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Extracellular Signal-Regulated Protein Kinases (ERKs) and ERK 
Kinase (MEK) in Brain: Regional Distribution and Regulation by 
Chronic Morphine 

Jordi Ottiz,’ Herbert W. Harris,’ Xavier Guitart, ‘.a Rose Z. Terwilliger,l John W. Haycock,* and Eric J. Nestler’ 

‘Laboratory of Molecular Psychiatry, Departments of Psychiatry and Pharmacology, Yale University School of Medicine 
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Quantitative blot immunolabeling techniques were used to 
determine the concentrations of ERKl (M,44 kDa) and ERK2 
(ilf, 42 kDa), the two major extracellular signal-regulated 
protein kinases, in different regions of rat brain. The aggre- 
gate ERK concentrations (ERKl and ERKP) were relatively 
high in each of the brain regions studied, ranging from -0.35 
ng/pg protein in cerebellum to - 1.2 ng/pg protein in nucleus 
accumbens. However, differences in the regional distribu- 
tions of ERKl and ERKP resulted in ratios of their relative 
abundance that differed by close to 1 O-fold among the regions 
studied. The ratios of ERKl protein to ERKP protein varied 
along a rostral-caudal gradient from a low of 0.16 in frontal 
cortex to a high of 1.5 in pans/medulla. In hypotonic ho- 
mogenates from regions at either extreme of the gradient, 
ERKl and ERK2 were both found to be predominantly (>60%) 
soluble. In subcellular fractions prepared from sucrose ho- 
mogenates of frontal cortex and pans/medulla, both ERKl 
and ERKP were enriched in the synaptosomal and cytosolic 
fractions, whereas ERK2 was also enriched in the micro- 
somal fraction. By contrast, in subfractions containing pu- 
rified nuclei, levels of ERKl and ERKP were about one-third 
of those seen in homogenates and, in subfractions enriched 
in mitochondria, both ERKl and ERKP were barely detect- 
able. The catalytic activity of the ERKs paralleled their pro- 
tein levels in all of the brain regions except the hippocampus, 
in which the activity and phosphotyrosine content were dis- 
proportionately high. As a possible explanation for this ap- 
parent disparity, the regional distribution of ERK kinase (MEK), 
which phosphorylates and activates the ERKs, was also in- 
vestigated. The levels of immunoreactivity of the M, 45 kDa 
ERK kinase band differed by about threefold among the brain 
regions, with the highest levels being present in nucleus 
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accumbens, hippocampus, substantia nigra, and caudatel 
putamen. Therefore, a higher concentration of ERK kinase 
immunoreactivity did not appear to account for the dispro- 
portionate levels of ERK activity and phosphotyrosine con- 
tent in the hippocampus. Potential regulation of ERK and 
ERK kinase levels was also investigated in rats subjected 
to chronic morphine treatment. ERKl and ERK2 levels were 
increased selectively in locus coeruleus and caudatelpu- 
tamen after chronic morphine treatment, whereas ERK ki- 
nase immunoreactivity remained unchanged in all of the brain 
regions analyzed. In summary, the regional differences in 
ERK and ERK kinase expression and the region-specific reg- 
ulation of ERK expression suggest that ERK-related signal- 
ing may play an important role in CNS function and its adap- 
tive responses. 

[Key words: MAP kinase, MAP kinase kinase, hippocam- 
pus, substantia nigra, phosphotyrosine, opiates, locus coe- 
ruleus] 

Extracellular signal-regulated protein kinases (ERKs, also re- 
ferred to as mitogen-activated protein kinases or MAP kinases) 
are a recently identified family of protein serine/threonine ki- 
nases that occupy a pivotal position in intracellular signaling 
pathways mediating mitogen/growth factor effects. ERKs are 
homologous to the yeast protein kinases KSSl and FUS3, which 
execute pheromone-triggered decisions regarding commitment 
of the cell to mating versus cell division. The ERKs, and their 
signaling pathways, exhibit several novel characteristics, and 
the experimental activity generated by their discovery has been 
explosive (for reviews, see Blenis, 1993; Crews and Erikson, 
1993; Davis, 1993; Nishida and Gotoh, 1993). 

The two most-studied ERKs are ERKl (Mr 44 kDa) and 
ERK2 (A4, 42 kDa), while ERK3 (Mr 63 kDa) and other it4, 
species remain less well-characterized. Activation of ERKl and 
ERK2 involves their phosphorylation on both a tyrosine and a 
neighboring threonine residue (see Robbins et al., 1993). This 
novel form of activation appears to be catalyzed specifically by 
an equally novel type of “dual function” protein kinase (see 
Rossomondo et al., 1992) referred to as ERK kinase or MEK, 
for MAP kinase/ERK kinase (Crews and Erikson, 1992) which 
is itself presently emerging as a distinct family of protein kinases 
(Seger et al., 1992; Otsu et al., 1993; Wu et al., 1993). Similarly, 
“dual function” protein phosphatases that specifically dephos- 
phorylate ERKs in vitro have recently been discovered (Alessi 
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et al., 1993; Zheng and Guan, 1993) and these may be respon- ulation of the nigrostriatal pathway (Haycock and Haycock, 
sible for ERK inactivation. 199 l), suggests that increased neuronal firing increases ERK 

The wide range of extracellular signals capable of activating 
the ERKs (Cobb et al., 199 1) belies the specificity of ERK phos- 
phorylation by ERK kinase. In fact, at least three different pro- 
tein kinase/signaling pathways appear to converge upon the ERKs 
via the Ser/Thr phosphorylation and activation of ERK kinase 
(see Pelech, 1993). In one pathway, growth factor signaling via 
their tyrosine kinase receptors leads to the association of the 
GTP-binding protein Ras with Raf- 1, a protein Ser/Thr kinase, 
enabling Raf- 1 to phosphorylate and activate ERK kinase (e.g., 
Dent et al., 1992; Howe et al., 1992, Kyriakis et al., 1992). 
Extracellular signals acting through G protein<oupled receptors 

activity. More recently, Baraban and coworkers have demon- 
strated directly that the activity and phosphotyrosine content 
of both ERKl and ERK2 are increased in the hippocampus 
after seizure-producing electroconvulsive shock (Stratton et al., 
199 1; Baraban et al., 1993). Also, in isolated hippocampal neu- 
rons, ERK phosphorylation/activity is increased by epidermal 
growth factor treatment (Tucker et al., 1993) or glutamate re- 
ceptor activation (Bading and Greenberg, 199 1). Glutamate re- 
ceptor activation also increases ERK phosphorylation/activity 
in primary cultures of cerebral cortical neurons (Fiore et al., 
1993b). 

may also activate Raf-1, via a protein kinase C cascade. An Although such functional studies are relatively few in number, 
alternative pathway thought to be stimulated by these receptors surprisingly, even less is known regarding the levels and distri- 
involves the activation of a recently cloned protein Ser/Thr bution of ERKs in the CNS. Only one such study has appeared 
kinase (Lange-Carter et al., 1993) that is immediately upstream since the seminal observations by Cobb and coworkers regarding 
of ERK kinase and has been termed, variously, MEK kinase, the relative abundance of ERKs in the CNS (Boulton and Cobb, 
ERK kinase kinase, or MAP kinase kinase kinase (Gomez et 199 1; Boulton et al., 199 1). In this study, Schanen and Landreth 
al., 1992; Lange- Carter et al., 1993; Matsuda et al., 1993). Yet (1992) reported that chromatographically isolated fractions of 
another putative activator of ERK kinase is the proto-oncogene ERK activity from whole brain contained ERKl (but not ERK2) 
product Mos, a protein Ser/Thr kinase, which has been shown and only in very low abundance. 
to activate ERK via ERK kinase in frog oocytes (Posoda et al., Thus, as a first step toward better understanding the potential 
1993). role of ERKs and ERK-related signaling pathways in brain func- 

Downstream, the ERKs themselves phosphorylate a relatively tion, we undertook a detailed analysis of the regional distri- 
distinct set of substrates, in which a proline residue immediately butions of ERKl and ERK2 in rat brain. In agreement with the 
carboxyl to the Ser/Thr phosphoryl acceptor is required (see original reports by Boulton et al. (199 1), we found ERKl and 
Davis, 1993). In mammalian cells, ribosomal S6 kinases and ERK2 to be relatively abundant in brain. We also found striking 
nuclear transcription factors such as cJun are thought to be regional differences in the distributions of ERKl and ERK2, 
substrates for the ERKs (see Blenis, 1993; Davis, 1993) con- and of ERK kinase, in the brain and present information on the 
sistent with an involvement of the ERKs in translating extra- subcellular distribution of the ERKs in nervous tissue. In ad- 
cellular signals into alterations in gene expression (Pages et al., dition, we addressed the possibility that levels of ERK expres- 
1993). sion, in addition to ERK phosphorylation, might be subject to 

