Values are mean � SEM. �� p � 0.01, genotype effect.

Discussion ticity, as suggested by simple blockade of MEK activity,
but rather reveals the existence of area-specific mecha-
nisms that translate cell signaling variations into physio-A large body of evidence indicates that the Ras/ERK

cascade is implicated in cognitive processes such as logical responses.
long-term memory formation. To date, the experimental
evidence for such involvement has essentially been Upregulation of ERK2 Signaling in ERK1 Mutant

Cells Is Due to Altered MEK/ERK Interactionbased on pharmacological manipulations with drugs in-
hibiting MEK kinases. These proteins are crucial inter- Very little is known about differential activities of p44ERK1

and p42ERK2. However, early observations reporting amediates linking receptor-mediated activation of Ras
GTPases and their cytoplasmic effectors, the ERK1 and differential phosphorylation of the two MAPKs in vivo

and in vitro led to the speculation that the two enzymesERK2 kinases. The results with MEK blockers have
formed the basis for a working model in which both might be subjected to different post-translation regula-

tion, especially in the brain (Mazzucchelli and Brambilla,ERK1 and ERK2 kinases significantly contribute to LTP
and LTM formation. One of the predictions of this model 2000). In particular, our results confirm that ERK1 is

poorly phosphorylated in comparison to ERK2 andis that loss of either ERK1 or ERK2 might result in a
significant inhibition of neural plasticity. The availability therefore suggest that p44 may manifest little direct

signaling potential in vivo. In addition, our data reportedof viable and fertile ERK1 mutant mice has allowed us
to test this prediction. Our findings reveal unexpected here, together with our earlier evidence on embryonic

fibroblasts derived from ERK1 mutant mice, clearly sug-complexity of the interplay between ERK1 and ERK2
kinases in brain function. Here we propose a model gest a upmodulatory role of ERK1 on ERK2 signaling.

The recent observation that ERK2 mutant mice are em-which suggests a general upmodulatory role of ERK1 on
ERK2 signaling, and we provide evidence for differential bryonic lethal in comparison to the viability of ERK1-

deficient animals is in support of the idea that p44 mayfunctions of the two isoforms. The absence of ERK1
does not produce predictable changes in synaptic plas- play an accessory function to p42 (Adams and Sweatt,
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2002). Although rather surprising, our findings are not cess” of ERK2 activity, which would deregulate synaptic
functions and therefore inhibit LTP in the mutant mice.inconsistent with earlier reports, considering that either

