
found to be routinely accompanied by the
dose- and time-dependent loss of 20-40% of

� total activity from the supernatant fraction

,J to the 10,000 x g pellet (see legend to Figure
2), as has been noted by other groups (18,
19, 25). This raised a question as to whether

use of the 10,000 x g supernatant fraction

for estimation of activity ratios would give
rise to errors as a result of this phenome-

non. It was found that essentially identical

dose-response curves for activation by
Bt2cAMP were obtained with the whole
homogenate, a 100 x g supernatant frac-

tion, a 10,000 x g supernatant fraction pre-
pared in 0.15 M KC1 or the 10,000 x g

supernatant fraction prepared as usual in
Tris-DTT buffer alone (Fig. 2). No loss of
total activity (relative to extracts from un-
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FIG. 2. Dose response relationship for activation

of protein kinase by Bt2cAMP in different subcellular

fractions of H35 cells

Confluent H35 cells were exposed to the concentra-

tions of Bt2cAMP indicated for 1 hr prior to harvest.

Protein kinase was assayed in the various subcellular

fractions, as described in MATERIALS AND METHODS.

Each value represents the mean of two separate ob-

servations assayed in duplicate.

% change in total kinase
(+cAMP) activity

Whole homogenate

tI- #{149}100 x g supernatant

�1’� fraction

di A 10,000 x g superna-

� tant fraction

va � 10,000 x g superna-

tant fraction pre-

pared in 0.15 M KCI
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treated cells) was observed with the whole
homogenate or KC1-treated preparation.

However, since 0.15 M KC1 extraction

caused both substantial inhibition of pro-
tein kinase activity and an increase in the
kinase ratio, as also noted by others (16),

and because it is difficult to sample accu-
rately the 100 x g supernatant fraction or

the whole homogenate, the 10,000 x g su-
pernatant fraction was used routinely as

the source of cAMP-dependent protein ki-
nase.

Comparison of the kinetics and the dose

response relationships of enzyme induc-

tion with protein kinase activation by

cAMP derivatives. The time course of pro-
tein kinase activation by 0.5 mM Bt2cAMP
is shown in the left panel of Figure 3. It can

be seen that activation is a rapid process,
which is maximal within 20-30 mm after

exposure of cells to Bt2cAMP. Removal of
the cAMP derivative leads to a rapid rever-
sal of the activation state with a mean half-
time for inactivation in vivo of about 8 mm.

As ifiustrated in the right panel of Figure

3b, the activation of protein kinase by
Bt2cAMP precedes the induction of TAT,

as would be expected if protein kinase me-
diated the effects of the cAMP derivative
on the synthesis of TAT. Removal of

Bt2cAMP from the medium prompts a first-
I � � order decay in the activity of the amino-

transferase with little or no lag as reported
previously (26, 27). The loss of pro-

tein kinase activation is more rapid than

the decrease in aminotransferase activity,
as would be expected, however, given the
fact that the latter enzyme has a half-life of
1-2 hr (5, 27). The decay of aminotrans-

ferase activity to values somewhat below
the original baseline is a consistent finding

but the basis for this phenomenon is not
known at present.

__________________ Analysis of the dose response curves for

Average Range the ability of Bt2cAMP to influence TAT

induction and protein kinase activation re-

-12� -6 to -26c veals a highly significant correlation with
an ED.�o, approximately 80-120 tIM for both

-21�� -7 to -32� processes (calculated by probit analysis)

(Fig. 4) (r = 0.98, p = <0.005).

+4% 0 to 13% Another cAMP derivative, 8-pC1C13H4-
ScAMP also produced rapid activation of
protein kinase that preceded the induction
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FIG. 5. Correlation of activation ofprotein kinase

and induction of tyrosine aminotransferase in H35

cells by different cyclic nucleotide derivatives

The data from Figures 3 and 5 were replotted as

percent of the observed maximal increase in each

process. Data for 6-HScRMP + MIX are included

from an experiment where kinase activity was meas-

ured at 1.5 hr and TAT at 2.5 hr (see Fig. 7). In that

experiment, the protein kinase activity ratio increased

from 0.34 to 0.67 and TAT from 24 to 55 units/mg.

