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Subcellular Localization of 
the Type II CAMP-Dependent 
Protein Kinase 
John D. Scott and Daniel W. Carr 

Diverse biochemical effects of different neurotransmitters or hormones 
that stimulate CAMP production may occur through activation of 
compartmentalized pools of CAMP-dependent protein kinase (PKA). 
Evidence suggests that compartmentalizationof type II PKA is 
maintained through protein-protein interactions between the 
regulatory subunit and specific anchoring proteins. 

Introduction 

Hormone-receptor interactions gen- 
erate signals that trigger protein 
kinase-catalyzed phosphorylation 
events (12). The action of 30 or more 
catecholamine and peptide hor- 
mones, as well as some prostaglan- 
dins, proceeds through parallel path- 
ways that elevate intracellular aden- 
osine 3’,5’-cyclic monophosphate 
(CAMP) and lead to activation of 
the CAMP-dependent protein kinase 
(PKA). An apparent paradox, high- 
lighted in Fig. 1, exists in that par- 
allel pathways can all activate the 
same enzyme, PKA, although it is 
clear that individual hormones trig- 
ger distinct and diverse physiologi- 
cal processes in the same cell. In 
essence, each hormone elevates 
CAMP concentrations but promotes 
PKA-mediated phosphorylation of 
distinct substrate proteins (12). 

One hypothesis to explain these 
observations is that individual hor- 
mones activate specific pools of PKA 
activity. A potential mechanism to 
explain this phenomenon is that in- 
dividual PKA pools are compart- 
mentalized at their site of action, 
close to their preferred substrates, 
and only become active when the 
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appropriate hormone elevates CAMP 
in that particular microenviron- 
ment. For this to occur, PKA must 
be maintained at the correct intra- 
cellular loci in close vicinity to its 
preferred substrates. 

Support for this hypothesis has 
been provided primarily by the work 
of Rubin, Erlichman, and others (2- 
4, 7-13) who have shown that the 
type II PKA holoenzyme (R22C) is 
tethered at specific subcellular lo- 
cations through interaction of its 
regulatory subunit dimer (R) with 
specific anchoring proteins. Experi- 
mental evidence supporting this hy- 
pothesis can be divided into 3 areas. 

Z) Different hormones activate 
specific PKA subtypes. 

2) CAMP accumulates in different 
cell compartments in response to dif- 
ferent hormones. 

3) Type II PKA distribution is dic- 
tated by interaction with specific an- 
choring proteins. 

Different hormones activate 
specific PKA subtypes 

Considerable research has focused 
on elucidating the action of CAMP, 
since the discovery that it is an in- 
tracellular messenger for hormone- 
mediated events, Individual hor- 
mone receptors and adenylate cy- 
clases are coupled physically through 
interaction with intermediary GTP- 
binding proteins, such that hor- 

mone-receptor binding signals the 
catalytic unit of adenylate cyclase to 
increase the synthesis of CAMP. Four 
molecules of CAMP can bind each 
dormant PKA holoenzyme complex 
(R,2C), thereby causing the release 
of two active catalytic (C) subunits 
from the R subunit dimer. 

Two R subunit classes exist, RI 
and RII, which contribute to the type 
I and type II holoenzymes, respec- 
tively. Type II PKA is present in all 
cells, whereas the tissue distribution 
of type I PKA is more restricted. 

Multiple variants of the same ho- 
loenzyme type exist in selected tis- 
sues arising from the expression of 
distinct isoforms of RI and RII. RIa 
and RIIcv are expressed in most cell 
types, whereas RIP and RIIP are pre- 
dominantly expressed in the brain 
(the molecular characterization of 
PKA has been recently reviewed in 
detail; see Refs. 12 and 14). 

Using ion-exchange chromatogra- 
PhY, several investigators have 
shown that individual hormones 
preferentially activate one or the 
other holoenzyme form in a tissue- 
specific manner. For example, type 
I PKA is preferentially activated by 
glucagon in hepatocytes and by cor- 
ticotropin-releasing factor, isopro- 
terenol, and forskolin in AtT20 cells. 
Type II PKA is activated by human 
gonadotrophic hormone in ovarian 
follicles, but the same hormone ac- 
tivates type I PKA in the corpus lu- 
teum, In osteoblasts, parathyroid 
hormone activates type I PKA, 
whereas prostaglandin E, (PGE,) ac- 
tivates type II PKA. These results 
support the hypothesis that distinct 
pools of PKA can be differentially 
activated in the same cell in re- 
sponse to different hormones. 