Our results obtained by analyzing three key structuresinhibition or activation of ERK signaling without discrimi-
essential for cognitive functions indicate that none ofnating between p42 and p44 would mask any regulatory
these four possibilities seems to have general validity,action of one isoform on the other. In trying to under-
although some may apply in a structure-specific man-stand the molecular basis underlying possible functional
ner. Hypotheses 1 and 2 (ERK1 is either totally dispens-differences between ERK1 and ERK2, several aspects
able or absolutely essential for synaptic functions andshould be taken into account. For instance, it is possible
associated behavioral responses) are clearly not consis-that ERK1 and ERK2 interact with different affinities with
tent with the data that revealed LTP changes in two ofthe upstream kinase MEK1/2, and this fact may affect
the three structures analyzed. LTP in nucleus accum-their activation state. Particularly interesting is the re-
bens is strongly enhanced and we observed corre-cent identification of interacting domains on both MEKs
sponding changes in behavior. Similarly, LTP in hippo-and ERKs which mediate their stable associations and
campus was altered, but we failed to detect changes inare necessary for efficient ERK activation. Moreover, to
LTP of synapses in the amygdala. We cannot formallycomplicate the matter, the existence of several scaffold
exclude the possibility that our stimulation protocol forproteins for all possible MEK/ERK module combinations
amygdala simply failed to detect changes. However, wemay also be relevant for a fine tuning of their signaling
believe that our assessments of LTP in the amygdalaproperties (Pearson et al., 2001).
are reliable for the following two reasons. First, the sameWhile the exact mechanisms of such modulation will
theta burst stimulation has been used in the past forrequire direct in vitro binding measurements with puri-
other genetically modified mice, showing alteration offied components, here we propose a molecular model
LTP in mice with a corresponding alteration of amyg-in which at least part of the regulatory effect of ERK1
dala-dependent behaviors (Brambilla et al., 1997; Krezelis exerted at the level of MEK-ERK interaction. Our pre-
et al., 2001). Second, we were unable to detect alter-diction would be that any change of the stoichiometry
ations in either contextual or cued fear conditioning, twoof endogenous MEK-ERK2 binding would result in a
forms of emotional learning crucially dependent on thesignificant alteration of downstream signaling. The
integrity of the amygdala. The situation with respect tostronger experimental evidence for such a model comes
the hippocampus is somewhat different. Clearly, thefrom ectopic expression of recombinant proteins in
effect of the mutation is dependent on the stimulationERK1 mutant cells in which either an excess of ERK1
protocol. While tetanus at 100 Hz did not show abnor-or ERK2 significantly attenuated the activation of endog-
malities, we observed a small but statistically significantenous ERK2. Any indirect effect due to activation or
reduction of LTP with the theta burst protocol. Theseinhibition of other components of the pathway by the
results are consistent with a role of ERK kinases in theexogenous ERK kinases could be ruled out by the fact
5 Hz dependent hippocampal LTP as shown by Winderthat the same result was obtained with a kinase-defi-
at al. who observed an effect of MEK inhibitors on thiscient ERK1 construct, further supporting the competi-
type of LTP while the 100 Hz form was unaffectedtion model. In addition, although we cannot completely
(Winder et al., 1999). Consistently, Sweatt and collabora-exclude the contribution to the biochemical phenotype
tors failed to detect LTP alterations at 100 Hz in theof a differential regulation of ERK-specific phosphatases
hippocampus of an independently generated line ofin mutant cells, this possibility is unlikely since we ob-
ERK1 mutants, although results were not reported forserved neither reproducible differences in the half-life
any other tetanus protocol (Selcher et al., 2001). In anyof ERK2 dephosphorylation kinetics between wild-type
case, the detected changes in hippocampal LTP are notand ERK1-deficient neurons nor significant changes in
as dramatic from the behavioral point of view as thosethe protein levels of MKP-1, 2, and 3, three MAPK phos-
observed for the nucleus accumbens, since little effect

phatases, within the same time period.
was seen by applying both water and radial maze proce-
dures to the mutant mice.

Region-Specific Modulation of Synaptic Plasticity Taken as a whole, the electrophysiological results
in ERK1 Mutants demonstrate an interesting and counterintuitive pattern.
We expected that targeted deletion of ERK1 would mod- The simplest conclusion is that ERK1 is an important
ify synaptic plasticity since alterations in cell signaling modulator of synaptic plasticity, as demonstrated in two
and gene expression frequently affect long-term of three structures we examined. The discovery that
changes in synaptic strength. Moreover, a significant this modulation appears to limit plasticity in the nucleus
body of evidence implicates ERK-dependent processes accumbens but enhance in CA1 was unexpected, but
in the induction of LTP. On the other hand, the complex- consistent with the idea that the same signaling mole-
ity of the biochemical phenotype suggested several a cules or pathways may operate differently in different
priori possibilities which could be tested in different types of neurons or different structures. In this respect,
brain structures. (1) ERK1 does not affect LTP and con- the experiment with a suboptimal concentration of
sequently no changes in LTP of the mutant mice would UO126, sufficient to reduce ERK2 activity in ERK1 mu-
be evident. (2) ERK1 is essential “per se” in promoting tant slices to wild-type levels and to rescue the LTP
synaptic changes, independently of ERK2, and a general phenotype in the nucleus accumbens, is particularly im-
reduction of LTP could occur. (3) ERK1 functions to portant for several reasons. First, it demonstrates a
modulate ERK2 activity and the strong enhancement of causal link between enhancement of ERK2 activity and
the latter would cause an increase in LTP in the mutants. changes in LTP. Second, it confirms that ERK1 is dis-

pensable for normal striatal function, provided that(4) The absence of ERK1 produces a compensatory “ex-
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ERK2 activity is kept to normal levels by other means. mutants strikingly resembles that found in a transgenic
line overexpressing �fosB, a c-fos-dependent proteinThird, it provides a strong evidence for different re-

sponse thresholds to ERK-dependent signaling in the induced in the striatum upon repeated drug injections
and believed to be a crucial molecular element for long-analyzed neuronal networks.

