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ABSTRACT We have used the hippocampal slice prepa-
ration to investigate the regulation of protein tyrosine phos-
phorylation in brain. After pharmacological treatment of intact
slices, proteins were separated by electrophoresis, and levels of
protein tyrosine phosphorylation were assessed by immuno-
blotting with specific anti-phosphotyrosine antibodies. Phorbol
esters, activators of the serine- and threonine-phosphorylating
enzyme protein kinase C, selectively increase tyrosine phos-
phorylation of a soluble protein with an apparent molecular
mass of approximately 40 kilodaltons. Muscarinic agonists
such as carbachol and oxotremorine M that strongly activate
the inositol phospholipid system also increase tyrosine phos-
phorylation of this protein. Neurotransmitter activation of the
inositol phospholipid system and protein kinase C appears to
trigger a cascade leading to increased tyrosine phosphoryl-
ation.

Inrecent years, a group of protein kinases has been identified
that selectively phosphorylates proteins on tyrosine residues
(1). These phosphotyrosine residues are much less abundant
than phosphoserine or phosphothreonine residues, account-
ing for <1% of phosphoamino acid residues in many cell
types. Despite the low levels of phosphotyrosine-containing
proteins, tyrosine-specific protein kinases play a major role
in regulating cell processes, since several oncogene products
and growth factor receptors possess tyrosine-specific protein
kinase activity critical for influencing cell growth and prolif-
eration (1, 2).

Tyrosine kinase activity is particularly abundant in adult
brain (3, 4). Paradoxically, it is associated with neurons, a
nonproliferating cell type (5-8), indicating involvement in
aspects of neuronal function other than cell proliferation.
Several synaptic vesicle proteins (7) and the nicotinic ace-
tylcholine receptor (9) have been identified as substrates for
tyrosine phosphorylation. These findings point to a role of
tyrosine-specific kinases in synaptic transmission, yet little is
known about the regulation of tyrosine phosphorylation in
neuronal systems. In the present study, we have used the
hippocampal slice preparation to examine this question. We
have found that tyrosine phosphorylation of a 40-kilodalton
(kDa) protein is increased by both phorbol esters and mus-
carinic receptor activation, indicating that tyrosine phospho-
rylation may mediate some responses to neurotransmitters
and protein kinase C activation.

MATERIALS AND METHODS

Hippocampal Slice Preparation. Rat hippocampal slices
were prepared in a standard fashion (10) from adult male
Sprague-Dawley rats (150-250 g). Hippocampi were dis-
sected, and 400-um-thick transverse slices were cut with a
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manual chopper. Slices were transferred to a chamber con-
taining a humidified atmosphere of 5% CO,/95% O,. Slices
rested on filter paper covering a small dish of physiological
saline (130 mM NaCl/5.0 mM KCl/24 mM NaHCOs/2.5 mM
CaCl,/1.5 mM MgSO,/1.2 mM NaH,PO,/10 mM glucose).
Slices were allowed to recover for at least 1 hr prior to
transferring them to dishes with drug-containing salines.
Oxotremorine M and oxotremorine 2 were gifts from S. K.
Fisher (Ann Arbor, MI). Other drugs were obtained from
standard commercial sources.

Antibody Preparation and Immunoblot Analysis. Antisera
against phosphotyrosine were prepared as described by
Ohtsuka et al. (11). In brief, phosphotyrosine coupled to
either keyhole limpet protein or bovine serum albumin was
injected intradermally. The resulting antisera were affinity-
purified on a Sepharose 4B column coupled to phosphoty-
rosine. Monoclonal antibodies to phosphotyrosine were ob-
tained commercially (ICN).

After drug treatments, individual slices were added to 150
ul of stop buffer [2% sodium dodecyl sulfate/125 mM Tris:
HCI, pH 6.8/10% (wt/vol) glycerol/5% 2-mercaptoethanol/1
mM sodium orthovanadate], sonicated briefly, and placed in
boiling water for 2 min. Proteins were separated by electro-
phoresis on sodium dodecyl sulfate/7.5% polyacrylamide
gels (SDS/PAGE) by the method of Laemmli (12). The
proteins were then transferred to nitrocellulose sheets at 200
mA overnight by using the buffer system of Towbin et al. (13).
Immunoblotting with the anti-phosphotyrosine antibody was
performed with 1%I-labeled protein A as described by Jahn et
al. (14), except that a 1:1000 dilution of the antibody was
used. Autoradiograms were generated by exposing the blot to
Kodak XAR film.

