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A B S T RA C T Because glomerular functions are mod-
ulated by numerous humoral agents, probably acting
through cyclic nucleotides, the effects of some poly-
peptide hormones and biogenic amines on cyclic AMP
(cAMP) and cyclic 3',5'-guanosine monophosphate
(cGMP) were studied in glomeruli isolated from rat
renal cortex. Glomeruli and cortical tubules were pre-
pared by a combination of sieving and density-gradient
centrifugation. Under basal conditions, the contents of
cAMPand cGMPin glomeruli were significantly higher
than in tubules and unfractionated renal cortical tissue.

Histamine caused a striking increase in cAMP in
glomeruli (+A% 675±87) and, to a lesser degree, in-
creased cAMP in tubules (+A% 103+25) or in tissue
slices. This stimulation was dose-dependent in the
range of 1 ,uM-1 mMhistamine. Metiamide (an H2-
antagonist), but not pyrilamine (an H,-antagonist)
blocked the effect of histamine on cAMP, which in-
dicates that histamine causes its effect via interaction
with H2 receptors. Histamine caused less extensive in-
creases in cGMPin both glomeruli and tubules. Car-
bamylcholine caused a marked increase in cGMP in
glomeruli (+A 295±7) and a much lower increase in
tubules (+A% 70+20); these effects were blocked by
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atropine. Parathyroid hormone (1 ug/ml) increased
cAMP and, to a much lesser degree, also cGMP in
glomeruli. In tubules, parathyroid hormone caused nmuch
more extensive increases in cAMP than in glomeruli;
no changes, or rather a small decline in cGMP, was
observed. Angiotensin-I1 (2 uM) markedly lowered
cAMPin glomeruli (-A% -45±8) and in tubules (-A%
33±7) but had no effect on cGMP. Bradykinin (20 ,M)
did not consistently influience either cAMP or cGMP
in glomeruli or tubules.

Present results demonstrate that cAMP and cGMP
metabolism in glomeruli are controlled independently
by humoral agents known to alter glomerular functions
in vivo. Our findings are consistent with the view that
histamine and cholinergic agents generated and (or) re-
leased locally in glomeruli or in their vicinity may play
important roles as mediators of immunopathological
injury of glomeruli, and that these effects are mediatecl
by cAMPand (or) cGMPthrough interaction with H2
receptors and muscarinic receptors. Likewise, our re-
sults suggest that the effects of angiotensin-II and para-
thyroid hormone on glomerular dynamics may be me-
diated by cyclic nucleotides.

Thus, we surmise that extrarenal as well as intrarenal
humoral agents may play an important role in the pathol-
ogy and physiology of glomeruli through mediation
of either cAMP, cGMP, or both.

INTRODUCTION

It has become increasingly evident in recent years
that many extrarenal and intrarenal humoral agents mray-
modulate diverse aspects of glomerular function (1).
For example, the administration of agents such as para-
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thyroid hormone (PTH)' (2), angiotensin (3, 4), brady-
kinin, acetylcholine (5, 6), and others (1) causes changes
in glomerular microcirculation, hydraulic permeability,
or in the ultrafiltration properties of glomerular mem-
brane. Perhaps more importantly, some humoral fac-
tors, which are released in the course of inflammation,
namely in the response to immunologic injury (7, 8)
(such as histamine, acetylcholine, bradykinin) may, as
in other tissues, play a crucial role in the pathogenesis
of glomerular lesions such as glomerulonephritis, acute
renal failure or renal allograft rejection. It has been
extensively documented in extrarenal tissues that the
actions of many of the above mentioned agents, es-
pecially local mediators of the immune response (8-10),
are mediated at the cellular level by cyclic 3',5'-adeno-
sine monophosphate (cAMP) and cyclic 3',5'-guano-
sine monophosphate (cGMP).

Because glomeruli constitute only a small portion of
renal cortex, it seems unlikely that studies on cyclic
nucleotide dynamics in whole renal cortical tissue
preparations could accurately reflect changes in glo-
meruli. Several recent findings suggest that cAMPand
cGMPsystems are indeed present in glomeruli and
that they differ in some aspects from the rest of the
renal cortical tissue. Adenylate cyclase (11-13) and
guanylate cyclase (14) activities were detected in iso-
lated glomeruli; guanylate cyclase was much more ac-
tive in glomeruli than in tubules (14). It was also re-
ported that some humoral agents, namely PTH, can
influence adenylate cyclase in glomeruli (11-13). Cyclic
nucleotide phosphodiesterases in glomeruli preferen-
tially hydrolyze cGMPrather than cAMP (15), and are
regulated differently than analogous tubular enzymes
(16). Immunohistochemical analysis indicated the pres-
ence of cAMPor cGMPin glomeruli and their increase
in response to PTH (17).