ERKs are ubiquitously expressed in vertebrates, and the reg- regulation in the brain by examining the influence of chronic 
ulation of ERK phosphorylation and activity has been reported morphine administration on ERK immunoreactivity in selected 
in numerous cell types from highly diverse origins. Similarly, brain regions. Chronic morphine was chosen because it is known 
in mammals, ERKs are widely distributed throughout the body; to produce adaptive changes in intracellular signaling proteins 
however, the highest levels of ERK mRNA are found in brain in specific target brain regions. We show here regional selectivity 
and spinal cord (Boulton et al., 199 1), and the expression of in the regulation of ERK levels in response to chronic morphine 
ERK protein appears to parallel that of the mRNA (Boulton treatment. 
and Cobb, 199 1). ERK-mediated phosphorylation of a specific 
substrate in a physiological context was, in fact, demonstrated 
first for a neuronal enzyme, tyrosine hydroxylase-the rate-lim- 
iting enzyme in catecholamine biosynthesis. In PC 12 cells, ERK 
activation was shown to mediate the phosphorylation of serine- 
31 in tyrosine hydroxylase that was produced by treatment of 
the cells with bradykinin (Haycock et al., 1992). Moreover, a 
body of evidence indicates that the phosphorylation and acti- 
vation of ERKs is involved in several aspects of signaling in 
PC1 2 and other peripheral cells ofneural crest origin. Numerous 
extracellular signals includirg secretagogues regulate ERK phos- 
phorylation and activity in adrenal medullary chromaffin cells 
(Ely et al., 1990; Cahill and Perlman, 199 1; Pavlovik-Surjancev 
et al., 1992; Haycock, 1993a), and the ERKs figure prominently 
in the actions of NGF on PC 12 cells and peripheral neurons 
(Gotoh et al., 1990; Haycock et al., 1992; Qiu and Green, 1992; 
Scimeca et al., 1992; Traverse et al., 1992). 

Despite the reported prevalence of ERKs in brain and spinal 
cord, exceedingly little attention has been paid to their distri- 
bution and potential regulatory influences in the brain. Indirect 
evidence, based on an increase in the phosphorylation of striatal 
tyrosine hydroxylase at serine-31 produced by electrical stim- 

Materials and Methods 
Materials 
Several anti-ERK peptide antibodies were used in the present study. 
Rabbit antibodies to peptide sequences from domain I (692). domain 
XI (691) and the C-terminal domain (837, 956) (Boulton et’al., 1991) 
were gifts from Dr. M. H. Cobb (U. of Texas, Dallas) and Dr. N. G. 
Ahn (U. of Colorado, Boulder). Monoclonal mouse antibody to the 
C-terminal domain of ERKs was purchased from Zymed and GIBCO 
(clone MK12). Purified recombinant ERK (human ERKl. rat ERKZ. 
and tyrosine- and threonine-phosphorylated rat ERKZ) were generously 
provided by Drs. Ahn and Cobb. 

A rabbit anti-ERK kinase antibody, raised against a peptide corre- 
sponding to the C-terminal domain of ERK kinase- 1, was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). A second rabbit anti- 
ERK kinase antibody, raised against the peptide FVGTSTYMSPERIC 
(from domain VIII of the yeast STE7 protein kinase), was purchased 
from UBI (06-200; Lake Placid, NY). Recombinant anti-phosphoty- 
rosine antibody variable region (RCZOH) was obtained from Trans- 
duction Labs (Lexington, KY). Biotin-conjugated goat antiperoxidase 
and peroxidase-conjugated streptavidin were obtained from Jackson 
ImmunoResearch (West Grove, PA). 

Unless indicated, sources for other reagents were as listed in the cited 
descriptions. 



The Journal of Neuroscience, February 1995, 15(2) 1287 

Animals, treatments, and tissue preparation 
Male Sprague-Dawley rats (150-200 gm; Camm, NJ) were maintained 
in standard housing on a 12 hr/l2 hr light/dark cycle (lights on, 7 A.M.). 
Animals were killed by decapitationand their brains were removed 
and cooled brieflv in chilled balanced salt solution (126 mM NaCl. 5 
mM KCl, 1.25 rn& NaH,PO,, 10 mM glucose, 25 rn& NaHCO,, 2 mu 
CaCl,, 2 mM MgSO,, pH 7.4). Brain regions were dissected rapidly and, 
unless otherwise indicated, frozen on dry ice. The locus coeruleus, ven- 
tral teamental area, dorsal raphe, substantia nigra, and nucleus accum- 
bens were obtained as 12-l 5 gauge punches of coronal cross sections 
of brain as described oreviouslv (see Beitner-Johnson et al.. 1992). The 
remaining brain regions and cervical sections of spinal cord were ob- 
tained by gross dissection. 

In the chronic morphine experiments, each rat received one morphine 
pellet containing 75 mg of morphine base (National Institute on Drug 
Abuse), implanted subcutaneously under light halothane anesthesia, 
daily for 5 d and the rats were killed on day 6. This treatment elicits 
well-documented states of opiate tolerance and dependence in the rats 
on the basis of behavioral, electrophysiological, and biochemical ob- 
servations (see Rasmussen et al., 1990; Nestler, 1992). Control rats 
underwent the same procedure but without pellet implantation. 

Single electroconvulsive seizures were induced in rats as described 
previously (Nestler et al., 1989), and the animals were killed by decap- 
itation, or perfused with formaldehyde and processed for immunohis- 
tochemistry (see below), 15 min later. Animals in the unstimulated, 
control group were treated identically with the exception of current 
delivery. 

The distribution of ERKs in overall soluble versus particulate com- 
partments was determined in total particulate (P,) and total soluble (S,) 
fractions (Nestler et al., 1989) from brain samples homogenized in ice- 
cold hypotonic buffer [20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 1 mM 
dithiothreitol, 50 kallikrein U/ml aprotinin (Sigma), 10 &ml leupeptin 
(Sigma)]. The P, and S, fractions were separated by centrifugation 
(150,000 x g x 15 min; 4°C) in a Sorvall RCM 100 micro-ultracentri- 
fuge. After the protein content of the fractions was determined, aliquots 
containing equal amounts of protein were subjected to blot immuno- 
labeling (see below). Classical subcellular fractions (Cotman et al., 1974) 
were prepared from freshly dissected, nonfrozen brain regions by stan- 
dard methods (Nestler et al., 1989). Brain samples were homogenized 
in ice-cold isotonic sucrose (0.32 M with 5 mM Tris-HCl, pH 7.4 added) 
at lo-20 mg wet weight/ml using Teflon/glass tissue grinders. Homog- 
enates were centrifuged (900 x g x 10 min; 4°C) in a Tomy MTX-150 
microcentrifuge, and the pellets were resuspended in fresh buffer and 
recentrifuged; the resulting pellets constituted the crude nuclear fraction 
(P,). The supematants from the first centrifugation were spun at 9000 
x g x 10 min (4°C) in a microcentrifuge, and the pellets were resus- 
pended in fresh buffer and recentrifuged; the resulting pellets constituted 
the crude synaptosomal fraction (P,). The supematants were centrifuged 
(150,000 x g x 15 min; 4°C) in a Sorvall micro-ultracentrifuge; the 
resulting pellets constituted the crude microsomal fraction (P,) and the 
resulting supematants constituted the cytosolic fraction (S,). In some 
exoeriments. nuclei were subfractionated from the P, fraction (Giuffrida 
et .a,., 1975)‘and free mitochondria were subfractionated from the P, 
fraction (Cotman et al., 1974). The protein content of subcellular frac- 
tions was determined, and aliquots (containing equal amounts of pro- 
tein) were subjected to blot immunolabeling, as described below. 

Blot immunolabeling methods 
General procedure. Samples were solubilized in 1% SDS, and protein 
concentrations were determined by the method of Lowry et al. (195 1). 
Aliquots containing equal amounts of protein were subjected to SDS- 
polyacrylamide gel electrophoresis in slab gels using the buffers de- 
scribed by Laemmli (1970). Proteins in the resolving gels (containing 
7.5% acrylamide, 0.4% bisacrylamide) were transferred electrophoret- 
ically (6 V/cm) to nitrocellulose sheets for 3-4 hr at room temperature 
in 2.4 gm/liter Tris, 9 gm/liter glycine, 15% methanol. In some exper- 
iments, samples were subjected to two-dimensional electrophoresis ex- 
actly as described (Beitner-Johnson et al., 1992) prior to transfer of the 
proteins to nitrocellulose. 