In some experiments, soluble and particulate fractions
were separated prior to SDS/PAGE. After drug treatments,
two slices were added to 200 ul of 50 mM Tris'HCl, pH
7.4/100 mM NaF/50 mM NaCl/10 mM EGTA/5 mM EDTA/
10 mM sodium pyrophosphate/20 mM sodium phosphate/1
mM sodium orthovanadate/20 ug of leupeptin per ml/20 ug
of antipain per ml/20 units of Trasylol per ml, sonicated, and
then spun at 75,000 rpm in a TL-100 Beckmann centrifuge for
15 min. The pellets were washed and then resuspended in 200
ul of the same buffer. One hundred microliters of triple-
strength stop buffer was added to both soluble and particulate
fractions prior to loading half of each sample per lane.

RESULTS

In untreated hippocampal slices, several phosphotyrosine-
containing proteins were detectable when homogenates of
the slices were analyzed by immunoblotting techniques with
antibodies specific for phosphotyrosine. Several prominently
labeled proteins were apparent with molecular masses of
approximately 175, 125, 115, and 95 kDa (Fig. 1). Incubation
of hippocampal slices with S uM phorbol 12,13-diacetate, a
phorbol ester analogue that activates protein kinase C (15),
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F1G. 1. Phorbol ester-induced increase in tyrosine phosphoryl-
ation of a 40-kDa protein. Hippocampal slices were incubated in
control saline or 5 uM phorbol 12,13-diacetate [P(OAc),] for 1 hr.
Proteins were separated by SDS/PAGE, and anti-phosphotyrosine
antibodies were used to detect phosphotyrosine-containing proteins.
Slices exposed to phorbol 12,13-diacetate display increased tyrosine
phosphorylation of a protein migrating with an approximate molec-
ular mass of 40-kDa (arrowhead). Individual hippocampal slices were
run in each lane.

selectively increased tyrosine phosphorylation of a protein
migrating with an apparent molecular mass of approximately
40 kDa (Fig. 1). The labeling of proteins with the anti-
phosphotyrosine antibody was completely blocked by pre-
incubation of the antibody with 200 uM phosphotyrosine but
not 200 uM phosphoserine or phosphothreonine. In addition,
a similar pattern of labeling was detected by affinity-purified
antibodies generated to phosphotyrosine coupled to either
keyhole limpet protein or bovine serum albumin and by an
anti-phosphotyrosine monoclonal antibody (16).

To analyze whether the 40-kDa protein is soluble or
membrane-associated, the soluble anll particulate fractions
were separated prior to SDS/PAGE. The 40-kDa protein was
recovered almost entirely in the soluble fraction (Fig. 2). Of
the other prominently labeled proteins, the 95-kDa protein
was detected exclusively in the particulate fraction, and the
175-, 125-, and 115-kDa proteins appeared in both fractions.

1 2 3 4 5 6
- B

Fi1G. 2. Separation of soluble and particulate phosphotyrosine
proteins. Soluble and particulate fractions were separated prior to
SDS/PAGE. The 40-kDa protein displaying increased tyrosine
phosphorylation after exposure to phorbol 12,13-diacetate is found
largely in the soluble fraction (arrow). Lanes: 1 and 2, soluble and
particulate fractions, respectively, from control slices; 3-6, 5 uM
phorbol 12,13-diacetate-treated (1 hr) slices (soluble fractions were
run in lanes 3 and 4, and particulate fractions, in lanes 5 and 6).
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FiG.3. (Upper) Time course of phorbol ester-induced increase in
tyrosine phosphorylation. After incubation of hippocampal slices
with phorbol 12,13-diacetate [P(OAc),] for the times indicated, slices
were placed in stop buffer and subjected to immunoblot analysis with
anti-phosphotyrosine antibodies. As shown in the top panel, little
increase in labeling in the 40-kDa band is apparent at 10 min. By 40
min, a substantial increase appears that is sustained at 80 min.
(Lower) The enhanced tyrosine phosphorylation is readily revers-
ible. Slices were exposed to 5 uM P(OAc); for 1 hr and then
transferred to control saline for the times indicated. A decrease to
baseline levels is seen with washing for either 30 or 60 min. This
decrease is not simply due to transferring the slices per se because
after 5 min of washing, which does not allow sufficient time for
removal of the drug, a decrease in staining was not observed.

The increase in phosphotyrosine phosphorylation was
barely detectable at 10 min but was clearly apparent after 40
min and remained elevated for several hours (Fig. 3). This
response to phorbol esters is reversible, as transfer of slices
from buffer containing phorbol 12,13-diacetate to control
saline returned the phosphotyrosine phosphorylation of the
40-kDa protein to control levels (Fig. 3). Accordingly, per-
sistent activation of protein kinase C was required to main-
tain the increased phosphotyrosine content of this protein.