Compartmentalized CAMP 
accumulation 

PKA activation can only proceed 
when CAMP is elevated above a 
threshold concentration. Stimulated 
adenylate cyclase releases CAMP, 
which diffuses from discrete points 
on the membrane and is rapidly me- 
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FIGURE 1. Hormone-specific activation of adenosme 3’5’~cyclic monophosphate (CAMP)- 
dependent protein kinase. Individual hormones bind their own receptors, which leads to 
elevation of the second messenger CAMP. Elevated CAMP promotes activation of CAMP- 
dependent protein kmase and somehow triggers the specific physiological effects associated 
with the activating hormone. R=regulatory subunit and C=catalytic subunit of CAMP-depend- 
ent protein kinase. 

tabolized to AMP by phosphodies- 
terases. Therefore, PKA must be lo- 
calized either close to the adenylate 
cyclase complex or in an area that 
preferentially concentrates CAMP. 

A potential mechanism for hor- 
mone-specific activation of particu- 
lar PKA subtypes is the compart- 
mentalized elevation of CAMP. Im- 
munohistochemical analysis .of 
frozen, formaldehyde-fixed cells has 
shown that localized CAMP concen- 
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trations fluctuate in specific subcel- 
lular compartments. 

Using these techniques, we have 
detected upwards of 30 different RII- 
anchoring proteins during a survey 
of protein extracts from 10 different 
bovine tissues. Presumably, tissue- 
specific PKA function is directed 
through unique complements of RII- 
anchoring proteins, and localization 
influences which substrates are 
most accessible to the catalytic sub- 
unit on activation. In agreement 
with this theory, a significant subset 
of RII-anchoring proteins are PKA 
substrates themselves that become 
phosphorylated at multiple sites in 
response to CAMP. 

Utilizing microwave-fixing tech- Recently, we have cloned two 
niques, Barsony and Marx (1) have novel RII-anchoring proteins that, 
shown that specific hormones can when expressed in Escherichia coli, 
increase CAMP concentrations in are PKA substrates in vitro. Both 
subcellular compartments in epithe- molecules, Ht21 and Ht31, contain 
lial and fibroblast cell lines. For ex- clusters of consensus PKA phos- 
ample, isoproterenol and PGEz pro- phorylation sites (R-R-X-S-X) within 
mote CAMP accumulation close to a 20-residue region of their se- 
the plasma membrane, whereas cal- quences. Potentially, phosphoryla- 
citonin causes perinuclear accumu- tion may unmask activities in each 

lation of CAMP. Prolonged treatment 
with forskolin results in accumula- 
tion of CAMP in the nucleus. These 
authors conclude that the hormone- 
specific intracellular patterns of 
CAMP accumulation result from the 
combined effect of differences in lo- 
cal production rates, local binding to 
proteins, and intracellular flow. 

Site-specific localization of PKA 
through RII-anchoring proteins 

Biochemical and immunocyto- 
chemical studies have shown that 
PKA localization is directed through 
the R subunit (12). Although both RI 
isoforms are primarily cytoplasmic, 
certain tissues contain up to 75% of 
either RI1 isoform (RIIa or RIIP) in 
particulate form, associated with the 
plasma membrane, cytoskeletal com- 
ponents, secretory granules, or the 
nuclear membrane. 

The mechanism of type II PKA lo- 
calization involves protein-protein 
interactions between RI1 and specific 
RII-anchoring proteins. The majority 
of RII-anchoring activity is detected 
in high-molecular-weight particu- 
late fractions, implying attachment 
to membranes and the cytoskeleton. 
Furthermore, tissue-specific patterns 
of RII-anchoring proteins have been 
detected by protein-blotting tech- 
niques or fractionation with RII- 
Sepharose affinity columns. 



anchoring protein and may be a 
mechanism for triggering individual 
CAMP-mediated responses. 

RI1 dimerization is required for 
anchoring-protein interaction 

As previously stated, PKA is teth- 
ered at precise subcellular sites 
through interactions between the 
regulatory subunit (RII) and anchor- 
ing proteins (12). In recent months 
we and others have utilized recom- 
binant DNA and protein chemistry 
techniques to characterize the site 
of anchoring protein interaction on 
RI1 (9, 13). 