Nitrocellulose sheets were air-dried and incubated for 2 hr at room 
temperature in blocking buffer [phosphate-buffered saline (140 mM NaCl, 
10 mM Na.PO,, pH 7.2) containing 0.05% Tween 20 and 0.5% poly- 
vinylpyrrolidone] (Haycock, 1993b) and then overnight at 4°C in block- 
ing buffer containing primary antibody. The sheets were rinsed for 2 hr 

in blocking buffer without polyvinylpyrrolidone and then incubated for 
2 hr at room temperature with either 1151-labeled or HRP-conjugated 
goat anti-rabbit antibody. The sheets were again rinsed (2 hr, room 
temperature), and immunoreactivity was visualized using autoradio- 
graphic film [Kodak XAR-5 for Y detection or Amersham Hyperfilm 
for detection of the peroxidase/enhanced chemiluminescence (ECL, 
Amersham) reaction product]. Immunoreactivity was quantified from 
the optical density of each band in arbitrary densitometric units by use 
of an image analysis system. 

Immunolabeling and quantitation of ERKs. As a result of the con- 
siderable sequence homology between ERKl and ERKZ, antibodies 
raised against a peptide sequence from one of the ERKs will usually 
cross-react to some extent (depending upon the peptide sequence, im- 
munological response, etc.) with the other ERK. For any given anti- 
ERK antibody (or combination of antibodies), regional differences in 
ERKl (or ERK2) immunoreactivity will reflect regional differences in 
ERKl (or ERK2) protein. In addition, regional differences in the ratio 
of ERKl to ERK2 immunoreactivity will reflect regional differences in 
their relative abundances. However, because the relative intensity of 
ERKl versus ERK2 immunoreactivity will depend entirely upon the 
degree of cross-reactivity of the anti-ERK antibodies used, the actual 
numerical values of ERKl to ERK2 immunoreactivity ratios cannot be 
directly translated into ratios of ERK protein. This arbitrary difference 
in the intensitv of ERKl versus ERK2 immunoreactivitv can. however. 
be normalized by expressing the immunoreactivity of each ERK relative 
to that in a uniform tissue standard run on the same gel/nitrocellulose 
sheet; in the present studies, the hippocampus was used for this purpose. 
When normalized in this fashion, these values for ERK immunoreac- 
tivities can then be directly converted into amounts of ERK protein if 
the absolute levels of ERK protein in the tissue standard can be deter- 
mined. Thus, the absolute levels of ERKl and ERK2 in hippocampus 
(ng ERWmg hippocampal protein) were determined (see below), allow- 
ing conversion of the levels of ERKl and ERK2 immunoreactivity in 
various brain regions relative to hippocampal ERKl and ERK2 levels 
into absolute units. This method of analysis not only provides quan- 
titation of ERKl and ERK2 protein in the different brain regions but 
allows the use of any particular anti-ERK antibody or mixture of an- 
tibodies by virtue of its independence of assumptions regarding antibody 
cross-reactivities. 

Such normalization requires that levels of immunoreactivity fall ei- 
ther within a linear portion of the ERK concentration-immunoreactiv- 
ity curve or within the range of immunoreactivities of the hippocampal 
standard curve. For the antibody preparations and conditions used in 
the regional analyses, ERKl and ERK2 immunoreactivities varied in 
an approximately linear fashion with hippocampal protein, over the 
range of 40-160 bg of protein per lane when using 125I detection and 
over the range of 1 O-40 PLg of protein per lane when using ECL detection. 

Determination of ERK levels in a given brain region relative to ERK 
levels in hippocampus would appear to be the most reliable and valid 
method of standardization in such blot immunolabeling studies. This 
is because the compositions of samples subjected to immunolabeling 
(e.g., tissue type, tissue processing, salt concentrations, protein load) are 
relatively constant across brain regions. This is in contrast to the use 
of purified ERKs as standards, wherein several systematic errors could 
result (see below). For example, the absence of other proteins in the 
vicinitv of the ERK bands could dramaticallv influence efficiencv of 
transfer to nitrocellulose or binding of antibodies. 

Immunolabeling of ERK kinase. The regional distribution of ERK 
kinase in rat brain was studied using affinity-purified polyclonal anti- 
bodies raised against peptide sequences of ERK kinases. Blot immu- 
nolabeling studies were carried out as described above, with the excep- 
tion that 0.5% milk powder was substituted for polyvinylpyrrolidone 
in the blocking buffer. Two antibodies were used, both of which rec- 
ognized a predominant single band of -45 kDa. However, several ERK 
kinases ofthis same mass have now been reported, and cross-reactivities 
of these antibodies with the different mammalian ERK kinases have 
not yet been fully documented. The anti-ERK kinase from Santa Cruz 
(directed against the C-terminus domain of ERK kinase-1) would not 
be expected to recognize ERK kinase-2 (Wu et al., 1993), but could 
conceivably recognize as yet undescribed forms of ERK kinase. The 
anti-ERK kinase from UBI is directed against a peptide common to 
ERK kinase-1 and-2 (see Wu et al., 1993). Thus, the ERK kinase im- 
munoreactivity in the present studies may represent one or more ERK 
kinases. Levels of ERK kinase immunoreactivity varied in an approx- 
imately linear fashion with hippocampal protein over the range of 20- 
80 kg of protein per lane using ECL detection. 
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a- standards were run) were performed on separate days to provide the 
following concentrations of ERKl and ERK2 in the hippocampus: 0.27 
ng of ERKl and 0.82 ng of ERK2 per pg of protein. The range of values 

HIPPOCAMPAL from the three independent determinations was less than 20%. 

PROTEIN The peptide sequence against which the 69 1 antibodies were raised 

0,30 IJg 
is identical in rat and human ERK 1. Thus, the use of human ERKl is 

q n60 c1g 
unlikely to confound the calibration. However, the possibility that struc- 

Q?QOPS 
tural differences between the rat and human proteins elsewhere in the 
molecules could differentially influence immunoreactivity cannot be 
ruled out at present. 

Immunoprecipitation of ERKs 
ERKl and ERK2 were immunoprecipitated as described previously 
(Haycock, 1990) with minor modifications. Briefly, excess Nonidet P40 
was-added to SDS-solubilized samples, followed by immunoprecipi- 
tation buffer (Haycock, 1990) also containing (final concentrations) 100 
FM vanadate and 100 nM okadaic acid. Each sample was incubated for 
1 hr at room temperature with a mixture of anti-ERK antibodies (69 1, 
837, and MK12); a mixture was found to be necessary to reliably obtain 
quantitative immunoprecipitation of both ERK I and ERKZ. Incubation 
was continued for another 30 min after the addition of rabbit anti- 
mouse Ig and excess protein A-immunosorbent (Immunoprecipitin, 
BRL). Immunoglobulins and immune complexes were precipitated by 
centrifugation and resuspended by sonication directly in SDS-poly- 
acrylamide sample buffer. Immunoprecipitation efficiencies were eval- 
uated by blot immunolabeling analysis of small aliquots of each sample, 
taken before and after immunoprecipitation, in every experiment. 

0 20 40 60 

rERK (ng) 

Figure 1. Calibration of ERKl and ERK2 levels in the hippocampal 
tissue standard. Aliquots of SDS-solubilized, ERK-deficient, human 
kidney cortex containing the indicated amounts of purified, recombinant 
ERKi and ERK2 (1 ng eachlpg kidney protein) and aliquots of SDS- 
solubilized rat hiDDocampus (containing 30, 60, or 90 pg of protein) 
w&e subjected to-SDS-pdlya&lamide gel electrophoresis followed by 
electrophoretic transfer to nitrocellulose in a Genie blotter (see Materials 
and Methods). The sheets were then subjected to blot immunolabeling 
of ERKs (using the 125I detection method) and autoradiography. ERK 
immunoreactivity was quantitated by gamma counting of the lZSI-la- 
beled bands. The data in the figure present the results from one of three 
independent determinations and represent the medians from triplicate 
lanes. 