Where present, MIX was added at 0.25 mM. 0

Bt2cAMP: r = 0.98, p = < 0.005; #{149}8-pClC,;H1ScAMP:

r = 0.99, p = < 0.005; 0 N’-monobutyrylcAMP: r =

1.00, p = < 0.005; L� cAMP + MIX: r = 0.99, p =

0.005; A 6-HScRMP + MIX: r = 0.99, p = < 0.005;#{149}

8-H2NcAMP + MIX: r = 0.98; p = <0.005.

(Fig. 5). Above 1 mi�i the changes in both
parameters became increasingly smaller

but the effect on aminotransferase activity

was more dramatic than that on the kinase
activity ratio.

6-HScRMP is another derivative which

by itself provokes little or no TAT induc-
tion (6, 7). A time course of its effects ±
MIX is shown in Figure 7. MIX clearly
enhances the ability of this analogue to

stimulate both processes, but the responses
remained transient whether MIX was in-

cluded or not. The changes in protein ki-
nase activity ratio clearly occurred prior to
those in the aminotransferase during both
phases of the response. Because of a re-
sponse with 6-HScRMP that varied more
than that of the other analogues, only lim-
ited dose-response data were obtained

(ED50 100-150 tIM). But once again an
excellent correlation between the two pa-
rameters was observed (Fig. 5).

Sephadex G-100 chromatographic anal-

ysis of protein kinase activation. An alter-

TABLE 1

Effects of cAMP ± MIX on enzyme induction and

protein kinase activation in H35 cells

Confluent H35 cells were incubated for 2 hr with -
the additions indicated, cAMP was added at 1 m� and

MIX at 0.25 mM. Two groups of cells were incubated �

in parallel and one group (3 separate plates per group)

was used for assay of protein kinase ± cAMP and the

other for tyrosine aminotransferase as described in

METHODS. Each value represents the mean % of con-

trol ± SEM for 3 separate observations assayed in

quadruplicate. (For the protein kinase ratio 100% =

0.44; for tyrosine aminotransferase, 100% = 24.0 units!

mg protein).

Additions Protein ki- Tyrosine
nasa activity aminotrans-

ratio ferase activ-
ity

(% of control)

None 100±4 100±3

cAMP 143±5� 164±6*

MIX 92±5 102±2
cAMP + MIX 209 ± 7* 281 ± 14*

native approach for monitoring the state of
protein kinase activation involves estima-

tion of the amount of kinase activity pres-
ent as the free catalytic subunit as deter-
mined by gel filtration (16). This method
has been employed as a check on the valid-
ity of the results obtained with the ratio
method.

Figure 8a illustrates the elution profile of
protein kinase activity ± cAMP following
chromatography of a 10,000 x g superna-
tant fraction from untreated cells on Seph-
adex 0-100. Protein kinase activity eluted
in a cAMP-stimulatible form between frac-
tions 6-10; this coincided with cAMP-bind-
ing activity (data not shown). The remain-
ing protein kinase activity (fractions 11-30)
was not stimulated by cAMP. The observed

activity has been corrected for cAMP-in-
dependent histone kinase activity, which is
present in the crude cell extract as in Figure
1. Using this correction it can be seen that
85-90% or more of the inhibitor-suppressi-

ble kinase activity is in the holoenzyme or
cAMP-dependent form (i.e., the basal activ-

ity 0.10-0.15). In agreement with this
result, the activity of protein kinase in the
concentrated cell extract used in this exper-
iment was stimulated 7-8 fold by cAMP
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FIG. 2. Dose response relationship for activation

of protein kinase by Bt2cAMP in different subcellular

fractions of H35 cells

Confluent H35 cells were exposed to the concentra-

tions of Bt2cAMP indicated for 1 hr prior to harvest.

Protein kinase was assayed in the various subcellular

fractions, as described in MATERIALS AND METHODS.
Each value represents the mean of two separate ob-

servations assayed in duplicate.

treated cells) was observed with the whole
homogenate or KC1-treated preparation.

However, since 0.15 M KC1 extraction

caused both substantial inhibition of pro-
tein kinase activity and an increase in the

kinase ratio, as also noted by others (16),
and because it is difficult to sample accu-
rately the 100 x g supernatant fraction or

the whole homogenate, the 10,000 x g su-

pernatant fraction was used routinely as
the source of cAMP-dependent protein ki-
nase.