Future efforts to link the mechanisms of synaptic plas- term adaptations to pharmacological abuse (Kelz et al.,
1999). Future work with genetically modified mice willticity to learning and memory will need to consider the

possibility that physiological effects observed in a target certainly help to elucidate the still largely obscure signal-
ing mechanisms underlying the synaptic plasticity andstructure may not apply in the same way to other struc-

tures that could also contribute to the tested behaviors. pathophysiology of the nucleus accumbens.

Experimental ProceduresEnhanced Behavioral Responses in ERK1 Mutants
Are Linked to Changes in Striatal LTP Mice
and Cell Signaling All ERK1 mutant and wild-type mice used for behavioral analysis
The enhancement of LTP we observed in the nucleus were generated as F2 littermates of a strain backcrossed in C57BL/

6 background for one generation. Active and passive avoidanceaccumbens of ERK1�/� mice suggests a rather straight
results were also replicated with mutant mice kept five generationsforward interpretation of the behavioral data. The ob-
in C57BL/6 background. Behavioral tests and animal care wereserved phenotypes in ERK1-deficient mice are consis-
conducted in accordance with the standard ethical guidelines (Na-

tent with both the known effects of dopamine signaling tional Institute of Health and European Community Guidelines on
in the striatum on locomotion and procedural forms of the Care and Use of Laboratory Animals) and approved by the local
memory. The consequences of DA receptor activation ethics committee.
appear to be potentiated in our mutant mice. This is

Histologymost likely due to an enhanced and prolonged activation
Myeloarchitecture was visualized using a gold chloride stain as pre-of ERK2, which results in a sustained expression of
viously described (Schmued and Heimer, 1990). After mounting on

downstream transcription factors in the striatum. In- gelatin-coated glass slides, cryosections were incubated for 30 min
creased ERK2 signaling in response to DA receptor acti- to 4 hr at 37	C in a phosphate-buffered solution of 0.2% hydrogen-
vation in ERK1�/� mice could also result in increased tetrachloroaurate-trihydrate, 0.9% NaCl, and 2.5% sodium-thiosul-

fate. Development of the stain was monitored microscopically,locomotion, particularly during exploration of the activity
stopped in distilled water, and fixed in 2.5% sodium-thiosulfate.boxes, which might be expected to engage dopaminer-
Before removal of the brains, the mice had been deeply anesthetizedgic systems. In addition, when the animals are chal-
with a lethal of Nembutal and perfused transcardially with 4% phos-

lenged in cognitive tasks such as the two avoidance phate-buffered PFA.
paradigms, the same underlying molecular alterations
might be responsible for the observed memory en- Biochemistry, Cell Culture, and Molecular Biology

Wild-type and ERK1 mutant mice (five animals each genotype) werehancement. It is, however, important to note that Sweatt
sacrificed and protein extracts were prepared and pooled from dif-and collaborators, while also observing increased loco-
ferent brain areas. Embryonic cultures (E16) were prepared frommotion in ERK1 mutant mice, failed to detect altered
cortex and striatum, both from wild-type and mutant ERK1 mice,memory formation in the passive avoidance paradigm. and then stimulated as previously described (Schwarzschild et al.,

At the moment, we have no clear explanation for this 1999). After incubation with 100 �M glutamate, protein extracts (10
discrepancy, although it is possible that procedural dif- �g) were prepared, separated onto SDS-PAGE, and subjected to