To establish the minimum region 
of RIIa required to bind anchoring 
proteins, a family of RIIcv deletion 
mutations was constructed, ex- 
pressed in E. coli, and tested for an- 
choring activity in a solid-phase 
binding assay using the cytoskeletal 
component microtubule-associated 
protein 2 (MAP2) as a substrate. An- 
choring-protein interaction occurs 
through the first 79 amino acids in 
each RI1 promoter but, surprisingly, 
only with the intact RI1 dimer (13). 
Residues 1-30 represent an inde- 
pendent RIIcr dimerization subdo- 
main, functional when removed 
from the remainder of the molecule. 

Since this region alone is unable 
to bind MAP2, other regions distal to 
the dimerization domain must also 
participate in anchoring-protein in- 
teraction Two distinct peptide sub- 
domains found in each RIIa pro- 
moter indeed appear to participate 
in such interaction. A schematic dia- 
gram summarizing these findings is 
presented in Fig. 2. 

Once the components of the MAP2 
binding site had been established, 
other RII-anchoring proteins were 
screened to see whether they bound 
the RIIcv dimer. In all cases, disrup- 
tion of dimerization destroyed an- 
choring-protein binding. Further- 
more, competition studies with P75, 
a bovine brain anchoring protein, 
suggest that it binds on RI1 through 
the same or overlapping sites as 
MAP2 (13). Therefore, we believe 
the schematic diagram of the RII- 
anchoring-protein interaction pre- 
sented in Fig. 2 represents a general 
model for how the type II PKA is 
localized at discrete cellular sites. 

This model has implications for 
hormone-specific control of PKA 

FIGURE 2. Model for RII-anchoring protein receptor site. Schematic summarizes our find ir ws 
and shows how the first 79 residues of murine RIIcY could interact with an RII-anchoring protein 
and thereby target type II protein kinase (PKA) holoenzyme to specific subcellular locations. 

function. For example, the anchor- 
ing-protein receptor site is immedi- 
ately adjacent to the autoinhibitor 
domain in RIIa (Fig. 2). The RRVSV 
sequence motif (residues 92-96 in 
murine RIIcu) is believed to provide 
a primary contact site with the dor- 
mant catalytic subunit. Therefore, 
the topology of an anchored type II 
PKA holoenzyme complex (Fig. 2) 
could place both catalytic subunits 
in close proximity to the anchoring 
protein, allowing its rapid and pref- 
erential phosphorylation following C 
subunit activation. In support of this 
hypothesis, it has been shown that 
MAP2 is phosphorylated by PKA at 
multiple sites, incorporating up to 11 
moles of phosphate. Separate studies 
have shown that most RII-anchoring 
proteins isolated by affinity chro- 
matography on RIIa-Sepharose are 
also PKA substrates. 

Although anchoring-protein con- 
tact occurs at sites between residues 
30 and 79 on each RIIa protomer, the 
orientation of these contact sites 
may be dictated by dimerization, 
which occurs between residues 1 
and 30. We predict that if RIIa pro- 
tomers dimerize in a parallel align- 
ment, the topology of the anchored 
holoenzyme complex places both C 
subunits on the same face of the 
holoenzyme as the anchoring pro- 
tein. In this configuration, RII-an- 
choring proteins would be ideal sub- 
strates for the kinase and could be 
instantly phosphorylated on PKA ac- 
tivation. 

Alternatively, if RI1 protomers di- 
merize in an antiparallel alignment, 
one C subunit may face into the an- 
choring protein, whereas the other 
will face away from it. In this confir- 
mation, the C subunit would be 
more able to diffuse and phosphoryl- 
ate other proteins, within its mi- 
croenvironment. Current work in 
our laboratory is focusing on eluci- 
dating the orientation of RIIcv dimer- 
ization and the availability of the 
anchoring protein to the C subunit. 

RII-anchoring proteins 

Although RII-anchoring proteins 
may play a central role in CAMP- 
mediated signal transduction, little 
is known about their structure, sub- 
cellular location, or tissue distribu- 
tion So far, only four RII-anchoring 
proteins have been characterized in 
any detail. Cytoskeletal attachment 
of type II PKA occurs through inter- 
actions between RI1 and MAP2. RI1 
also associated with a bovine brain 
calmodulin-binding protein desig- 
nated P75 (2). 