Comparison of the kinetics and the dose
response relationships of enzyme induc-

tion with protein kinase activation by

cAMP derivatives. The time course of pro-
tein kinase activation by 0.5 nmi Bt2cAMP
is shown in the left panel of Figure 3. It can

be seen that activation is a rapid process,
which is maximal within 20-30 mm after

exposure of cells to Bt2cAMP. Removal of
the cAMP derivative leads to a rapid rever-
sal of the activation state with a mean half-
time for inactivation in vivo of about 8 mm.

As ifiustrated in the right panel of Figure
3b, the activation of protein kinase by
Bt2cAMP precedes the induction of TAT,

as would be expected if protein kinase me-
diated the effects of the cAMP derivative

on the synthesis of TAT. Removal of
Bt2cAMP from the medium prompts a first-
order decay in the activity of the amino-
transferase with little or no lag as reported
previously (26, 27). The loss of pro-
tein kinase activation is more rapid than
the decrease in aminotransferase activity,
as would be expected, however, given the

fact that the latter enzyme has a half-life of
1-2 hr (5, 27). The decay of aminotrans-

ferase activity to values somewhat below
the original baseline is a consistent finding
but the basis for this phenomenon is not

known at present.
Analysis of the dose response curves for

the ability of Bt2cAMP to influence TAT
induction and protein kinase activation re-
veals a highly significant correlation with

an ED50, approximately 80-120 tIM for both
processes (calculated by probit analysis)
(Fig. 4) (r = 0.98, p = <0.005).

Another cAMP derivative, 8-pClC�H.,-
ScAMP also produced rapid activation of
protein kinase that preceded the induction

% change in total kinase
(+cAMP) activity

I Average Range

L� Whole homogenate

#{149}100 x g supernatant -12% -6 to -26%

fraction

- A 10,000 x g superna- -21% -7 to -32%

tant fraction

0

r

�

10,000 X g superna-

tant fraction pre-

pared in 0.15 M KCI

+4% 0 to 13%
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Fu;. 3. Kinetics of changes in protein kina.se and tyrosine anzinotransferase activities after addition and

ivithdiawal of Bt2cAMP

Confluent H35 cultures were exposed to 0.5 mM Bt2cAMP and harvested at the times indicated (left panel

protein kinase: right panel TAT). In some cases, Bt2cAMP was removed and the cells washed extensively prior

to incubation in fresh medium devoid of Bt2cAMP. Untreated cultures are designated by 0. Each value

represents the mean of six observations in three different experiments (left panel) and four observations in one

experiment (right panel). The SEMs were less than 10% in all cases. Enzyme assays were performed with 10,000

x g supernatant fractions as described in MATERIALS AND METHODS and the values represent the ratio of activity

-cAMP/+cAMP for protein kinase and units/mg protein for tyrosine aminotransferase. The insets illustrate a1

replot in semilog form of the data from the washed cells. In separate experiments the protein kinase activity

ratio has been found to remain elevated until the cyclic nucleotide derivative is removed (23).

of tyrosine aminotransferase, as was the
case with Bt2cAMP (data not shown). The
dose-response curves demonstrate that 8-
pC1C6H4ScAMP is considerably more po-
tent (ED�3 2-3 tIM) than Bt2cAMP in

stimulating both processes (data not
shown). Once again there is an excellent
correlation between the effects of any given

concentration of this cAMP analogue on
the two processes, as illustrated in sum-
mary form in Figure 5. The protein kinase

activation results with these two cAMP
derivatives have been confirmed by the

Sephadex G-100 chromatography method,
as will be discussed below.

A third cAMP derivative, N6-monobu-
tyryl cAMP, proved to be less potent than

Bt2cAMP, with a calculated ED50 of ap-
proximately 400-500 tIM for both processes

(data not shown) but, once again, there was
an excellent correlation between TAT in-

duction and protein kinase activation (Fig.
5).