Western blotting. Antibodies used in this work were purchased fromferences in the performance of the test and/or differ-
New England Biolabs and Santa Cruz Biotechnologies and usedences in genetic background contributed to these con-
following the manufacturer’s protocol. For quantitative comparisonflicting results.
of the phosphorylation state of ERK1 and ERK2, we determined theTo date, little work has been performed on the molecu- relative recognition efficiency of the anti-ERK antibodies by means

lar mechanisms of synaptic plasticity in the nucleus ac- of HA-tagged recombinant proteins expressed in embryo fibro-
cumbens, and virtually nothing has been published in blasts. In some experiments, cultures were stimulated with 100 �M

glutamate either in the presence or in the absence of the MEKtransgenic mice which correlates changes in LTP with
inhibitor UO126 (10 �M) (Promega). For RNase protection experi-increased behavioral responses depending on this
ments, cortical and striatal neurons were stimulated with 100 �Mstructure. Our data, showing enhanced LTP in the nu-
glutamate and total RNA preparations were subjected to RNasecleus accumbens and increased LTM in the ERK1 mu- protection assay for c-fos and zif-268 genes, as previously de-

tants, provide an example of a genetic alteration of intra- scribed (Foulkes et al., 1991). H4 histone was used as internal stan-
cellular signaling intermediates that supports this dard for RNA quantitation. For the preparation of recombinant SFV

particles, the less cytopathic vector pSFV(PD) with the Ser259→Procorrelation. Moreover, the recent idea that neural adap-
and Arg650→Asp point mutations in nonstructural protein 2 was usedtations to drugs of abuse may involve the same molecu-
to insert the cDNAs for EGFP (Clontech) and mouse ERK1, ERK1K52R

lar elements as those essential to behavioral plasticity
mutant, ERK2, p38 SAPK-1 (Lundstrom et al., 2001). For in vivois strongly confirmed by our results since ERK1 mutants pharmacological treatments, three animals of each genotype were

respond aberrantly to the rewarding properties of mor- injected intraperitoneally with SKF 38393 (10 mg/kg, Sigma). The
phine. In this respect, the ERK1 mutants’ hypersensitiv- striata were rapidly dissected at the indicated times after agonist

administration.ity to drug treatment seems to correlate with a prolonged
c-fos induction in striatal neurons in comparison, for

Electrophysiologyinstance, to cortical cells prepared from the same ani-
All slices were prepared from adult mice, using standard techniques,mals. This fact leaves open the possibility that enhanced
as previously described (Brambilla et al., 1997). Briefly, following

ERK2 activation in the striatum may result in a sustained cervical dislocation, the brains were removed to ice cold artificial
induction of crucial genes implicated in drug abuse. cerebrospinal fluid (ACSF) containing additionally 1 mM kynurenic

acid to block glutamatergic excitatory transmission. Brains wereInterestingly, the behavioral phenotype seen in ERK1
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then mounted on a Vibratome (TPI) and coronal sections were made chamber and three pairings with saline in the opposite chamber.
Saline-treated mice received saline during the 6 days of this phase.for experiments on hippocampus and amygdala, while saggital

slices were prepared for nucleus accumbens experiments. Follow- Postconditioning Phase
The test was conducted exactly as in the preconditioning phaseing at least 1 hr incubation at room temperature, slices were trans-

ferred one by one to a submersion bath containing kynurenic acid- (free access of each compartment for 18 min, 24 hr after the final
conditioning session). Place preference was quantified in terms offree ACSF for recording of extracellular field potentials. For CA1,

stimulation was delivered to Schaffer collaterals and recordings time spent in drug-paired side. A score was calculated for each
mouse as the difference between postconditioning and precondi-made in stratum radiatum; in basolateral amygdala, the stimulation

was of lateral amygdala, and the white matter underlying prefrontal tioning time spent in drug-paired compartment.
cortex was stimulated to evoke responses in the rostral nucleus
accumbens. Pre-tetanus response were monitored once per 20 s Acknowledgments
for at least 10 min; post-tetanus measurements were carried out
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