In view of the possibility that humoral agents, which
may play a potentially important role in glomerular
pathology and physiology, may act on glomeruli through
mediation of cAMPor cGMP, we investigated the ef-
fects of some of the extrarenal or local polypeptide
agents (PTH, angiotensin-II, bradykinin) and bio-
genic amines (histamine, cholinergic agents) on the
cAMP and cGMPaccumulation in the glomeruli iso-
lated from the rat kidney cortex; the effects of these
agents on cAMPand cGMPin isolated glomeruli were
compared with the effects on tubules or tissue slices
prepared from the same kidneys. Our results revealed
that glomeruli not only have a higher capacity for ac-
cumulation of cAMPand cGMPthan tubules and renal

1Abbreviations used in this paper: cAMP, adenosine-
3',5'-cyclic monophosphate; cGMP, guanosine-3,5'-cyclic
monophosphate; KRB, Krebs-Ringer phosphate buffer; MIX,
1-methyl-3-isobutyl xanthine; PTH, parathyroid hormone;
RIA, radioimmunoassay.

cortical slices but also that many agents (histamine,
carbamylcholine, and PTH) dramatically influence
cAMPand(or) cGMPlevels in isolated glomeruli in a
way different from that in tubules.

METHODS
Isolation of glomeruli. Tissues were obtained from adult

male Sprague-Dawley rats which weighed 180-280 g,
maintained on ad libitum standard diet Purina Laboratory
Rat Chow (Ralston Purina Co., St. Louis, Mo.) and drinking
tap water. After induction of pentobarbital anesthesia (50
mg/kg), a polyethylene catheter (PE-100) was inserted into
the low abdominal aorta immediately above the bifurcation.
Subsequently, the aorta was clamped above the renal arteries,
the renal veins cut, and the kidneys perfused with 60-80 ml
of modified Krebs-Ringer phosphate buffer (KRB) of the fol-
lowing composition: 140 mMNaCl, 5 mMKCI, 1.2 mMMgSO4,
2.0 mMCaCI2, 10 mMglucose, 10 mMsodium acetate, 2 mM
sodium phosphate, and 20 mMTris (pH 7.4). The interval
between clamping the aorta and the onset of the perfusion
did not exceed 20 s. After kidney surfaces were completely
blanched, kidneys were removed and placed on an ice-cooled
dissecting table. Cortical tissues from kidneys of two to three
rats were pooled for one experiment. The cortex was dissected
from the kidney and used for preparation of glomeruli and
tubules. All subsequent preparative steps were performed at
4°C. In some experiments, a part of the cortex was used
to prepare cortical tissue slices (0.5-mm thickness) with a
Stadie-Riggs tissue slicer (18); these cortical slices were washed
several times in KRB. Glomeruli and tubules were prepared
with a combination of sieving and density-gradient centrifuga-
tion; some major steps were adapted from the method of
Norgaard (19). The cortical tissue was minced, strained through
a stainless steel sieve (220-Mm opening), and subsequently
passed through a hypodermic needle (gauge 23, Sherwood
Medical Industries, Inc., St. Louis, Mo.). The resulting sus-
pension of cortical tissue was washed four times in KRB by
repeated centrifugation at 200 g for 1.5 min to eliminate debris
and small tissue fragments. The resulting pellet was resus-
pended in 3 ml of 26% Ficoll and was placed on the bottom
of the centrifugation tube; 2-ml layers of Ficoll solutions of
decreasing concentration (23, 20, and 1 1%) were layered over
the pellet suspension (19). After centrifugation in a swing-
ing bucket rotor JS-20 (Beckman refrigerated centrifuge, model
J-21, Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.)
for 10 min at 1,200 g, glomeruli were collected from the inter-
phase 11-20% and, if purity criteria met, also from the inter-
phase 20-23%. The pellet at the bottom of the tube contained
large aggregates of tubular fragments. The pellet was sus-
pended in cold KRB and passed through nylon screen (400-
,m opening, Nytex Co., Niles, Ill.) on which tubular fragments
were retained. Tubular fragments were rinsed on the screen
with 60-80 ml of KRB to reduce glomerular contamination
to a negligible level. Suspensions of glomerular and tubular
fractions were again washed three or four times in ice-cold
KRBby repeated centrifugation at 140 g, 1.5 min and resus-
pended in KRB.