Effects of cAMP derivatives which are

weak enzyme inducers. As previously re-
ported (6, 7), cAMP itself and certain deriv-
atives have been found to produce only
transient or weak induction of tyrosine ami-
notransferase in rat liver and H35 cells.
Since the cyclic nucleotides in this category
are excellent substrates for phosphodiester-
ase (9, 29), the ability of MIX to influence

their effectiveness as inducers of the ami-
notransferase and activators of protein ki-

nase was examined in some detail.
The effects of cAMP by itself (at 1 mM)

on both processes proved to be small but
significant (Table 1), but no greater effect
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2

HOURS

FIG. 6. Kinetics of effects of 8-H2NcAMP ± MIX

on protein kinase and tyrosine aminotransferase ac-

tivities in H35 cells

Confluent H35 cells were incubated with 1 mss 8-

H2NcAMP + 0.25 mM MIX for the times indicated.

Enzyme assays were performed as described in MA-

TERIALS AND METHODS. Other details as in Figure 2.

Each value represents the mean of three separate

observations with SEMs of less than 5%. The protein

kinase ratio and TAT activity in the untreated cells

was 0.38 and 32 units/mg protein ± MIX, respectively.

(after elimination of inhibitor resistant ac-
tivity).

Exposure of cells to 0.5 mi�i Bt2cAMP (a

suboptimal dose) led to partial activation
of protein kinase as demonstrated by a
decrease in both the total activity in the
holoenzyme peak together with a reduction
in the degree of stimulation by cAMP and

binding of [3H]cAMP in the excluded frac-
tion (data not shown). Stimulation of cells
with a maximally effective dose of
Bt2cAMP (2 mi�) completely abolished the
cAMP dependency of protein kinase (Fig.
8b) and the bulk of the catalytic activity
was included in the column. [:IHIcAMP

binding activity was also markedly reduced
and shifted to a lower molecular weight

form (data not shown). Similar chromato-
graphic profiles were observed with 0.2 mM

8-pC1C6H4ScAMP, which causes maximal

HOURS

FIG, 7. Kinetics of effects of 6-HScRMP ± MIX on

protein kinase and tyrosine aminotransferase activ-

ities in H35 cells

Confluent H35 cells were incubated with 1 mM 6-

HScRMP ± 0.25 mrvt MIX for the times indicated.

Enzyme assays were performed as described in MA-

TERIALS AND METHODS. Other details as in Figure 2.

Each value represents the mean of three separate

observations with SEMs of less than 5%. The protein

kinase ratio and TAT activity in the untreated cells

was 0.37 and 23 units/mg protein ± MIX, respectively.

activation of the kinase of the aminotrans-
ferase.

DISCUSSION

The control experiments performed with
H35 lysates suggest that the modified ratio
method provides a valid and useful means

of assessing the state of protein kinase ac-
tivation in these intact cultured cells. One
of the advantages of a cell culture system
for these studies is that the cell population
is a homogeneous cloned one in which
changes in protein kinase activation are

occurring in the same cells as those being
provoked to a biological response by exter-
nal stimulation. The results obtained with
the use of the ratio method provide strong
suggestive evidence that protein kinase me-
diates the effects of cAMP on TAT synthe-
sis. Thus, kinase activation precedes in-

creases in TAT activity. This is expected
because the increase in TAT activity is
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FIG. 8. Gel filtration analysis of protein kinase

activation by Bt2cAMP in H35 cells

Confluent H35 cells were incubated in the absence

(A) or presence (B) of 2 msi Bt2cAMP for 1 hr. Cells

were harvested by scraping and homogenized in 10

mM KPO,-10 nmi EDTA, pH 7.0, containing 2 mg/ml

bovine serum albumin. The 10,000 x g supernatant

fraction was prepared and applied to a 1 x 20 cm

column containing degassed Sephadex G-100 equili-

brated with the KPO4-EDTA buffer. The column was

developed with KPO4-EDTA buffer at 0-4#{176}and 0.5

ml fractions were collected and analyzed for protein

kinase activity ± cAMP as described in MATERIALS

AND METHODS. -cAMP #{149}-- -; + cAMP 0-0.

caused by a change in rate of synthesis and
consequently movement toward a new
steady state occurs. This steady state is
dictated by the rate of enzyme degradation
(30), which is 70-90 mm (5, 28). Removal of
Bt2cAMP prompts a first-order decay in

kinase activation, with a half-time of about
6-8 mm, and TAT also exhibits a first-order
loss of activity with a half-time of about 75
mm, as reported previously (26, 27). Be-
cause this is well within the reported values
for the half-life of TAT as measured im-

munochemically (5, 28), the elevated rate
of TAT synthesis provoked by Bt2cAMP

must be expected to return very rapidly to

the basal rate, following removal of the
cyclic nucleotide derivative. The rapid in-

activation of protein kinase is entirely con-
sistent with this sequence of events. The
only other requirement would be rapid de-
phosphorylation of the putative (but cur-
rently unknown) protein kinase substrate; �
this is a reasonable suggestion but cannot
be evaluated as yet.