Several P75 analogues, ranging in 
size from M, 60,000 to 150,000, have 
been reported in different species 
and’ may represent members of a 
family of structurally related RII-an- 
choring proteins (2). It has also been 
demonstrated that the P75/150 fam- 
ily of proteins binds to calmodulin. 
Because proteins in the P75/150 
family associate with both PKA and 
calmodulin, these RII-binding pro- 
teins appear to function in both 
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Ht 21 (320-427) GIT KSEESKRMEPIAIIITDTEISEFDVTKSK 
P 75 (152-259) EIT KPEESKRMEPIAIIITDTEISEFDVKKSK 
P 150 (358-464) GVD RSEESKRMEPIAIIITDTEISEFDVKKSK 

FIGURE 3. RII-binding domains of the P75/150 family of RII-anchoring proteins. Sequences of 
COOH-terminal RII-binding domains of Ht21 (residues 320-327), P75 (residues 152-259), and 
P 150 (residues 358-464). Boxed areas represent sequence identity. 

CAMP and Ca’+-mediated transduc- 
tion pathways. 

Many studies have shown that the 
P75/150 family is expressed specifi- 
cally in neural and endocrine tissues 
and preferentially associates with 
the RIIP isoform. Ht21, a human thy- 
roid RII-anchoring protein we have 
recently cloned and characterized, 
is a member of the P75/150 family. 
Sequence comparison of P75, P150, 
and Ht21 reveals strong homology 
among all three molecules in the 
carboxyl-terminal 107 amino acids 
(Fig. 3). Two lines of evidence sug- 
gest that this is a conserved RII-bind- 
ing domain: deletion of the last 26 
residues in P75 or the last 15 in P150 
destroys interaction with RIIP, 
whereas expression of the last 107 
amino acids of Ht21 alone produces 
a functional RII-anchoring fragment. 

While the carboxyl-terminals of 
all three proteins share a highly con- 
served RII-binding domain, the re- 
mainder of each molecule is struc- 
turally distinct. This lack of homol- 
ogy could be explained by species 
drift, since P150 was cloned from 
mouse, P75 from bovine, and Ht21 
from humans, although this is un- 
likely because of the degree of diver- 
gence. 

An alternative and more attractive 
hypothesis is that the amino-termi- 
nal portion of each P75/150 family 
member is a distinct domain that 
targets the RII-anchoring protein to 
specific cellular compartments. For 
example, the amino-terminal por- 
tion of P150 could promote mem- 
brane association, whereas the 
amino-terminal portion of Ht21 
promotes interaction with a differ- 
ent cellular organelle. Furthermore, 
since the amino-terminal region of 
Ht21 is a substrate for PKA, it is 
possible that phosphorylation may 
alter its subcellular anchoring or its 
calmodulin-binding properties. The 
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characterization of the amino-ter- 
minal regions of the P75/150 family 
of RII-anchoring proteins is an im- 
portant topic for future research. 

Amphipathic helices form 
the RII-binding sites on 
anchoring proteins 

Since several anchoring proteins 
apparently bind to the same or over- 
lapping sites on RIIa, it seemed likely 

that these molecules share a com- 
mon RII-binding domain. The site on 
MAP2 that contacts RIIP has been 
identified as a 31-residue peptide in 
the amino-terminal region of the 
molecule (10, 11), whereas the RII- 
binding domains in P75 and P150 are 
believed to include the last 26 and 
15 amino acids of the proteins, re- 
spectively (2,s). Comparison of these 
sequences revealed no striking ho- 
mology (Fig. 4A), leading us to ex- 
amine the RII-binding site in each 
anchoring protein for a conserved 
secondary structure binding motif. 

Computer-aided secondary struc- 
ture predictions of each putative RII- 
binding site showed a high probabil- 
ity of amphipathic helix formation. 
The distinction between the hydro- 
phobic and hydrophilic faces can be 
clearly seen when the sequences are 
drawn in a helical-wheel configura- 
tion (Fig. 4B). In each RII-anchoring 
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protein there was a similar align- 
ment of acidic residues throughout 
the hydrophilic face of each putative 
helix. 