The purity of each glomerular suspension was evaluated
by light-microscopic examination and by counting of glo-
meruli. An aliquot of glomerular suspension (50-100 ul) was
mixed on the microscopic slide (10:1, vol/vol) with 0.1% tolui-
dine blue solution in isotonic saline to visualize cellular ele-
ments and was examined under higher magnification (x430)
to evaluate first the structure of isolated glomeruli and then
at the lower magnification (x 100) to determine the glomerular
count of suspension. Isolated glomeruli were without capsules
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and the structure was well preserved. The purity of glomeruli
was determined by counting at least 200 particles stained
with toluidine blue, and only preparations which contained
more than 95% of glomeruli were used for subsequent ex-
periments. Tubular suspension was checked for absence of
glomeruli. Glomeruli were also examined microscopically
after fixation in 10% formol and staining with hematoxylin-
eosin. This examination confirmed the intact structure of glo-
merular preparations. In some preparations, the alkaline-
phosphatase activity in homogenized glomeruli and tubules
was also determined. The washed glomeruli and tubules were
homogenized in a medium of the following composition:
0.25 M sucrose, 5 mMTris, 3 mMMgCl2, 1 mMEDTA(pH
7.4) (20:1 wet wt/vol) in a Teflon (E. I. DuPont deNemours &
Co., Wilmington, Del.) pestle-glass homogenizer with five
strokes at 0-4°C, and assayed for activity of alkaline phos-
phatase. Specific activity of alkaline phosphatase was signifi-
cantly higher in tubular preparations (tubules: 8.12±0.4;
glomeruli: 2.69±0.5 mM/mg protein/h; n = 10; t test,
P < 0.001), a finding similar to another report from preparation
of rat glomeruli and tubules (20).

Incubations. Freshly prepared glomeruli (2-5 mgwet wt)
and tubules (4-10 mg wet wt) were resuspended in 100 ,ul
of ice-cold KRB. In some experiments, cortical tissue slices
(10-20 mgwet wt) were also suspended in 100-1u aliquots of
cold KRB. The tissue suspensions were distributed into 10-ml
glass homogenizer tubes (size A, Arthur H. Thomas Co.,
Philadelphia, Pa.) kept in crushed ice at 0°C, and 250 ,ul of
KRB were added to these tubes to make the volume up to
350 ,ul. These suspensions were first preincubated at 370C for
20 min in a Dubnoff shaking water bath (120 cycles/min).
At the end of the 20 min preincubation period, 50 i±l of 5
mM1-methyl-3-isobutyl xanthine (MIX) dissolved in KRB
and either 100 ,Ll of KRB (controls), or hormones and drugs
dissolved in 100 ,Iu KRB were added to the various suspen-
sions. These additions were made within a time interval of
6 s. The final volume of each suspension then was 500 ul of
KRB(with 0.5 mMMIX) and the final concentration of various
test agents as indicated in Results. Stock solutions of hormones
or drugs were kept at either -20°C or 0°C as appropriate.
Dilutions and pH adjustments were made immediately be-
fore incubation. After the addition of the various test agents
and MIX, the tubes were incubated for an additional 2 min
at 370C in a metabolic, shaking water-bath. The incubation was
terminated by the addition of 500 ,ul of ice-cold 10% trichloro-
acetic acid (TCA) and immediate homogenization with a
Teflon pestle (10 strokes).

A small aliquot (30 ILI) was taken from the TCAhomogenate
for the determnination of protein; average total protein con-
tent per incubation mixture was 211±25 Ag/tube (±SEM;
n = 29) for glomeruli, and 380±37 ,g/tube (±SEM; n = 29)
for tubules. The remainder of the TCAhomogenate was divided
into two aliquots for determination of cAMP and cGMPby
radioimmunoassay (RIA). Tracer amounts of [3H]cAMP (6,500
cpm, 0.25 pmol/10 ,ul) or [3H]cGMP (6,500 cpm, 0.25 pmol/10
,ul) were added to the respective aliquots for monitoring re-
covery. Precipitated proteins were removed by centrifugation.
The supernate was acidified with 200 Al of HCI (final con-
centration 0.14 M) and the TCAwas removed from the super-
nate by repeated extraction (3 times) with ethyl ether; rem-
nants of ether were evaporated by heating, and samples were
adjusted to neutral pH with 0.5 N NaOH. Aliquots of extracts
were used for determinations of cyclic nucleotides by RIA,
and for measurements of recovery. In preliminary experi-
ments cAMP and cGMPwere separated before RIA on for-
mate-DOWEX-1 columns (Dow Chemical Co., Midland,
Mich.) according to the method of Murad et al. (21). As ob-
served also in other tissue systems (22, 23) analogous results

were obtained with or without DOWEX-1column separation,
even if the extracts of the same tissue sample were simul-
taneously measured. Therefore, because of the small quantity
of material, extracts were not routinely passed through
DOWEX-1columns before cAMP-RIA and cGMP-RIA.