Keely et al. also observed rapid reversal
of protein kinase and phosphorylase acti-
vation in perfused rat heart following re-
moval of epinephrmne and MIX from the
perfusion medium (31). The half-time for
decay of kinase activation back to the basal
level was 1-2 mm. These results coupled
with ours indicate that in these two sys-
tems, at least, reassociation of protein ki-

nase occurs rather rapidly upon abrupt re-
duction of the level of cAMP. This response
stands in contrast to studies with the ad-
renal medulla in which apparently pro-
longed activation of kinase occurs even

after return of cAMP levels to the unstim-

ulated value (32).
The dose-response relationships for acti-

vation of protein kinase and induction of
TAT are highly correlated for all of the
cyclic nucleotide derivatives tested. These
results are consistent with but do not prove

a mediatory role for protein kinase in reg-
ulating TAT synthesis. The ability of MIX
to convert cAMP, 8-H2NcAMP, and 6-

HScRMP concomitantly into effective in-
ducers of TAT activity and activators of
protein kinase provides strong further sup-

port for this conclusion. The kinetics of
activation of the kinase for these three com-
pounds differed from all of the other deriv-
atives, which did not require MIX for effec-
tive action. In each case, however, the re-
sponse of TAT followed that of the kinase,
as would be expected in a cause-effect re-
lationship. The basis for the decline in TAT
activity to values below those in untreated
cells with 8-H2NcAMP and 6-HScRMP is

not understood at present. These two deriv-

atives are cytotoxic to growing H35 cells
but do not inhibit protein synthesis appre-

ciably during a period of exposure from 3-
6 hr (33)�4 Evaluation of the rates of TAT
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synthesis and degradation under these con-

ditions will be undertaken in an effort to

address this question. The explanation for
the transient effect of 6-HScRMP even in
the presence of MIX is also not clear but

‘ may have happened because the presumed
competitive inhibition of phosphodiester-
ase exerted by MIX was partially sur-
mounted.

We have recently found that cholera
toxin produces irreversible activation of
protein kinase and induction of TAT.5 The

-� kinetics and concentration-dependency re-
lationships are fully consistent with a

cause-effect relationship, as wifi be de-

scribed elsewhere.
The EDse of 2-3 tIM for 8-pC1C6H4ScAMP

in provoking a biological response in these
cells is remarkably low. Indeed, this value
overlaps the range (0.5-2 tIM) of internal
cAMP concentrations that produce half-
maximal induction of TAT with cholera
toxin.5 These results suggest that 8-
pC1C6H4ScAMP readily penetrates intact
cells and must be highly resistant to phos-
phodiesterase attack, as has already been

reported (29). Miller and co-workers also

found that 8-pC1C6H4ScAMP is the most

potent inducer of TAT in rat liver (29).
Interestingly, this derivative is roughly 50
times more potent than Bt2cAMP in both
rat liver and H35 cells. This derivative
would appear to be the one of choice in
most systems and deserves to replace
Bt2cAMP in view of the complications pro-
duced by butyrate effects, which are inde-
pendent of cyclic nucleotide actions (34-

38).
The nature of the putative substrate for

protein kinase that might influence TAT
synthesis is unknown at present. Based
upon a variety of data obtained in the H35
cell system, we have proposed a transla-
tional site of action for cAMP (39). Thus,
one would expect that a polysome-associ-

ated protein(s) or the nascent TAT chains
themselves might well be logical candidates
for the kinase substrate. In fact, TAT has

been found to be phosphorylated but it

appears to represent a post-synthetic,

Wimalasena, J., Leichtling, B. H., and Wicks, W.