Immunolabelingofphosphotyrosine. ERKs were immunoprecipitated 
(see below) from SDS-solubilized brain samples, subjected to SDS- 
polyacrylamide gel electrophoresis, and transferred to nitrocellulose us- 
ing the quantitative transfer protocol described below. A recombinant 
anti-phosphotyrosine antibody (RC20H), composed of the variable 
regions of the mouse monoclonal anti-phosphotyrosine clone PY20 with 
mutations introduced to increase its affinity for phosphotyrosine ap- 
proximately lo-fold, was used as the primary antibody. However, de- 
spite the superior blot immunolabeling performance of this antibody, 
detection of phosphotyrosine in the ERK immunoprecipitates from 
unstimulated brain tissue was below the sensitivity of detection using 
the standard ECL protocol. Thus, after overnight incubation with the 
primary antibody (0.5 pg/ml) as described above, the nitrocellulose 
sheets were incubated sequentially at room temperature with biotin- 
conjugated goat antiperoxidase (1 hr, 1 &ml) and peroxidase-conju- 
gated streptavidin (1 hr, 2 &ml) prior to development of immuno- 
reactivity with the ECL reagents. 

Calibration of hippocampus tissue standard for ERK levels. Prelimi- 
nary studies intended to validate recoveries of ERKs indicated that 
several different standard tank or semidry transfer protocols left a large 
proportion (up to 50%) of ERKl or ERK2 in the resolving gel. Although 
the addition of extraneous proteins (e.g., molecular weight standards or 
tissue extracts) to the lanes decreased the proportion of ERK retained 
in the gel, the degree of improvement depended upon the proteins added, 
and recoveries never exceeded 70%. The use of a specialized tank trans- 
fer device capable of producing relatively high voltage fields (Genie 
Blotter with platinized titanium anode, 10 V/cm for 2-3 hr; Idea Sci- 
entific, MN) dramatically improved recoveries. Purified ERKs were 
transferred with -80% efficiency and, in the presence of additional 
proteins, 85-90% recoveries were routinely obtained. 

This transfer protocol was then used to calibrate the levels of ERKl 
and ERK2 in the working tissue standard (hippocampus pooled from 
three rats). As shown in Figure 1, the concentrations of ERKl and ERK2 
in the hippocampal sample were quantitated against standard curves of 
Durified recombinant human ERKl and rat ERK2 using 691 anti-ERK 
gntibody (i.e., anti-KRITVEEALAHPYLEQYYDPTfiE) as the pri- 
mary antibody. Potential differences in transfer efficiencies were min- 
imized by adding human kidney cortex extract (preadsorbed with im- 
mobilized anti-ERK) to the recombinant ERK lanes. Three 
determinations (in which replicates of multiple amounts of tissue and 

ERK activity assay 
Samples (solubilized brain regions, immunoprecipitates, or activated 
recombinant ERK2) were subjected to SDS-polyacrylamide gel electro- 
phoresis in 1.5 mm slab gels (see above) containing 0.1 mg/ml myelin 
basic protein (Sigma), and phosphotransferase activity was measured 
in the gel after a cycle of denaturation and renaturation (Pavlovic- 
Surajancev et al., 1992). Briefly, after electrophoresis, gels were incu- 
bated sequentially in buffered isopropanol to remove SDS, 6 M guanidine 
to denature the proteins, buffer containing 2-mercaptoethanol and Tween 
20 to renature the proteins, a reaction mixture (25 mM HEPES, 10 mM 
MgC&, 2 mM MnCL, 5 mM 2-mercaptoethanol, 100 PM Na vanadate, 
10 PM +*P-ATP (20 pCi/ml); 1 hr, 32°C) to phosphorylate myelin basic 
protein, and 5% trichloroacetic acid, 10 mM sodium pyrophosphate to 
remove unincorporated 32P. Proteins were then stained with Coomassie 
R250, and the gels were dried and autoradiographed. 

Immunohistochemical analysis of ERK and ERK kinase 
Rats were deeply anesthetized by intraperitoneal injection of a 20% 
solution of chloral hydrate at a dose of 500 mg/kg. Unconscious rats 
were perfused via the left ventricle with 4% formaldehyde in phosphate- 
buffered saline. Brains were then removed, postfixed in the same so- 
lution for 24 hr, and subsequently immersed in a cryoprotectant so- 
lution consisting of 15% sucrose, 0.05% sodium azide overnight. The 
brains were then dissected into 7 mm blocks, from which 40 pm sections 
were cut on a sliding microtome. 

Immunohistochemical staining was carried out as described (Hsu et 
al.. 198 1) with minor modifications. Briefly. free-floating brain sections 
w&e incubated in phosphate-buffered saline containing 0.3% Triton 
X-100, 0.5% normal goat serum, and antibody at various dilutions on 
a rotating shaker for 16 hr at 4°C. The sections were then washed in 
phosphate-buffered saline and incubated for 60 min at room temper- 
ature with biotinylated anti-rabbit antibody (Vestastain ABC Kit, Vec- 
tor Laboratories, Burlingame, CA) following the manufacturer’s instruc- 
tions. The sections were washed in phosphate-buffered saline and 
incubated for 60 min at room temperature with avidin-conjugated 
horseradish peroxidase. After final washes in phosphate-buffered saline, 
peroxidase activity was revealed by incubation of the sections with 0.5 
mg/ml diaminobenzidine (Sigma, St. Louis, MO) in 0.1 M sodium ac- 
etate, pH 6.0, 10 fig/ml glucose oxidase, 2 mg/ml P-D-glucose. Sections 
were then mounted on microscope slides, dehydrated in graded alcohol 
solutions, cleared in Histoclear (Fisher, Pittsburgh, PA), and cover- 
slipped. The slides were examined by bright-field microscopy with a 
Zeiss Axioscope. The following primary antibodies were used: affinity- 
purified 691 and serum 837 anti-ERK antibodies, and anti-ERK kinase 
antibodies from Santa Cruz and UBI (see Materials). 
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Figure 2. Regional distribution of 
ERKl and ERK2 in rat brain. Aliquots 
(20 pg of protein) of SDS-solubilized 
extracts were subjected to SDS-poly- 
acrylamide gel electrophoresis, and re- 

0 ERKl 
n ERK2 

sulting gels were processed for blot im- 
munolabeling of ERKs using 691 
anti-ERK antibody as described in Ma- 
terials and Methods. The upper panel 
summarizes the data (mean -e SEM) 
obtained from four animals. FC, frontal 
cortex; PC, parietal cortex; HP, hip- 
pocampus; NA, nucleus accumbens; CP, 
caudate/putamen; TH, thalamus; HY, 
hypothalamus; SN, substantia nigra; 
VT, ventral tegmental area; DR, dorsal 
raphe; MB, midbrain; LC, locus coe- 

FC PC HP NA CP TH HY SN VT DR MB LC PM CB ruleus; PM, pans/medulla; CB, cere- 
bellum. The lowerpanelshows portions 
of resulting immunoblots (using the 
chemiluminescence detection method) 

-ERKl obtained from a representative rat. 

-ERK2 
Equal amounts of recombinant human 
ERK 1 and rat ERK2 were also run (left 
lane) for M, comparison. 

Results 

Regional distribution of ERKI and ERK2 

antibody mixture, the same relative regional differences in ERKl 
and ERK2 immunoreactivity were observed. Moreover, after 
normalization to hippocampal ERK immunoreactivities and 

Figure 2 presents a summary of ERKl and ERK2 immuno- conversion to absolute levels of ERKl and ERK2, the values 
reactivity in 14 areas of rat brain as determined by blot im- of ERKs in several brain regions (frontal cortex, nucleus accum- 
munolabeling analyses using the 69 1 anti-ERK as the primary bens, caudate/putamen, and pans/medulla) obtained with the 
antibody. An autoradiogram showing the data from a single rat mixture of 69 1, 692, and 837 anti-ERK antibodies were essen- 
and the immunoreactivity of equal amounts of recombinant tially identical to those obtained with the 69 1 antibodies alone. 
ERKl and ERK2 is also presented. The figure serves to illustrate As shown in Figure 2 and Table 1, total ERK (ERKl plus 
the type of raw data collected in these studies before conversion ERK2) levels in brain ranged from a high of 1.25 ng/pg protein 
of the immunoreactivity values into either absolute ERK levels in nucleus accumbens to a low of 0.35 r&Kg protein in cere- 
or ratios of ERK immunoreactivities, both of which are pre- bellum. Moreover, the relative abundances of ERKl versus 
sented in Table 1. Similar results were obtained using a mixture ERK2 differed by close to IO-fold among the regions studied. 
of 691, 692, and 837 anti-ERK antibodies, which produced a The ratio ERKl to ERK2 levels varied in a rostral-caudal fash- 
greater relative immunoreactivity of ERK2 than the 69 1 anti- ion from low to high, with the lowest ratio (0.16) in frontal 
body alone (e.g., compare Fig. 6A to Fig. 2). Although the ratios cortex and the highest ratio (1.5) in pans/medulla. 
of ERKl to ERK2 immunoreactivity were all lower using this The rostral-caudal gradient of the relative distribution of ERKl 

Table 1. Distribution of ERKl and ERK2 in regions of rat brain 

ng ERWmg protein 
Brain region0 ERKl 

FC 119 k 14" 

PC 173 + 3.5 
HP 270 rt: 14 

NA 238 iz 14 

CP 184 rlr 38 

TH 189 + 24 
HY 278 I? 24 

SN 205 rt 16 

VT 284 k 22 

DR 292 + 22 

MB 224 + 16 

LC 338 L 44 

PM 335 t 38 

CB 124 k 13 

*’ See Figure 2 caption for abbreviations. 
/I Mean + SEM (N = 4). 