Assays. Cyclic nucleotides were determined by RIA
originally developed by Steiner et al. (24) and modified, to
increase the sensitivity, by Harper and Brooker (25) and by
Frandsen and Krishna (26). Samples of tissue extracts and
standards for determination of cAMPwere acetylated (25) and
samples for determination of cGMPsuccinylated (26) as de-
scribed in the original methods (25, 26). Acetylated or suc-
cinylated samples were incubated in 50 mMsodium acetate
buffer (pH 6.2) with anti-cAMP or anti-cGMP antibodies and
[1251]succinyl cAMPmethyl ester or with [125I]succinyl cGMP
methyl ester for 16-24 h at 4°C, and then the free and bound
antigens were separated by ammonium-sulphate precipitation
(24). Radioactivity of samples was counted in a gammacounter
(Searle Analytical GammaCounter, model 1285, Searle Diag-
nostics Inc., Des Plaines, Ill.). Specificity and sensitivity of anti-
bodies were examined in preliminary experiments and found
to be within the limits claimed by the manufacturer (Schwartz/
Mann Div., Becton, Dickinson & Co., Orangeburg, N. Y.).
Also, the increase in sensitivity by acetylation or by succinyla-
tion was in agreement with that reported by the authors (25,
26). With use of acetylation and succinylation of the stand-
ards and samples, the lower limit of sensitivity of RIA was 1
fmol for both cAMP and cGMP. In absence of added cold
cAMPor cGMP, -50-60% of labeled antigen was bound to
antibodies. Because RIA measurements were done on ex-
tracts in which cAMP and cGMPwere not separated, the
cross-reactivity of RIA for cAMPand cGMPwas tested. Suc-
cinylated cAMP, even at 100 times higher concentration, did
not interfere with measurements of succinylated cGMPin
RIA for cGMP; and conversely, acetylated cGMP, even in the
concentration 100 times higher than acetylated cAMP, did not
interfere with the determination of acetylated cAMPby RIA
for cAMP. The validity of cAMP and cGMPRIA measure-
ments was also verified by the linearity of sample dilutions,
by cAMPand cGMPhydrolysis with cyclic nucleotide phos-
phodiesterase, and by quantitative recovery of added un-
labeled cyclic nucleotide to the extracts. Average coefficient
of variation in RIA for cAMPand cGMPwas 17%.

Drug agonists and antagonists used in the present system
were tested for interference with cAMP and cGMPdeter-
mination by RIA. None of the tested agents at the concentra-
tions higher than the highest concentrations used in the in-
cubation mixtures interferes with determination of cAMPor
cGMPby RIA, or with acetylation or succinylation procedures.

Radioactivity of tritiated tracer nucleotides was deter-
mined by liquid scintillation counting. The quantity of
[3H]cAMP and [3H]cGMP tracers for recovery measurements
which contributed to the final concentration of cyclic nucleo-
tides were calculated and subtracted for each sample. After
correction for recovery, and after subtraction of the added
radioactive tracer, the contents of cAMPand cGMPin samples
were expressed as pmol/mg protein. In preliminary experi-
ments we established that total protein in glomerular sus-
pension was linearly proportional to the number of glomeruli
in aliquots of samples in which glomeruli were counted in
light microscope. The average protein content was 118±30 ng
protein/glomerulus (n = 7).

Because glomeruli, tubules, and slices were homogenized
together with the incubation medium, the content of cAMP
and cGMPrepresents the sum of the cyclic nucleotides con-
tained within tissues and of that which leaked into the in-
cubation medium. Accurate separation of glomeruli from med-
ium would result in a prohibitive time delay between the
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end of the incubation and inactivation of the enzymes by
homogenization in TCA. Likewise, the small sample size
would make estimation of wet weight in the final incubation
inaccurate. Cyclic nucleotide contents were expressed per
protein presented, and measured in aliquots of the same TCA
homogenate in which cyclic nucleotides were measured.

The protein contents were determined in aliquots of TCA
homogenate after neutralization with NaOHby the method
of Lowry et al. (27) as in our previous studies (18, 28, 29).
Alkaline phosphatase activity was measured with the method
(30) employed in our earlier studies (31). Determinations of
cyclic nucleotides by RIA, protein determination measure-
ments of recovery, or alkaline phosphatase assay were run
in duplicate or triplicate.