The concentration-response relationship for phorbol
12,13-diacetate was examined after incubation of slices for 1
hr. A small increase of phosphotyrosine phosphorylation
occurred at 0.5 uM, with maximal increases noted at 2 and 5
uM (Fig. 4). Because phorbol ester analogues vary widely in
their affinities for protein kinase C (15), we examined the
activity of the phorbol ester analogues phorbol 12,13-
dibutyrate, phorbol 12,13,20-triacetate, and phorbol in mim-
icking this response. The rank order of potencies of these
drugs paralleled their affinities for protein kinase C: 100 nM
phorbol 12,13-dibutyrate was more active than a similar
concentration of phorbol 12,13-diacetate, phorbol 12,13,20-
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FiG. 4. Concentration-response relationship for phorbol esters.
The effects of several concentrations of phorbol 12,13-diacetate
[P(OACc),] and phorbol 12,13,20-triacetate [P(OAc);] were examined
after 1 hr of incubation. P(OAc); at 0.5 uM produces a small increase
in labeling of the 40-kDa protein, whereas 2 uM elicits a larger
increase, with little further effect at 5 uM. P(OAc); also shows a
concentration-dependent increase in staining but is less potent than

P(OAC)z .
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triacetate was less potent than phorbol 12,13-diacetate (Fig.
4), and phorbol was completely inactive at 10 uM.

As muscarinic receptor stimulation strongly activates the
inositol phospholipid system in the hippocampal slice prep-
aration (17), we wondered whether muscarinic agonists
would also elicit a similar increase in anti-phosphotyrosine
labeling of the 40-kDa protein. In the hippocampus, as in
N1E-115 neuroblastoma cells, muscarinic receptors with low
affinity for agonists mediate increases in inositol phospho-
lipid turnover (17-20). In both these preparations, concen-
trations of 1 mM carbachol are needed to elicit near-maximal
stimulation, with little effect observed below 50-100 uM.
Carbachol exhibited a similar profile in eliciting increased
tyrosine phosphorylation of the 40-kDa protein. Incubation
of slices with 1 mM carbachol for 15-30 min produced a
marked increase in staining (Fig. 5), with only small increases
apparent with 100 uM. The effects of 1 mM carbachol were
blocked by atropine (1-10 uM, Fig. 6).

Muscarinic stimulation of the inositol phospholipid system
in the hippocampus displays a characteristic pharmacology
(10, 17, 18, 21). Several muscarinic agonists such as carba-
chol, oxotremorine M, and oxotremorine 2 possess high
efficacy, while others such as oxotremorine, arecoline, and
pilocarpine behave as weak partial agonists. These agents
displayed a similar profile in their ability to increase the
phosphotyrosine content of the 40-kDa protein. When tested
at a concentration of 1 mM, oxotremorine M (Fig. 6) and
oxotremorine 2 mimicked carbachol’s action, while oxotrem-
orine, arecoline, and pilocarpine did not. In addition, ox-
otremorine blocked increases produced by oxotremorine M
(Fig. 6).

To assess the role of protein kinase C in mediating
carbachol’s effect on tyrosine phosphorylation, we examined
the effects of an inhibitor of protein kinase C, H-7 (22). In
hippocampal slices, relatively high concentrations (300 M)
and long incubations (>1 hr) are required to allow for
penetration of this lipophilic compound (23). Under these
conditions, we found that H-7 blocked both phorbol 12,13-
diacetate (5 uM for 60 min)- and carbachol (1 mM for 15
min)-induced increases in tyrosine phosphorylation of the
40-kDa protein, as would be expected if protein kinase C
mediated these effects. However, H-7 is not specific for
protein kinase C, leaving open the possibility that it directly
inhibits the tyrosine-specific protein kinase involved or that
carbachol may act via another H-7-sensitive protein kinase.