ERK2 ERKI + ERK2 

754 k 66h 873 

615 + 131 788 

820 k 139 1090 

1009 + 82 1247 

656 + 115 840 

344 k 41 533 

558 + 41 836 

607 + 49 812 

238 rk 33 522 

287 + 33 579 

402 k 41 626 

377 + 49 715 

221 t 41 556 

230 k 16 354 

Ratio 
ERKI/ERKZ 

0.16 

0.28 

0.33 

0.24 

0.28 

0.55 

0.50 

0.34 

1.2 

1.0 

0.56 

0.90 

1.5 

0.54 
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Figure 3. Autoradiogram showing the distribution of ERKl and ERK2 
in various reeions of the CNS. Aliauots (20 ug of motein) of SDS- 
solubilized extracts were subjected td SDS:pol&yl~mide gel electro- 
phoresis, and resulting gels were processed for blot immunolabeling of 
ERKs using 69 1 anti-ERK antibody and the chemiluminescence detec- 
tion method as described in Materials and Methods. The results shown 
in the figure are representative of determinations derived from analyses 
of three rats. FC, frontal cortex; CC, corpus callosum; SC, spinal cord, 
CS, pontine corticospinal tract; PM, pans/medulla. 

to ERK2 in brain suggested two possible underlying factors. The 
regional differences could reflect rostra1 to caudal differences 
either in the neuronal distribution of the ERKs or in the dis- 
tribution of the ERKs in gray versus white matter, given the 
higher levels of white matter present in some of the hindbrain 
dissections. For example, the pans/medulla would be expected 
to contain more white matter than frontal cortex. Arguing against 
the latter possibility is the fact that some of the hindbrain regions 
with high ERKl to ERK2 ratios (e.g., ventral tegmental area, 
dorsal raphe, and locus coeruleus) do not contain a large pro- 
portion of white matter. However, to further address this pos- 
sibility, we compared ERK levels in frontal cortex and pans/ 
medulla to levels in spinal cord, corpus callosum (an example 
of forebrain white matter), and the corticospinal tract in the 
pons (an example of pontine white matter). As shown in Figure 
3, corpus callosum showed relatively low levels of ERKl, sim- 
ilar to those seen in frontal cortex, whereas levels of ERK2 were 
somewhat lower than in frontal cortex. In contrast, spinal cord 
and the pontine corticospinal tract showed relatively high levels 
of ERKl, similar to those.seen in pans/medulla, but even lower 
levels of ERK2. These results indicate that while there may be 
some variation in ERK (particularly ERK2) levels based on 
white matter c&tent, most of the regional variation in ERK 
levels followed a rostral-to-caudal axis per se. 

As shown in Figure 2, the anti-ERK antibodies reacted with 
an upper 44 kDa band and a lower 42 kDa band, which co- 
migrated, respectively, with recombinant human ERKl and re- 
combinant rat ERK2. Several lines of evidence support the con- 
clusion that the differences in immunoreactivity of the two bands 
reflected differences in amounts of protein in the immunoblots 
under the blot immunolabeling conditions used. First, the ratios 
of ERKl to ERK2 immunoreactivity in a given brain region 
were constant over a relatively broad range of protein loads, 
and the relative ordering of ratios across brain regions did not 
change, using different combinations of antibodies. Second, lev- 
els of ERKl and ERK2 in mixtures of tissues from two areas 
having disparate ratios (i.e., frontal cortex and pans/medulla) 
were predicted by the simple average of the two (data not shown). 
Third, the absolute levels of ERKl and ERK2 determined with 
antibodies to different portions of the ERK molecules were es- 
sentially identical. 

These same considerations also support the view that the two 
bands of ERK immunoreactivity observed in this study were 
derived from only two proteins, presumably ERKl and ERK2. 

FC 
t-ERK1 

l 
c-ERK2 

WEFiKl 
wERK2 

Fzgwe 4. Autoradiograms showing ERK immunoreactivity after two- 
dimensional electrophoretic separation. Aliquots (80 pg of protein) of 
SDS-solubilized extracts of frontal cortex (FC) and pans/medulla (PM) 
were subjected to two-dimensional gel electrophoresis, and resulting 
gels were processed for blot immunolabeling of ERKs using a mixture 
of 691, 692, and 837 anti-ERK antibodies as described in Materials 
and Methods. Portions of autoradiograms of resulting two-dimensional 
immunoblots (using the chemiluminescence detection method) are 
shown. A portion ofERK1 and ERKZ, which apparently did not migrate 
through the first dimensional gel, is apparent toward the left-hand side 
of the autoradiograms. The apparent pIs of ERKl and ERK2 derived 
from this two-dimensional electrophoretic analysis are more acidic than 
values reported previously (-6.8; Rossomando et al., 1989). 

Additional, direct experimental support for this view is illus- 
trated in Figure 4, in which blot immunolabeling analysis of 
solubilized frontal cortex and pans/medulla after two-dimen- 
sional electrophoresis identified only two immunoreactive spe- 
cies (with approximate pIs of 5.8 for ERKI and 6.15 for ERK2). 
Moreover, the ratios of immunoreactivity of these two species 
were identical to those of the two bands after separation in one 
dimension. 

It should be pointed out that the mixture of 691, 692, and 
837 anti-ERK antibodies, in addition to recognizing ERKl and 
ERK2, labeled a protein migrating just above ERKl (at about 
45 kDa) that was particularly enriched in pans/medulla (see Fig. 
6A). This protein could represent ERK4, identified by Boulton 
and Cobb (199 1) as a 45 kDa protein recognized by certain anti- 
ERK antibodies in certain cultured cell lines and expressed in 
these lines at markedly different levels. However, independent 
verification is clearly needed to identify the 45 kDa pons/me- 
dulla-enriched protein, recognized by anti-ERK antibodies, as 
ERK4. 

Subcellular distribution of ERKI and ERK2 
In the total particulate and total soluble fractions prepared from 
hypotonic homogenates of frontal cortex and pans/medulla, 
>80% of both ERKs was present in the soluble fractions from 
either brain region (data not shown), consistent with prior re- 
ports that the ERKs are not membrane-associated proteins (e.g., 
Boulton and Cobb, 199 1). The distributions of ERKs in different 
cellular compartments were determined by blot immunolabel- 
ing analyses of subcellular fractions prepared from sucrose ho- 
mogenates of frontal cortex and pans/medulla. As shown in 
Figure 5, the concentrations of ERKl and ERK2 in frontal 
cortex were both lower in the P, fraction than in the homogenate, 
whereas both ERKl and ERK2 were enriched in the P, and S, 
fractions. By contrast, ERK2 but not ERKl was enriched in the 
P, fraction. Equivalent relative distributions were observed for 
subcellular fractions from pans/medulla (data not shown). 

The P, fraction was subfractionated in order to determine the 
levels of ERKs associated specifically with nuclei. Both ERKl 
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Relative ERK levels 

ERKl 1 0.73 1.44 0.55 1.24 

ERK2 1 0.53 1.31 1.32 1.42 

H PI P2 P3 s3 
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Figure 5. Autoradiogram showing the s&cellular distribution of ERKl 
and ERK2 in frontal cortex. The indicated subcellular fractions were 
prepared from homogenates of frontal cortex (see Materials and Meth- 
ods). Aliauots (80 UI! of nrotein) of the fractions were then subjected to 
SD&pol~acrylami& gelklectrophoresis and to blot immunolabeling of 
ERKs using 69 1 anti-ERK antibody (lZII detection method) as described 
in Materials and Methods. The amount of ERK protein per microgram 
of total protein in each subcellular fraction is expressed relative to that 
in homogenates. The values summarize the results from four separate 
fractionations, each using frontal cortex from one rat. A representative 
autoradiogram is shown. P,, crude nuclear fraction; P?, crude synap- 
tosomal fraction; P>, crude microsomal fraction; S,, cytosolic fraction. 