Glomeruli, tubules, or slices from the same pool of kidneys
were incubated in the same day under exactly the same con-
ditions with or without added hormones or drugs. Samples
were also, processed (extraction, RIA, and protein determina-
tion) at the same time, with the same batch of reagents. This
design minimizes possible day-to-day variation between
assays and preparative procedures, and allows paired compari-
sons. Glomeruli, tubules, or slices were incubated in dup-
licate aliquots for each condition (controls or with added
drugs or antagonists); values of duiilicates were averaged and
entered as a single value (n) for the purpose of statistical
analysis. Exceptions are the results depicted in Fig. 1 (dose-
response curve for histamine) where each value is based on
determinations in a single incubation tube.

The effects of drugs and hormones were evaluated both
as a net difference from control and as relative (%A) differ-
ences from control by t test for paired comparisons. Other
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FIGURE 1 Effects of various doses of histamine on cAMP
content in glomeruli (0) and in tubules (O). For incubation con-
ditions see Methods. Each point represents mean+SEMof
four measurements (see Methods).

statistical evaluations were done with use of t test for group
comparisons, as appropriate. Values of P > 0.05 were con-
sidered nonsignificant.

Materials. Synthetic 1,34-N-terminal tetratriacontapeptide
of bovine PTH (activity 3,800 IU/mg) was purchased from
Beckman Instruments, Inc., Spinco Division. Histamine, car-
bamylcholine, atropine, p-nitrophenylphosphate, and beef
heart cyclic nucleotide phosphodiesterase were purchased
from Sigma Chemical Co., St. Louis, Mo. Pyrilamine maleate
was a product of K and K Laboratories, Inc., Plainview, N. Y.;
Metiamide was a generous gift of Dr. Mendelson, Smith
Kline & French Laboratories, Philadelphia, Pa. Synthetic
angiotensin-II (1-1-Valyl-octapeptide) was a product of CIBA-
Geigy Corp., Summit, N. J. Synthetic bradykinin was purchased
from Calbiochem, San Diego, Calif. Ficoll was from Pharmacia
Fine Chemicals, Piscataway, N. J., MIX from Aldrich Chemical
Co., Inc., Milwaukee, Wis. Nylon mesh for filtration was pur-
chased from Nytex Co., Niles, Ill. Other chemicals and bio-
chemicals, all of highest purity grades, were purchased from
standard suppliers.

[3H]Cyclic AMPand [3H]cyclic GMPfor measurement of
recoveries were purchased from NewEngland Nuclear, Bos-
ton, Mass. Antibodies and '251-labeled antigens were from RIA
kits for determinations of cAMPand cGMPpurchased from
Schwartz/Mann Div., Becton, Dickinson & Co.

RESULTS

Under the present incubation conditions, without addi-
tion of tested agents, the amounts of cAMPand cGMP
accumulated in glomeruli were much higher than in
tubules or tissue slices. Moreover, in tubules, the levels
of cAMP were lower and the levels of cGMPhigher
than in slices. The cAMP:cGMPratio in glomeruli was
higher than in tubules (Table I).

The effects of the tested agents were evaluated both
in terms of the net change from control levels as well
as in relative terms as a percent change from the

TABLE I
Content of cAMPand cGMPin Isolated Glomeruli, Tubules,

and Tissue Slices Incubated without Added
Agents (Hormones, Inhibitors)

cAMP cGMP cAMP:cGMP*

pmollmg protein

A Glomeruli (22)t 26.95t2.72§ 4.02±0.47 10.8+2.7
B Tubules (22) 6.90±0.79 1.77±0.23 5.4+1.1
C Slices (13) 11.94±1.46 0.95±0.07 14.2±2.7

P value for
differences:"1

A + B: <0.001 <0.001 <0.01
B + C: <0.005 <0.02 <0.005
A C: <0.001 <0.001 NS

* cAMP:cGMP ratio was calculated from values measured
in the same sample.
t Number of experiments in parentheses (for details, see
Methods).
§ MeantSEM.
"t test.
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TABLE II
Effects of PTH on Cyclic Nucleotides in Glomeruli and Tubules

No. Control PTH, 1 &g/ml A% No. Control PTH, 20 #Lg/ml A%

Glomeruli
cAMP, pmol/mg

protein 7 17.8±2.4* 28.1±4.3t +58.0±14.6t 5 14.2±1.6 20.4±2.44 +47.7+14.7t
cGMP, pmol/mg

protein 8 3.8±0.4 4.2±0.44 +11.2±3.64 5 3.7±0.8 4.6±1.1 +34.7+29.2

Tubules
cAMP, pmol/mg

protein 8 7.7±1.6 25.1±3.21 +270.8±48.4 § 5 4.6±0.6 37.9±8.54 +750.4±198.5t§"
cGMP, pmol/mg

protein 8 1.6±0.3 1.4+0.3 -14.5±5.44 5 1.8±0.4 1.7±0.2 +7.9±+14.9

* Mean+SEM.
4 Significantly different from control and(or) A%change is significant at P < 0.05 or at higher level of significance (paired
t test).
§ A%increase in cAMPsignificantly higher than with the same dose of PTH in glomeruli (t test; P < 0.005).
A%increase in cAMPsignificantly higher than with lower dose of (1 ug/ml) of PTH (t test; P < 0.005).