D., in preparation.

cAMP-independent process (10). The pos-

sibility that nascent TAT chains are subject
to transient phosphorylation still remains

open and is currently under investigation.
Ribosomal protein S6 is also a possible can-

didate, although no functional conse-
quence(s) of this modification has been re-
ported (40). It is quite possible, however,
that the synthesis of only a few (and per-
haps minor) proteins is productively influ-
enced by S6 protein phosphorylation. The
validity of this suggestion remains to be

tested by additional work, however. Finally,

as pointed out previously (6, 7), the possi-
bility cannot be ruled out that upon binding
of a cAMP derivative the regulatory sub-

unit of protein kinase is the active compo-

nent involved in modulating TAT synthe-
sis.
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SUMMARY

HUANG, MINTA AND GEORGE I. DRUMMOND. Adenylate cyclase in cerebral micro-
vessels: action of guanine nucleotides, adenosine and other agonists. Mol. Pharmacol.’

16: 462-472 (1979).

The isolation of microvessels (capillaries and arterioles) from guinea pig cerebral cortex
is described. Adenylate cyclase in microvessel preparations was activated by guanylylim-
idodiphosphate in a time-dependent manner. The rate of guanyl nucleotide activation
was enhanced by adenosine, 2-chloroadenosine, 2-azidoadenosine, norepinephrine, hista-

mine, isoproterenol, prostaglandin E,, prostaglandin E2 and prostacyclin. Activation by
adenosine analogues was demonstrable only when endogenously-generated adenosine was

destroyed with adenosine deaminase. Activation was also in evidence when microvessels
were incubated with agonists together with guanine nucleotide, then washed by sedimen-

tation prior to assay, reflecting persistence of the activated state.

MOLECULAR PHARMACOLOGY, 16, 462-472

INTRODUCTION

Multiple factors are involved in the reg-
ulation of blood flow through vascular beds.
One important control is likely exerted by

neurohormones. Other endogenous sub-
stances such as adenosine, adenine nucleo-
tides and prostaglandins may also play a

role. Pharmacologically, adenosine is
known to be a smooth muscle relaxant and
vasodilator. It is highly likely that the nu-
cleoside may function in autoregulation of
coronary blood flow (1). Adenosine has
been shown to stimulate cAMP’ formation

in a number of tissues (2-5) and its vasoac-
tion is potentiated by agents that inhibit

cyclic nucleotide phosphodiesterase (6, 7).

This work was supported by grants from the Med-

ical Research Council and the Alberta Heart Foun-

dation.

‘The abbreviations used are: BSA, bovine serum

albumin; Gpp(NH)p, guanylylimidodiphosphate;

PGE,, prostaglandin E,; PGE2, prostaglandin E2, PGI2,

prostacyclin, cAMP, adenosine 3’,5’ monophosphate.
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These facts, together with the possibility
that catecholamine-induced smooth muscle
relaxation is mediated by cAMP (see ref.
8), have stimulated interest in the possible’�
involvement of the cyclic nucleotide in

adenosine action. While Kukovetz et al. (9)1

have reported a positive correlation be-
tween adenosine-induced relaxation of cor-
onary strips and activation of adenylate

cyclase, other workers (10-12), using vas-
cular tissues or nonvascular smooth. muscle,1
were unable to demonstrate activation of

adenylate cyclase by the nucleoside.
Prostaglandins have important actions

on vascular smooth muscle. PGE, and
PGE2 are known to activate adenylate cy-
clase in a variety of cells and tissues. It hash
been suggested (13) that some of these ef-
fects could be mediated by cAMP. 1

In most instances in which adenylate cy-

clase has been examined in vascular smooth

muscle, large vessels readily accessible by
dissection have been used. Tissue from the�
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microvasculature has not been extensively
examined. Several methods have been de-
veloped (14-17) for the isolation of micro-
vascular tissue from brain. In this report we

describe the isolation of microvessels (cap-
I ifianes and arterioles) in highly purified

form from guinea pig cerebral cortex. The
action of adenosine, several adenosine an-
alogues, histamine, catecholamines and
prostaglandins on adenylate cyclase in this
preparation is described.