A 

C 

and ERK2 were present at relatively low levels in a more highly 
purified nuclear fraction prepared from P, according to Giuffrida 
et al. (1975). ‘As estimated by extrapolation from the tissue 
standard curve, the specific activities of ERKl and ERK2 in 
purified nuclei were, respectively, 29 + 7% and 3 1 f 6% (mean 
+ SEM; N = 4) of those in the homogenate. Moreover, given 
that only a small fraction of all cellular protein is associated 
with the nucleus, these results indicate that a minute percentage 
of total cellular ERK is present in the nuclear compartment in 
brain. To test the possibility that the ERKs might become as- 
sociated with the nuclear fraction only under conditions of en- 
zyme activation, we studied ERK levels in purified nuclear frac- 
tions of hippocampus of animals after an acute electroconvulsive 
seizure, a condition shown previously to activate ERKs (Bar- 
aban et al., 1993). It was found that an acute seizure did not 
increase levels of ERKl or ERK2 in nuclear fractions 15 min 
postseizure (data not shown). 

The Pz fraction, composed primarily of synaptosomes and 
free mitochondria, was also subfractionated in order to deter- 
mine the levels of ERKs associated specifically with free mi- 
tochondria. Both ERKl and ERK2 were barely detectable in a 
purified mitochondrial fraction prepared from P, according to 
Cotman et al. (1974). Mitochondrial levels of ERKI and ERK2 
were estimated by extrapolation to be at least 1 O-fold lower than 
in the homogenate. 

Comparison of ERK activity and phosphotyrosine content to 
ERK protein levels 
As stated in the introductory remarks, ERKl and ERK2 are 
activated by the phosphorylation of neighboring tyrosine and 
threonine residues. Thus, the levels of ERK activity and phos- 
photyrosine content were compared to the levels of ERK protein 
in five representative brain regions (frontal cortex, hippocam- 
pus, nucleus accumbens, caudatelputamen, and pans/medulla). 
In these experiments, ERKl and ERK2 were immunoprecipi- 
tated from extracts of the brain regions of naive rats as described 
in Materials and Methods, and aliquots of the extracts and 
immunoprecipitates were subjected to one-dimensional SDS- 

FC HP NACP PM rERK 

Figure6. Autoradiograms showing ERK protein, enzyme activity, and 
phosphotyrosine content in rat brain regions. A, Aliquots (20 pg of 
protein) of SDS-solubilized extracts were analyzed by blot immunola- 
beling of ERKs using a mixture of 691, 692, and 837 anti-ERK anti- 
bodies (chemiluminescence detection method) as described in Materials 
and Methods. B, Aliquots (50 rg of protein) of SDS-solubilized extracts 
were subjected to ERK immunoprecipitation, and resulting immuno- 
precipitates were subjected to SDS-polyacrylamide gel electrophoresis 
and analyzed for ERK catalytic activity (with myelin basic protein as 
a substrate) as described in Materials and Methods. C, Aliquots (50 pg 
of protein) of SDS-solubilized extracts were subjected to ERK immu- 
noprecipitation, and resulting immunoprecipitates were subjected to 
SDS-polyacrylamide gel electrophoresis and analyzed by blot immu- 
nolabeling of phosphotyrosine as described in Materials and Methods. 
The results shown in the figure are representative of determinations 
derived from analysis of three rats. ERK blot immunolabeling, ERK 
activity, and phosphotyrosine blot immunolabeling analysis of 5 and 
15 ng of recombinant human ERKI and rat ERK2 (A) or of 1 and 3 
ng of recombinant activated rat ERK2 (B and C) are shown for com- 
parison (rERK). Note that activated rERK2 migrates just above ERK2 
present in brain extracts (Band C). See Figure 2 caption for brain region 
abbreviations. 

polyacrylamide gel electrophoresis. ERK protein levels and 
phosphotyrosine content were analyzed by blot immunolabeling 
procedures, and ERK activity was analyzed according to Pav- 
1ovicSurjancev et al. (1992) by measuring the incorporation of 
j2P (from -y-‘*P-ATP) into myelin basic protein (an efficient in 
vitro substrate for the ERKs) that was precast into the SDS- 
polyacrylamide gels, as described under Materials and Methods. 
The levels of ERK immunoreactivity in the five brain regions 
are shown in Figure 6A, while the kinase activity toward myelin 
basic protein and the phosphotyrosine content of the immu- 
noprecipitated ERKs are shown in Figure 5, B and C, respec- 
tively. 

In general, the ratios of ERKl and ERK2 activity in the 
different brain regions (Fig. 6B) paralleled the regional differ- 
ences in the ratios of ERKl to ERK2 protein levels (Fig. 6A). 
For example, the activity of ERK2 was much greater than that 
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Figure 7. Regional distribution of ERK kinase in rat brain. Aliquots 
(60 ue of nrotein) of SDS-solubilized extracts were subiected to SDS- 
polya&ylamide gel electrophoresis, and resulting gels were processed 
for blot immunolabeling of ERK kinase using affinity-purified antibod- 
ies (from Santa Cruz) (chemiluminescence detection method) as de- 
scribed in Materials and Methods. The upperpanel shows data obtained 
from three animals, expressed as mean + SEM. See Figure 2 caption 
for brain region abbreviations. The lowcrpanel shows an autoradiogram 
of a representative immunoblot obtained from one rat. Note that in 
addition to the major M, 45 kDa band, a minor band migrating just 
below it was evident in some brain regions. The identity of this minor 
band is unknown, but it generally occurs at levels that parallel those of 
the 45 kDa protein. 

of ERKI in the forebrain regions, consistent with the higher 
levels of ERK2 protein (see Table l), whereas the activities of 
ERKl and ERK2 were more equivalent in pans/medulla, as 
were ERKl and ERK2 protein. However, the levels of ERK 
activity in the hippocampus were disproportionately higher 
overall compared to those in the other brain regions. In fact, as 
shown in Figure 6C, phosphotyrosine was detectable only in the 
hippocampus sample, and only for ERK2. These results dem- 
onstrated that while the levels of ERK activity and phospho- 
tyrosine generally followed one another, relative to ERK pro- 
tein, they were much higher in the hippocampus. 

Regional distribution of ERK kinase 
A possible explanation for the higher activity and phosphoty- 
rosine content of the ERKs in hippocampus compared to the 
other forebrain regions was that the hippocampus might contain 
higher levels of ERK kinase. Therefore, we also investigated the 
regional distribution of ERK kinase by blot immunolabeling 
procedures, using two different anti-ERK kinase antibodies. As 
shown in Figure 7, there were clear regional differences (-3- 
fold) in the levels of ERK kinase immunoreactivity (M, 45 kDa) 
with antibodies raised against a C-terminal peptide sequence 
from ERK kinase- 1. The highest levels of ERK kinase immu- 
noreactivity were present in nucleus accumbens, hippocampus, 
substantia nigra, and caudate/putamen, with the lowest levels 
observed in cerebellum and pans/medulla. Spinal cord con- 
tained still lower levels of ERK kinase immunoreactivity (not 
shown). The use of a second ERK kinase antibody, directed 
against a peptide sequence from yeast ERK kinase, also labeled 
a single 45 kDa band and resulted in a similar relative ordering 
of ERK kinase immunoreactivity among the brain regions stud- 
ied, although the range of regional differences in ERK kinase 
levels was greater with this antibody (data not shown). The 

results with either antibody indicated that the unexpectedly high 
levels of ERK activity and phosphotyrosine content in the hip- 
pocampus relative to frontal cortex, nucleus accumbens, and 
caudate/putamen (as illustrated in Fig. 6) could not be explained 
simply on the basis of regional differences in ERK kinase levels. 