control values. Because our previous immunohisto-
chemical study suggested that PTH may act on cAMP
and cGMPin glomeruli as well as in tubules (17), the
effect of this hormone was tested first. As shown in
Table II, PTH always increased cAMP in glomeruli,
and to a much higher extent in tubules. In cortical
slices from the same kidney, the basal level as well as
the response to the same dose (1 ,ug/ml) of PTH was
similar (+A% 388±+108; n = 5) to that in tubules. The
extent of increases in cAMPin the response to 1 ,ug/ml
PTH and to 20 ,ug/ml PTH was not significantly dif-
ferent in glomeruli, while in tubules the increase after
20 ,ug/ml PTH was more extensive than the response
to the lower dose (Table II). In glomeruli, PTHcaused
a slight cGMPelevation, while in tubules the cGMP
was not changed in response to PTH or was slightly
decreased (Table II). Changes in cGMPin response to
PTH were much less extensive than those in cAMP.

In contrast to the moderate effects of PTH on cyclic
nucleotides in glomeruli, histamine caused a striking

increase of cAMP in glomeruli and a much smaller in-
crease of cAMPin tubules (Table III); the relative (A%)
extent of cAMPincrease in slices was similar to that in
tubules (Table III). Histamine increases cAMP in glo-
meruli in a dose-dependent way (Fig. 1); the smaller
cAMP increase in tubules also occurs within the same
concentration-range of histamine (Fig. 1). Metiamide (a
specific H2-receptor antagonist), or pyrilamine (Hl-
receptor antagonist) alone, had no effect either on cAMP
or cGMPlevels (Fig. 2). Metiamide completely blocked
the histamine-induced increase in cAMPlevels in glo-
rnieruli; pyrilamine did not diminish significantly the
cAMPresponse (Fig. 2). An analogous selective block-
ing action of metiamide on cAMP increases was ob-
served in tubular preparations (data not shown). His-
tamine also increased cGMPin glomeruli, albeit to a
much lesser degree than cAMP; the relative extent (A%)
of cGMP increase was similar in glomeruli, tubules,
and tissue slices (Table III). In the present experi-
ments, no consistent inhibitory effect of pyrilamine on

TABLE III
Effects of Histamine (0.1 mM) on Cyclic Nucleotides in Glomeruli, Tubules, and Tissue Slices

Clomeruli Tubules Cortical slices

No. Control Histamine A% No. Control Histamine A% No. Control Histamine A%

cAMP,
pmollmg
protein 11 30.3±4.8* 211.8±28.91 +674.7±87.4t 9 5.3±0.6 10.4±1.7t +103.5±25.1 t 5 10.7±0.6 24.7±2.2t +130.7±13.8 t

cGMP,
pmollmg
protein 11 5.0±0.7 8.0±1.3t +66.3±17.0t 10 1.8±0.5 2.9±0.81 +56.1±17.6t 5 1.0±0.1 1.9±0.31 +88.0±24.0t

1338 Torres, Northrup, Edwards, Shah, and Dousa

* Mean+SEM.
I Significantly different from control and(or) 4%change is significant at P < 0.05 or higher level of significance (paired t test).
§ /% increase significantly different from analogous value in glomeruli (P < 0.001; t test).
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FIGURE 2 Effects of histamine antagonists metiamide and
pyrilamine on increases in cAMPlevels in glomeruli (upper
panel) and increases in cGMP levels in glomeruli (lower
panel). Each bar represents mean+SEMand the number of
experiments is indicated at the bottom of each column in
parentheses (for details see Methods). Histamine concentra-
tion was always 0.1 mM. Asterisks (*) denote values signifi-
cantly different from corresponding controls (without hista-
mine) at P < 0.05 or better (paired t test). Statistical signifi-
cance of relative (A%) changes was evaluated in paired t test.
L, Incubations in absence of inhibitors; S1, incubations in

presence of 0.1 mMmetiamide; H, incubations in the presence

of 0.1 mMpyrilamine. Control values are not significantly dif-
ferent in the presence or absence of metiamide or pyrilamine,
neither in glomeruli nor in tubules (t test).

cGMPwas detected in glomeruli. On the other hand,
metiamide prevented a significant increase of cGMPin
the response to histamine (Fig. 2).