MATERIALS AND METHODS

[3H](G)adenosine 3’,5’-cyclic phosphate
(40 Ci/mmol) and [a32P]ATP (15-20 Cu
mmol) were purchased from New England

Nuclear. ATP, GTP, cAMP, adenosine, 2-
chloroadenosine, (-)-isoproterenol, adeno-
sine deaminase (Type I from calf intestinal
mucosa), creatine phosphokinase (Type I
from rabbit muscle), BSA (FractionV) and
dithiothreitol were purchased from Sigma

Chemical Co. Gpp(NH)p was purchased
from ICN Chemicals. 3-Isobutyl-1-meth-
ylxanthine was obtained from Aldrich
Chemical Co.; histamine dihydrochloride
from Fisher Scientific; (-)-norepinephrine
from Serva Chemical Co.; and PGE1 and
PGE2 from PL Biochemicals. 2-Azido-aden-
osine was a gift from Dr. R. Haslam,
McMaster University; prostacyclin (PGI2)
was obtained through the courtesy of Dr.K.
Lederis, Division of Pharmacology, Univer-

sity of Calgary.

Preparation of microvessels. The
method used was a modification of that
described by Goldstein et al. (16). Brains
from three female Hartley guinea pigs (300-
450 g) were removed following exsanguina-

tion and placed on ice. All subsequent pro-
cedures were carried out at 4#{176}.The cerebral
cortex was thoroughly freed of pial mem-
branes, surface vessels, and white matter
and homogenized in a glass homogenizer
with a motor-driven teflon pestle (10

strokes) in 5 vol (based on tissue wt) of
Krebs-Ringer bicarbonate containing 10

mr’�i glucose and 1% BSA, gassed with 95%

02-5% CO2. All subsequent homogeniza-
tions were done with a hand-driven pestle.

The homogenate was centrifuged at 800 x
g for 10 mm. The loose pellet consisted of
two layers, an upper one of finely divided

material and a lower granular one of incom-
pletely disrupted neuronal material. After
removal of the supernatant fluid, the upper
layer was dispersed in a small volume of
the above medium and removed with a
Pasteur pipet. The lower layer was homog-
enized in 5 vol of fresh medium (6 strokes
by hand) and centrifuged as above. Again

the upper layer of finely divided particles
was removed and added to the first. The
remaining granular bottom layer was dis-

persed in 3 volumes of medium by homog-
enization (6 strokes). This was added to the

combined particulate suspension from the
first two centrifugations, the mixture was
further disrupted by homogenization (6

strokes) and centrifuged at 1000 x g for 10
mm. The resulting pellet was dispersed in
10 volumes (based on initial tissue wt) of

the above medium but containing 25% BSA
and adjusted to pH 7.5. The homogenate
was centrifuged at 3000 x g for 15 mm. This

procedure separated neuronal elements and

myelin (which floated as a thick layer on
top of a clear supernatant fluid) from a
small pellet containing microvessels, nuclei
and erythrocytes. The thick floating layer
was removed, resuspended in the superna-
tant fluid and centrifuged again. The re-
sulting small pellet was recovered and com-
bined with the first. This combined residue
was suspended in 10 mmof fresh 25% BSA
medium and centrifuged at 3000 x g for 15
mm. The thin film of floating material and
the clear supernatant fluid were discarded
and the pellet was dispersed by homogeni-

zation in 1 volume (based on original tissue
wt) of 1% BSA medium. This suspension
was passed through a column (1 cm X 1.5

cm diam) of glass beads, 0.45 to 0.50 mm
diameter (B. Braun Melsungen). The col-

umn was washed with 1% BSA medium
until the effluent (as observed microscopi-
cally) was free of nuclei and erythrocytes
(usually 50-80 ml). Washing of the column

was facilitated by carefully stirring the sur-
face of the packed beads with a fine plastic
rod. The column was then washed with

about 20 ml of 0.25 M sucrose, 20 nmi Tris-
HC1, 2 nmi dithiothreitol, pH 7.5 (hereafter
referred to as Buffer A). Removal of nuclei
and erythrocytes was monitored by micro-
scopic examination of the effluent. Finally
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the glass beads were extruded into a 25 ml

beaker and entrapped microvessels were
released by stirring the beads repeatedly
with small volumes of Buffer A, the sus-
pended microvessels being removed with a
Pasteur pipet. Microvessels were then re-
covered by centrifugation at 3000 x g for

10 mm, the pellet was suspended by ho-
mogenization in 0.35 vol (based on original
tissue wt) of Buffer A. The protein content
of such preparations was usually about 2
mg/mi (determined by the method of

Lowry et al. (18)) and represented 500 �ig

per g of tissue. Preparations were used im-
mediately and a fresh preparation was used
for each experiment.