Localization of ERK and ERK kinase by 
immunohistochemistry 

To gain more information concerning the cellular localization 
of the ERKs and ERK kinase in brain, we studied the distri- 
bution of these proteins by immunohistochemical procedures 
using affinity-purified 69 1 anti-ERK and anti-ERK kinase (UBI) 
antibodies (see Materials and Methods). In general, the staining 
pattern of ERK and ERK kinase immunoreactivity was similar. 
The immunoreactivity with either antibody was associated prin- 
cipally with neuropil. Very few cell bodies exhibited distinct 
staining at any level of the neuraxis that was examined. Data 
for selected brain areas are shown in Figure 8. At the level of 
the midbrain, particularly high levels of ERK kinase-like im- 
munoreactivity were observed in pars reticulata of the substan- 
tia nigra (Fig. 8b), consistent with the high levels of the enzyme 
detected in blot immunolabeling studies. Levels of ERK-like 
immunoreactivity were also enriched but to a lesser extent (Fig. 
8a). At a more rostra1 level, high levels of ERK-like and ERK 
kinase-like immunoreactivity were found in hippocampus (Fig. 
8c,d), where both antibodies produced similar, laminar distri- 
butions (Fig. 8c-f). Similar patterns of ERK-like and ERK ki- 
nase-like immunoreactivity were also observed when different 
antibodies (837 anti-ERK and Santa Cruz anti-ERK kinase) 
were used (data not shown). It should be noted that no significant 
nuclear staining was observed for the ERKs in the hippocampus 
either under basal conditions or 15 min after a single electro- 
convulsive seizure (data not shown). 

Regulation of ERK and ERK kinase by chronic morphine 
administration 
While the phosphorylation/activation of ERKs and ERK kinase 
are known to be highly regulated, little attention has been given 
to possible longer-term regulation, for example, the total amounts 
of these proteins. To gain a preliminary sense of whether the 
total amounts of ERKs and ERK kinase are subject to regulation 
in the brain, we studied the influence of chronic morphine ad- 
ministration on the levels of these proteins. Morphine was se- 
lected as a treatment, based on the increasing evidence that long- 
term exposure to morphine alters the levels of numerous signal 
transduction proteins in specific regions of the CNS (see Nestler, 
1992; Nestler et al., 1993). 

Rats were treated with morphine under conditions, described 
in Materials and Methods, known to elicit high levels of tol- 
erance and dependence. As shown in Figure 9A, chronic mor- 
phine treatment increased the levels of both ERKl and ERK2 
in the locus coeruleus and caudateiputamen by 20-30%. In 
contrast, no significant effects of morphine were observed on 
ERK levels in the other brain areas studied (substantia nigra, 
ventral tegmental area, nucleus accumbens, and frontal cortex). 
Moreover, chronic morphine treatment failed to influence the 
levels of ERK kinase immunoreactivity in any of the brain 
regions studied (Fig. 9B). 

Discussion 

The present study has shown that ERKl and ERK2, the two 
major isoforms of ERK, have different regional distributions in 
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Figure 8. Immunohistochemical localization of ERK and ERK kinasc in rat brain. Coronal sections of rat brain were analyzed for ERK-like 
(a,c,e) or ERK kinase-like (b,d, f) immunoreactivity as described in Materials and Methods using allhtity purified 69 1 anti-ERK or anti-ERK kinase 
(UBI) antibodies. a and b show coronal sections through the ventral midbrain at the level of the substantia nigra and ventral tegmental area at 
low-power magnification. c and d show coronal sections through a caudal section of hippocampus at low-power magnification. e and f  show 
coronal sections through the rostra1 hippocampus at higher-power magnification. Note the particular enrichment of ERK kinase-like immuno- 
reactivity in the pars reticulata of the substantia nigra (b). Note also the lack of cell body staining for both proteins in all of the sections shown, 
and the very similar laminar distributions of ERK-like and ERK kinase-like immunoreactivity in the hippocampus (c-f). 

the brain. While ERK immunoreactivity is widely distributed close to an order of magnitude among the brain regions studied. 
in the brain, specific brain areas differed by up to 3.5fold in In the brain, the frontal cortex had the lowest ERKl-to-ERK2 
the total levels of ERK immunoreactivity, and even more so in ratio and pans/medulla had the highest, while the ratio in spinal 
the relative abundance of ERKl and ERK2, which differed by cord was even higher than that in pans/medulla. The distri- 
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Figure 9. Regulation of ERK and ERK kinase immunoreactivity in 
rat brain by chronic morphine treatment. Rats were treated chronically 
with morphine, after which ERK (A) and ERK kinase (B) levels were 
determined by blot immunolabeling in selected brain regions as de- 
scribed in the captions to Figures 2 and 7. Levels of ERK and ERK 
kinase immunoreactivity in morphine-treated rats were compared to 
those in control rats. Data are expressed as mean percentage change 
from control f SEM. The results were derived from the following num- 
bers of morphine-treated and control rats; for ERK: LC, 18; SN, 12; 
VT, 12; CP, 12; NA, 12; FC, 12; for ERK-kinase: LC, 12; SN, 12; VT, 
6; CP. 12; NA, 6; FC, 6. *, p c 0.05 by x2 test. 

bution of the two forms of ERK cannot be explained solely on 
the basis of a rostral-caudal gradient in the relative amount of 
white matter in the tissues analyzed: the ERKl-to-ERK2 ratio 
in forebrain white matter approximated that in frontal cortex, 
whereas the ratio in pontine white matter approximated that in 
pans/medulla. Thus, there appeared to be a systematic gradient 
in the relative expression of ERK 1 versus ERK2 associated with 
the rostral-caudal location within the neuraxis. 

Although attempts were made to examine the regional dis- 
tribution of ERK3, a third form of ERK found in some cultured 
cells and animal tissues (Boulton and Cobb, 1991; Wang and 
Erikson, 1992) blot immunolabeling analysis with commer- 
cially available antibodies to ERK3 failed to produce detectable 
immunoreactivity in any of the brain regions examined (data 
not shown). An immunoreactive protein of 45 kDa, migrating 
just above ERKl was, however, observed in pans/medulla using 
a mixture of anti-ERK antibodies (see Fig. 6A). This protein 
could correspond to ERK4, an additional form of ERK seen in 
studies of cultured cells but not yet cloned or purified (Boulton 
and Cobb, 199 1). Ifthis identity proves to be correct, the present 
results would suggest that there is considerable enrichment of 
ERK4 in pans/medulla relative to forebrain regions. 

In a recent report, Thomas and Hunt (1993) studied the re- 

gional localization of ERKl and ERK2 mRNA in rat brain and 
spinal cord by in situ hybridization. Their results differ from 
those of the present investigation in several respects. While 
Thomas and Hunt found widespread distribution of ERK2 
mRNA throughout the neuroaxis (in agreement with the present 
study), they found no rostral-caudal gradient in levels of ERK2 
mRNA as we found for ERK2 protein (see Table 1). Moreover, 
they report that ERKl mRNA shows a more restricted distri- 
bution in the brain, with y10 mRNA detectable, for example, in 
caudate/putamen, nucleus accumbens, thalamus, and dorsal ra- 
phe, brain regions that contain significant levels ofERK1 protein 
(see Table 1). The differences between the Thomas and Hunt 
study and our study could result from differential expression of 
ERK mRNA versus protein in a given brain region. Such dif- 
ferences between the regional distributions of mRNA versus 
protein should probably be more of an expectation than a sur- 
prise. In addition to the essential differences in cellular targeting 
of mRNA and protein (particularly in the case of long projection 
neurons), the metabolic life cycles of mRNAs and their trans- 
lation products share little overlap beyond the translation pro- 
cess itself. In addition, in situ hybridization analyses are, by 
their nature, less than fully quantitative. This point is under- 
scored by the Northern blotting data of Boulten et al. (199 l), 
who measured levels of ERKl and ERK2 mRNA in gross 
subsections of brain. They found, contrary to the in situ hy- 
bridization data of Thomas and Hunt but consistent with our 
immunolabeling data, that ERK2 mRNA does show a rostral- 
caudal gradient in expression and that ERKl is widely distrib- 
uted in the brain. These considerations underscore the difficulty 
in assessing the regional distribution of a protein by in situ 
hybridization alone. Moreover, given that a protein, and not its 
mRNA, is the functional entity, we would like to emphasize the 
importance of quantitative blot immunolabeling data in ob- 
taining an accurate picture of the chemical anatomy of neuronal 
systems. 