Carbamylcholine was found to be the most potent
stimulator of cGMPof all the tested humoral agents
in glomeruli (Table IV). Moreover, both absolute and
relative (A%) increase in cGMPwas much higher in
glomeruli than in tubules. In unfractionated cortical
slices carbamylcholine caused an increase in cGMP
(+A% 164+43%, n = 5) which was lower than in glo-
meruli and higher than in tubules. Carbamylcholine had
a tendency to cause a slight increase also in cAMP,
but these effects were minor in comparison with the
effects on cGMP. Stimulation of cGMPwas completely
blocked by the addition of 10 ,uM atropine; atropine
itself had no effect of cGMPlevels (Fig. 3). Similarly,
atropine also prevented the stimulation of cGMPby
carbamylcholine in tubules and slices (data not shown).

Angiotensin-II consistently lowered cAMP in glo-
meruli and, to a similar degree (in terms of -A%), in
tubules (Table V). However, cGMPlevels in the same
preparations were not significantly changed after the
addition of angiotensin-Il. Bradykinin did not signifi-
cantly change cGMPor cAMPin glomeruli or tubules.
There was a tendency to increase cGMPand to de-
crease cAMPwith bradykinin, but these changes were
minor and not statistically significant (Table V).

DISCUSSION

In the interpretation of the present results it should be
stressed that our experimental design was selected pri-
marily to detect changes in cyclic nucleotides in re-
sponse to humoral agents and, thus, in terms of absolute
values, may not necessarily reflect the situation in vivo.
The incubation time employed in our experiments (2
min) was relatively short, in an attempt to detect changes
not only in cAMPbut also in cGMP, which are known
from other systems to be transient, with a rapid onset,
an early peak of the response, and with subsequent
fast decline in time (32-34). In control experiments,

TABLE IV
Effects of Carbamylcholine on Cyclic Nucleotides in Glomeruli and Tubules

Glomeruli Tubules

Carbamylcholine, Carbamylcholine,
No. Control 0.5 mM A% No. Control 0.5 mM A%

cAMP, pmol/mg
protein 10 31.0±4.7* 38.6±6.5t +28.2-9.2t 10 7.1+1.1 7.6+0.9 +9.8+11.6

cGMP, pmollmg
protein 10 2.9±0.5 9.041.3t +294.8476.8t§ 10 1.6±0.3 2.5±0.5t +70.6+20.3t

* Mean+SEM.
t Significantly different from control and(or) A%is significant at P < 0.05 or higher level of significance (paired t test).
§ A%increase significantly higher than in tubules (t test).
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FIGURE 3 Effects of carbamylcholine and atropine on
cGMPin glomeruli. Each bar represents mean+SEMand the
number of experiments is indicated at the bottom of columns
in parentheses. Carbamylcholine was added to the concentra-
tion of 0.5 mMand atropine 10 ,uM. Asterisk (*) denotes value
significantly different from control (without carbamylcholine)
(paired t test; P < 0.05). Levels with atropine alone were not
significantly different from control without added agents (t
test). Statistical significance of relative (A%) changes was
evaluated by paired t test. 0, Incubations in the absence of
atropine; *, incubations in the presence of 10 ,uM atropine.

we explored responses of cyclic nucleotides to agents
also at longer incubation periods. Responses at 5 min
did not differ from the 2-min period, and at 15 min
tended to decline. Inclusion of MIX, which inhibits
both cAMPand cGMPphosphodiesterase (16, 35), was
aimed to optimize conditions for detecting increases in
cyclic nucleotides, elicited by the tested agents. With-
out inclusion of MIX, control levels of cAMPand cGMP
were lower and the response to hormonal agents less
pronounced. But, the selected concentration (0.5 mM)
of MIX would not inhibit cyclic nucleotide breakdown

completely (36), thus allowing us to also detect de-
creases in cyclic nucleotides induced by the tested
agents.

Interpretation of the present results is focused pri-
marily on findings in glomeruli which represent a
homogeneous preparation. Observations on tubular
suspensions, which are necessarily a mixture of various
tubular segments of the nephron existing in renal cor-
tex, or observations on unfractionated tissue slices are
much less specific and were used here primarily for
comparison and validation of observations on glomeruli
obtained from the same kidneys. Increased sensitivity
of RIA for cAMPby acetylation (25) of samples, and for
cGMPby succinylation of samples (26), allowed meas-
urements in small quantity of tissue; high specificity of
anti-cAMP and anti-cGMP antibodies allowed simul-
taneous measurements of both cyclic nucleotides in the
same tissue extract excluding cross-reactivity of cyclic
nucleotides.