Analysis of Ht31, a novel human 
thyroid RII-anchoring protein of 
1,035 amino acids we recently 
cloned, identified a potential amphi- 
pathic helix between residues 494 to 
509. This sequence (Leu-Ile-Glu- 
Glu-Ala-Ala-Ser-Arg-Ile-Val-Asp- 
Ala-Val-Ile-Glu-Gln) was 43% iden- 
tical to region within the RII-binding 
site of MAP2 (Fig. 4A). To determine 
whether residues 494-509 of Ht31 
were involved in RI1 binding, a 318- 
amino acid fragment representing 
residues 418-736 of Ht31 was ex- 
pressed in E. coli. Ht3lA 418-736 
bound RIIcr as assessed by solid- 
phase binding and gel-shift assays 
(4) 

To determine whether an intact 
amphipathic helix was required for 
RI1 binding, a family of Ht31 point 
mutants was produced in the Ht3lA 
418-736 fragment. The introduction 
of proline into an m-helix conforma- 
tion di 
of the 

srupts 
region 

the secondary stru cture 
and causes a 20” bend 

in the peptide backbone. The intro- 
duction of proline into the amphi- 
pathic helix region of Ht31 dimin- 
ished or abolished RIIcv binding (4). 
Weak RIIcv binding was observed 
with mutant Ht31 Pro/Ala 498, 
which contained a mutation at po- 
sition 5 in the putative helix region. 
No RIIa binding was detected with 
either Ht31 Pro/Ile 502 or Ht31 Pro/ 
Ile 507, 

In contrast, proline substitution of 
Ala 522, which lies 12 residues 
downstream of the amphipathic he- 
lix region, had no apparent effect on 
RI1 binding. 

These results suggest that disrup- 
tion of protein secondary structure 
between residues 498 and 507 of 
Ht31 diminishes or abolishes RI1 
bindi .ng. Ret ently, we have synthe- 
sized a pepti de that spans the puta- 
tive amphipathic helix region of 
Ht31. This peptide binds RIIa with 
an affinity bf Aapproximately 1 nM 
Gun .published observation). Circular 
dichroism analysis of this peptide 
suggests it can adopt an a-helical 
conformation. 

One chara cteristi .c of the amphi- 
pathic helix motif is the ordered 
placement of alternating pairs of hy- 
drophobic and hydrophilic amino 

acids within the linear sequence of 
a protein. In addition to this crite- 
rion, each RII-anchoring protein 
contains acidic amino acids distrib- 
uted over the hydrophilic face of the 
helix (4). In particular, an invariant 
glutamic acid at position 3 is located 
within the first turn of the amphi- 
pathic helix (Fig. 4B). Therefore, the 
overall sequence characteristics of 
an RII-anchoring site appear to be an 
approximately 14-residue region 
rich in acidic and hydrophobic 
amino acids with a high probability 
for amphipathic helix formation. 

The lack of a consensus RI1 bind- 
ing sequence is consistent with the 
hypothesis that each molecule con- 
tains a common secondary structure. 
Another example of conserved sec- 
on .dary structure is the 
or so calmodulin .-bindi 

tami 
ng P 

ly of 20 
eptides, 

which exhibit little or no conserva- 
tion in primary structure other than 
an abundance of basic and hydro- 
phobic amino acids (6). The basic 
face of these amphipathi 
form s ionic i nteractions 
acidic central helix of calmodulin. 
In fact, synthe #tic peptid es consisting 
of alternating pairs of leucine and 
lysine residues have nanomolar 
binding affinities for calmodulin. 

.C PePt ides 
with the 

Because RI1 dimerization is re- 
quired for binding, it is likely that 
the amphipathic helix of the RII-an- 
choring protein interacts with sites 
on both RI1 subunits. The nature of 
these interactions is unclear but may 
involve ionic interactions between 
the acidic face of the amphipathic 
helix and basic residues located on 
both RI1 protomers. Whereas the am- 
phipathic helix region is responsible 
for RI1 association, it is clear that 
other regions in each anchoring pro- 
tein are responsible for specific in- 
teraction with membranes, organ- 
elles, or the cy toskeleton. This two- 
fold binding could potentially 
determine the subcellular location 
of the PKA and, presumably, anchor 
the kinase in close proximity to its 
preferred substrates. 

Sequence comparison of the four 
amphipathic helix regions (Fig. 4A) 
suggests that there may be two 
classes of RII-anchoring proteins. 
Ht31 and MAP2 are 43% similar over 
the 14-residue amphipathic helix re- 
gion, whereas Ht21 and P150 have 
93% sequence similarity (4). It is of 
interest to note that MAP2 has a 

sevenfold higher affinity for the RIIa 
isoform than for RI10 (7). 