Adenylate cyclase assay. The assay sys-

tem contained 40 mM Tris-HC1, pH 7.5, 2
mM MgCl2, 5.5 mM KC1, 1 mr�i 3-isobutyl-1-

methylxanthine, 10 mM creatine phosphate,
60 jig creatine phosphokinase, 0.4 mM di-

thiothreitol, 50 mM sucrose, 50 to 80 �tg of
microvessei protein and 0.2 mM [32P]ATP
(40 dpm/pmol) in a final vol of 150 gil. In
some assays 1.2 U of adenosine deaminase
was also added. The reaction was initiated

by addition of [52PJATP and the incubation
was conducted at 30#{176}for 8 mm in 1.5 ml
Eppendorf polypropylene tubes. The reac-
tion was terminated by placing the tubes in
a boiling water bath for 4 mm. Upon cooling

ATP (4 �imol) and cAMP (0.14 �irno1) were

added together with 50 �tl of [1H]cAMP
solution containing 3 x i04 dpm to monitor
recovery; final vol 1.1 ml. The tubes were

centrifuged at 5000 x g for 5 mm (Fisher
Model 59 centrifuge) and the [32P]cAMP
formed was isolated and quantitated by the
method of Salomon et al. (19). In experi-
ments in which the microvessels were in-
cubated with ligands prior to assay, the
procedure was as follows: microvessels (70

to 90 j�g protein) were incubated at 30#{176}for
various intervals in the adenylate cyclase
assay medium (without ATP) with test sub-
stances; final vol 150 gil. The reaction was
initiated by addition of test compound and

terminated by dilution with 1 ml of cold
Buffer A followed by immediate centrifu-
gation at 5,000 x g for 3 mm. The super-
natant fluid was removed with a Pasteur
pipet, the pellet was dispersed in 1 ml of
Buffer A and centrifuged again. Each pellet
was suspended (Vortex) in 30 /11 of buffer,

assay components were added and the as-
say was conducted as above for 5 mm at
30#{176}.

5’-Nucleotidase was determined by the
method of Baer et al. (20); 2’,3’-cyclic nu-
cleotide phosphohydrolase by the method

of Olafson et al. (21). Dye uptake into cells
was determined using 0.33% trypan blue in

Krebs-Ringer bicarbonate (22). Staining

was observed microscopically.

RESULTS

Purity and properties of the microvessel
preparation. Microscopic examination of
the microvessel preparation showed seg-
ments of capillaries and arterioles, the for-
mer being predominant. Micrographs of
two separate preparations are shown in Fig-
ure 1. The preparation was free of neuronal
elements and membranous debris; occa-
sional nuclei and erythrocytes were en-
trapped among the vessels, and erythro-
cytes were also visible within the lumen of
the vessel segments. Several preparations
were assayed for 2’,3’-cyclic nucleotide
phosphohydrolase activity (21). This en-
zyme is highly active in cerebral cortex,
being located in myelin. Microvessel prep-
arations were devoid of this activity provid-
ing evidence for the absence of myelinated

neuronal fragments. The neuronal material
that floated on 25% BSA medium hydro-
lyzed 30 nmol 2’,3’-cyclic AMP/mm/mg at

30#{176}.
The microvessel cells, surprisingly, re-

sisted disruption by homogenization. In
fact, suspensions, even after homogeniza-
tion, consisted of intact segments of vessels
with endothelial cells seemingly intact as

observed by light microscopy. Even mate-
rial recovered from the incubation tubes
after assay was noticeably intact. However,
when treated with trypan blue-a dye
which has been used to determine cell via-
bility (22)-at least 95% of the cells were

stained as determined by microscopic ex-
amination. Uptake of the dye could indicate
extensive damage to the surface membrane
of the cells. Examination by electron mi-
croscopy2 also revealed damage to the sur-

2 We are indebted to Dr. W. C. Costerton and Mr.

Dale Cooper, Department of Biology, University of

Calgary, for the electron microscopic examinations.
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FIG. 1. Phase contrast micrographs of two separate microvessel preparations showing segments of capillaries

Magnification: X 1140.