The present study also provides information concerning the 
subcellular distribution of ERKl and ERK2 in the brain. The 
two forms of the enzyme were predominantly soluble in both 
frontal cortex and pans/medulla, hence, in regions having very 
different ERKl and ERK2 ratios. In both regions, the P, (crude 
synaptosomal) fractions contained high levels of ERKl and 
ERK2. A major component of the P, fraction are mitochondria, 
and more highly purified mitochondrial subfractions of P, were 
shown to contain barely detectable levels of both forms of ERK. 
This would suggest a particular enrichment of ERK in the non- 
mitochondrial portion of PZ, for example, synaptic elements. 
Cytosolic fractions also contained high levels of ERKl and ERK2, 
whereas the P, (crude microsomal) fractions contained high lev- 
els of ERK2 only. Although identification of the precise sub- 
cellular organelle(s) responsible for the enrichment of ERK2 in 
P, requires further analysis, this observation does provide one 
of the first pieces of evidence for a differential processing/tar- 
geting of ERKl versus ERK2 in cells. 

The P, (crude nuclear) fractions contained lower concentra- 
tions of ERKl and ERK2 than total homogenates, and subfrac- 
tionated, purified nuclear preparations contained still lower levels 
of the two forms of ERK. Moreover, an acute electroconvulsive 
seizure, known to produce ERK phosphorylation and activation 
in the hippocampus (Baraban et al., 1993) did not increase 
levels of ERKl or ERK2 in purified nuclear fractions of this 
brain region. In addition, ERK immunoreactivity was not de- 
tectable in cell nuclei of the hippocampus under resting or sei- 
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zure conditions as determined by immunohistochemistry. Al- 
though leakage from nuclei during tissue processing cannot be 
excluded, all of these results converge on the conclusion that 
appreciable levels of the ERKs are not associated with nuclei 
in the brain under basal or stimulated conditions. Similarly, in 
a recent immunohistochemical study of ERK2 (Fiore et al., 
1993a), no significant immunoreactivity in HP neuronal nuclei 
was evident under basal conditions. This is somewhat surprising 
based on studies of cultured cells, wherein significant nuclear 
levels of ERK have been demonstrated and an important role 
for ERKs in the regulation ofgene expression has been intimated 
(e.g., see Boulton et al., 1990; Pulverer et al., 199 1; Chen et al., 
1992; Gille et al., 1992; Seth et al., 1992; Nakajima et al., 1993). 
Although it is possible that the low levels of ERKs associated 
with brain nuclei may be sufficient to effect phosphorylation of 
transcription factors, the apparent absence of an activation- 
dependent translocation of ERK to the nucleus in brain may 
indicate that the ERK translocation commonly observed in cul- 
tured cells subserves mitogenic aspects of ERK signaling that 
are suppressed in Go-arrested neurons. 

Our regional analyses of ERK activity and phosphotyrosine 
content revealed that hippocampus contained dramatically higher 
levels than frontal cortex, nucleus accumbens, caudate/puta- 
men, or pans/medulla, even though the levels of ERK protein 
in hippocampus were intermediate (Table 1). Moreover, the 
levels of ERK kinase-which is responsible for phosphorylating 
and activating ERK in cultured cells-were comparable in hip- 
pocampus, nucleus accumbens, and caudateiputamen. Thus, it 
seems likely that other factors underlie the elevated ERK ac- 
tivity and phosphotyrosine content in hippocampus. One pos- 
sibility is that other forms of ERK kinase, not recognized by 
the antibodies used in the present study, are present in the 
hippocampus at high levels. For example, multiple ERK kinases 
have already been identified (see Seger et al., 1992; Otsu et al., 
1993; Wu et al., 1993) and the number of additional members 
in this kinase family is presently unknown. Alternatively, we 
did not determine the regional distribution of ERK kinase ac- 
tivity, and it is possible that the basal level ofERK kinase activity 
is also elevated in the hippocampus. We did attempt to compare 
regional levels of upstream activators of ERK kinase (e.g., Raf). 
However, we were unable to detect Raf immunoreactivity in 
blot immunolabeling studies of brain regions using commercial 
antibodies (unpublished observations). Thus, blot immunola- 
beling studies of other molecules in the ERK-related signaling 
pathways may have to await development of more suitable im- 
munochemical reagents. 

The antibodies to ERK and ERK kinase used in the blot 
immunolabeling studies were also used successfully for im- 
munohistochemical analyses of brain sections (see Fig. 8). Im- 
munolabeling by the ERK and the ERK kinase antibodies was 
associated predominantly with neuropil in each of the brain 
regions analyzed. In the hippocampus, ERK-like and ERK ki- 
nase-like immunoreactivities displayed similar laminar distri- 
butions. Furthermore, pars reticulata of the substantia nigra 
exhibited relatively high intensities of immunoreactivity with 
antibodies to either protein, whereas much lower intensities 
were observed in the neighboring ventral tegmental area. Over- 
all, the cellular distribution of ERK immunoreactivity observed 
in the present immunohistochemical studies was similar to that 
reported recently for ERK2 immunostaining in rat brain (Fiore 
et al., 1993a), although, in contrast to the present results, these 
authors reported prominant immunoreactivity associated with 

cell bodies/dendrites in superficial layers of the cerebral cortex 
and in the dentate and CA3 cell layers of the hippocampus. 
Interestingly, based on immunoelectron microscopic data, the 
dense cell body and dendritic staining of ERK2 seen by Fiore 
et al. (1993) appeared to be associated with Golgi and micro- 
tubules, respectively; this could form the basis for the selective 
enrichment of ERK2 in microsomal (PJ fractions seen in the 
present study. The absence of prominent cell body/dendritic 
staining in the present study seems likely to be accounted for 
by differences in the antibodies and fixation conditions used. 
Fiore et al. (1993) used antibodies that recognized ERK2 in 
preference to ERKl, whereas the 69 1 and 837 antibodies used 
in the present study recognize both ERKl and ERK2 with, if 
any, a slight preference for ERK 1 under certain conditions. Also, 
Fiore et al. used fixative containing 0.15% glutaraldehyde in 
addition to 4% formaldehyde, which may have enhanced re- 
tention of ERK2 by microtubules while improving morpholog- 
ical definition. 

The catalytic activity of the ERKs and of ERK kinase is 
strictly dependent upon their phosphorylation, which is regu- 
lated on a short-term basis by signaling pathways that are ac- 
tivated by extracellular signal/receptor interactions. However, 
little attention has been paid to processes involved in the longer- 
term control of the expression of these proteins or to the pos- 
sibility that these processes may be subject to physiological or 
pharmacological regulation. As an initial step in addressing this 
possibility, we studied the effect of chronic morphine admin- 
istration on ERK and ERK kinase immunoreactivity in selected 
brain areas. Morphine was chosen for this purpose, because 
increasing evidence indicates that the drug alters the levels of 
several specific signal transduction proteins in the brain after 
long-term administration (see Nestler, 1992; Nestler et al., 1993). 
It was found that chronic morphine treatment increases levels 
of ERKl and ERK2 in the locus coeruleus and caudatelputa- 
men, but not in several other brain regions examined. Chronic 
morphine treatment had no effect on levels of ERK kinase im- 
munoreactivity in all of the brain regions studied. The mor- 
phine-induced increase in ERK levels in the locus coeruleus is 
interesting, given the prior evidence that chronic morphine ad- 
ministration also increases levels of CAMP-dependent protein 
kinase and other components ofthe CAMP pathway in this brain 
region. These adaptations in the CAMP pathway have been shown 
to contribute to the electrophysiological tolerance and depen- 
dence that morphine induces in this brain region (Kogan et al., 
1992; Nestler, 1992; Nestler et al., 1993). Chronic morphine 
treatment also increases the expression of tyrosine hydroxylase 
in the locus coeruleus (Guitart et al., 1990). Given that this 
enzyme is phosphorylated on a specific serine residue (serine- 
31) by the ERKs (Haycock et al., 1992; Haycock, 1993a), it is 
possible that the morphine-induced increase in ERK levels pro- 
vides an additional way in which tyrosine hydroxylase is reg- 
ulated under morphine-treated conditions. Of course, under- 
standing the full functional significance of morphine regulation 
of ERKs in the locus coeruleus, as well as in the caudate/pu- 
tamen, must await information concerning the precise physio- 
logical roles played the enzyme in these brain regions under 
normal conditions. 

The present evidence for region-specific distribution of ERKs 
and ERK kinase in the brain, as well as the enrichment of the 
ERKs in synaptic fractions of brain and their regulation by 
chronic morphine administration in specific brain regions, sug- 
gest an important role for these enzymes in brain signal trans- 
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duction. A maior aoal of future studies will be to better under- Giuffrida AM, Cox D, Mathias AP (1975) RNA polvmerase activity 
stand the physiological stimuli that regulate ERK and ERK 
kinase activity and to identify cellular proteins and processes 
in the brain controlled by the ERK intracellular messenger path- 
way. 
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