It will be of interest to establish 
whether HE1 and Ht31 preferen- 
tially bind to a particular RI1 isoform. 
The differential subcellular distri- 
bution of RIIa and RIIP in neurons, 
demonstrated by electron micro- 
scope immunocytochemistry, may 
reflect, in part, a preferential inter- 
action with distinct RII-anchoring 
proteins (8). Structural and func- 
tional analysis of additional RII-an- 
choring proteins is required to estab- 
lish if, in fact, there are two classes 
of RII-anchoring sites and if they 
preferentially associate with a spe- 
cific RI1 isoform. Nevertheless, the 
preferential interaction of RI1 iso- 
forms with specific classes of RII- 
anchoring proteins is an attractive 
mechanism to explain the subcellu- 
lar localization of different PKA iso- 
forms. 

The C subunit may also be 
adapted for anchoring, since it is 
myristylated at the amino-terminus 
(12). Myristylation of several mole- 
cules involved in signal transduction 
such as other protein kinases, phos- 
phoprotein phosphatases, and GTP- 
binding proteins is commonly 
thought to promote targeting to sites 
on or near membranes. However, a 
mutant C subunit that cannot be- 
come myristylated is fully functional 
(5). It is quite possible that myristy- 
lation of the C subunit, in conjunc- 
tion with anchoring by the regula- 
tory subunits, preferentially main- 
tains the kinase in hydrophobic 
environments. 

Recently, a splice variant of the 
bovine PKA catalytic subunit, CD:!, 
has been identified. It contains a pu- 
tative amphipathic helix at the 
amino-terminus, replacing the nor- 
mal myristylation signal (15). The 
role of this amphipathic helix is un- 
known, but the authors suggest it 
may function to tether PKA catalytic 
subunit to membranes. Potentially, 
amphipathic helices could be re- 
sponsible for anchoring both RI1 and 
CpZ subunits, such that the active 
catalytic subunit is immobilized and 
remains close to its regulatory sub- 
unit on CAMP activation. Under 
these conditions, the accessibility of 
PKA substrates would be tightly con- 
trolled and kinase activity would be 
highly regulated, since rapid reasso- 
ciation of the holoenzyme complex 

Volume 7/August 1992 NIPS 147 



would occur after CAMP concentra- 
tions returned to basal levels. 

Conclusions 

The type II PKA is dispersed at 
specific sites throughout the cell be- 
cause of interaction of the regulatory 
subunit of PKA with anchoring pro- 
teins. We believe that PKA anchor- 
ing is important in controlling which 
substrate proteins become phos- 
phorylated by individual kinase 
pools, Colocalization of the kinase 
with its physiological substrates is 
important as it ensures their rapid 
phosphorylation in response to ele- 
vated CAMP. To tightly control 
which pools of anchored kinase be- 
come active, compartmentalized 
changes in CAMP must occur, 

The recent studies of Barsony and 
Marx (1) agree with this hypothesis 
and support the notion that hormone 
action promotes accumulation of 
CAMP in different cellular compart- 
ments. Therefore, it is conceivable 
that individual hormones will acti- 
vate different pools of kinase local- 
ized in particular cellular compart- 
ments, thereby triggering phos- 
phorylation of specific substrate 
proteins. Changes in the activity of 
the newly phosphorylated proteins 
will potentiate the hormonal re- 
sponse by altering the physiology of 
the cell. 
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ion by Nitroxidergic 
rve of Arterial Tone 

NoboruTodaandTomioOkamura 

Nitric oxide plays a crucial role in transmitting information from 
nonadrenergic, noncholinergic vasodilator nerve to cerebroarterial 
smooth muscle. Since nitric oxide acts as transmitter, the nerve is termed 
“nitroxidergic.” Mesenteric and temporal arterial tone appears to be 
regulated by reciprocal nitroxidergic and noradrenergic innervation. 

Cerebral artery responsiveness to 
neural, chemical, and physical stim- 
uli differs qualitatively and quanti- 
tatively from that of peripheral ar- 
teries. Responses to efferent auto- 
nomic nerve stimulation of dog 
cerebral arteries contrast with those 

N. Toda and T. Okamura are in the Dept. of 
Pharmacology, Shiga University of Itiedical 

Sciences, Seta, Ohtsu 520-21, Japan. 

of mesenteric, renal, carotid, and 
femoral arteries that are innervated 
dominantly by vasoconstrictor nor- 
adrenergic nerves (3). 

The addition of nicotine produces 
relaxations of cerebral artery strips 
that are abolished by hexametho- 
nium but not influenced by treat- 
ment with atropine, ,&adrenoceptor 
antagonists, histaminergic H, and H, 
receptor antagonists, aminophylline, 
cyclooxygenase inhibitors, and oua- 
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