DISCUSSION

Our results demonstrate regulation of tyrosine phosphoryl-
ation by phorbol esters, activators of the serine- and threo-
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Fi1G. 5. Effects of carbachol (Carb) on tyrosine phosphorylation.
Slices were incubated with 1 mM carbachol for 5, 15, or 30 min and
then were processed for immunoblotting with anti-phosphotyrosine
antibodies. Increases are apparent at 15 and 30 min, but not at 5 min,
in the 40-kDa band (lower arrowhead). The response to phorbol
12,13-diacetate [P(OAc),] (5 uM for 60 min) is shown for comparison.
Smaller and more variable increases in one of the more slowly
migrating bands were also observed (upper arrowhead).
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FiG. 6. Pharmacology of muscarinic effects on tyrosine phos-
phorylation. (Upper) Pretreatment of slices with 2 uM atropine for
1 hr blocks the ability of 1 mM carbachol (Carb) to increase tyrosine
phosphorylation of the 40-kDa band. Incubation with 10 uM atropine
(Atro) alone does not affect the staining pattern. The effect of phorbol
12,13-diacetate [P(OAc),] (5 uM for 60 min) is shown in the left-hand
lanes for comparison. (Lower) Oxotremorine M (Oxo-M; 1 mM for
15 min) mimics carbachol’s effect on the 40-kDa band. Oxotremorine
(Oxo0; 1 mM), a muscarinic agonist with low efficacy at stimulating
inositol phospholipid turnover, blocks 1 mM oxotremorine M.

nine-phosphorylating enzyme protein kinase C, and by mus-
carinic receptor activation. In particular, we have identified
a soluble 40-kDa protein that is selectively tyrosine-phos-
phorylated in response to these agents. Abundant evidence
points to protein kinase C as the primary target of phorbol
esters (15); however, other sites of actions have been pos-
tulated including other kinases (40, 41). Since muscarinic
agonists that stimulate the inositol phospholipid-protein
kinase C cascade mimic this response to phorbol esters, it
appears likely that protein kinase C mediates this effect. As
protein kinase C is not a member of the tyrosine kinase family
(1), we infer that activated protein kinase C triggers a cascade
leading to increased tyrosine phosphorylation of this protein.
Precedent for an indirect increase in protein tyrosine phos-
phorylation by protein kinase C has been observed in
fibroblasts in culture. In these cells, phorbol esters increase
tyrosine phosphorylation of a soluble 42-kDa protein that is
also regulated by several growth factors (1, 24-26). It appears
likely that the 40-kDa protein we have identified in brain is
related to the fibroblast protein. By contrast, the 40-kDa
protein is distinct from pp38 or synaptophysin, a known
tyrosine Kinase substrate in brain, since that protein is an
integral membrane protein (7). Another candidate is calpactin
I, a 38-kDa tyrosine kinase substrate, present in low levels in
brain (42, 43). However, parallel Western blots stained with
antisera for calpactin show that they migrate differently
(unpublished observation).

Muscarinic receptors are linked to multiple second-
messenger pathways (27, 28). The distinctive agonist profile
we have observed for increases in tyrosine phosphorylation
of the 40-kDa protein closely resembles that reported for
stimulation of inositol phospholipid turnover in the hippo-
campus (20). Since phorbol esters mimic this cholinergic
response, it appears likely that muscarinic effects on tyrosine
phosphorylation are mediated via the inositol phospholipid
system and protein kinase C and that the activation of a
protein tyrosine Kinase is a general consequence of protein
kinase C activation.

As muscarinic agonists and protein kinase C affect several
membrane ionic conductances in hippocampal pyramidal
neurons (29, 30), the 40-kDa protein we have identified may
be involved in mediating some of these actions. In pyramidal
neurons, phorbol esters and muscarinic agonists that stimu-
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late inositol phospholipid turnover share a common action.
They block the inhibitory effects of several receptors coupled
to potassium channels via pertussis-toxin-sensitive GTP-
binding proteins (10, 31). For example, potassium-channel
activation elicited by adenosine or serotonin is blocked by
these agents. The concentrations of phorbol esters required
to block adenosine (32) closely match those effective in
eliciting tyrosine phosphorylation. Accordingly, the 40-kDa
protein may be involved in modulation of neuronal signaling
by protein kinase C.

Recent studies have linked protein kinase C to processes
underlying synaptic plasticity. In hippocampal neurons, pro-
tein kinase C activation mimics several aspects of long-term
potentiation (33, 34), and inhibitors of protein kinase C such
as H-7 (22) block this form of synaptic potentiation (23, 35,
36). Since phorbol esters increase tyrosine phosphorylation
of the 40-kDa protein and this effect is blocked by H-7, it is
possible that this substrate protein may be involved in
regulating synaptic plasticity. In considering possible roles of
tyrosine phosphorylation in synaptic plasticity, it may be
relevant that tyrosine phosphorylation plays a key role in
mediating rapid expression of genes after cell-surface recep-
tor stimulation (2). This type of rapid genomic response has
been demonstrated in hippocampal neurons (37, 38) and is
thought to be critical for long-term changes in synaptic
responses (39). Accordingly, tyrosine phosphorylation sec-
ondary to protein kinase C activation demonstrated in this
study could be an important step in a cascade regulating
neuronal genomic responses.
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