Under control conditions, cAMP and cGMPlevels
were much higher in glomeruli than in tubules; cAMP
levels in tubules were, in turn, lower than in unfrac-
tionated tissue slices (Table I). This observation sug-
gested that while glomeruli contributed only 8%of the
volume to the total mass of renal cortical tissue (37),
cyclic nucleotides from glomeruli may contribute sub-
stantially to the total renal cortical content of cAMPand
cGMP, if the cyclic nucleotides are measured in the
unfractionated kidney tissue. It should be realized that
structures other than glomeruli and tubules (such as
vascular elements) could also contribute to the cyclic
nucleotide level in unfractionated slices; the ratio of
cAMP to cGMPmeasured in vitro might differ from
that in vivo.

In basic agreement with previous studies on glo-
merular adenylate cyclase (10-12), PTH increased
cAMPin glomeruli as well as in tubules, but to a lesser
degree. The increase of cAMPafter PTH is of a lesser
extent than might have been expected from consider-
able stimulation of adenylate cyclase activity by PTH

TABLE V
Effects of Angiotensin-Il (2 ,uM) and Bradykinin (20 ,uM) on Cyclic Nucleotides in Glomeruli and in Tubules

No. Control Angiotensin-II /% No. Control Bradykinin

Glomeruli
cAMP, pmollmg protein 8 28.8+4.2* 14.8+2.0O -45.5+8.24 5 30.5+7.5 29.8+9.5 -4.6+8.9
cGMP, pmol/mg protein 8 5.3+0.9 4.9+0.9 -11.7+9.2 5 5.1±+1.0 5.7±1.3 +9.4±5.1

Tubules
cAMP, pmollmg protein 7 5.3±0.8 3.7+0.64 -33.0±7.34 4 5.8±0.3 5.6±0.6 -21.1±11.2
cGMP, pmol/mg protein 7 2.0±0.6 2.0±0.5 +1.4±12.7 4 1.2±0.2 1.6±0.2 +33.8±17.1

* Mean±SEM.
4 Significantly different from control and(or) A%change is significant at P < 0.05 or higher level of significance (paired t test).
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in rabbit and rat glomeruli preparations (10, 11) re-
ported from other laboratories. Such discrepancy may
be a result of differences in species, incubation time,
rate of cAMP catabolism, or other factors. The pos-
sibility that the rather small PTH effect on glomerular
cAMP is a result of contamination of glomeruli with
PTH-responsive tubules cannot be absolutely ruled out
but is highly unlikely for several reasons. First, the
increases of cAMP in glomeruli in experiments on rat
kidney perfused with PTHwere detected by immuno-
histochemical method, where cross-contamination with
tubular cAMP is completely avoided (17). Imbert et al.
(12) found PTH-stimulated adenylate cyclase in rabbit
glomeruli in experiments in which glomeruli were sep-
arated from tubules by micromanipulation techniques.
It should be noted that in the present experiments,
unlike in tubules, the cAMPresponse in glomeruli can-
not be further increased with a higher dose of PTH
(Table II), indicating a different behavior of the PTH-
sensitive cAMPsystem in glomeruli and tubules.

Lower glomerular cAMP response to PTH than in
tubules does not appear to be a result of damage of
the cAMP system which could occur in the course of
preparation of glomeruli because under identical con-
ditions, histamine caused a striking increase in glo-
merular cAMP, much higher than in tubules (Table III);
and this happened even when the effects of PTH and
histamine were tested simultaneously in the same prep-
aration of glomeruli and tubules.

Changes in cGMPin response to PTH were minor
both in glomeruli and tubules, compared with the
changes in cAMP. The slight increase in cGMP in
glomeruli appears to be in basic agreement with our
previous findings of increased immunoreactive cGMP
primarily in glomeruli in the PTH-perfused kidney
(17). It should be stressed, however, that changes in
cGMPlevels found in present experiments are minor,
and the interpretation should be extremely guarded.
Nevertheless, the changes in cGMP levels observed
in experiments with PTH or with other agents could
not be explained by analytical error, because no cross-
reactivity with cAMP and cGMPin RIA in range of
cyclic nucleotide levels found in our experiments was
detected.

Profound stimulation of cAMP in glomeruli by his-
tamine (Table III, Fig. 1) is the most striking response
of the glomerular cyclic nucleotide system to a humoral
agent detected in this study. Blockade of this response
by metiamide but not by pyrilamine indicates that his-
tamine increases cAMPthrough its action on H2-recep-
tors. Because the cAMPresponse to histamine was much
lower in tubules, or in tissue slices, it indicates that the
H2-receptor-sensitive cAMPsystem is rather a specific
component of glomeruli. Only future studies could dis-
criminate whether the small cAMP response to his-

tamine in tubules is intrinsic to tubules or whether
it is a result of some other component included in our
tubular suspension.

Histamine also increased moderately but consistently
cGMP in glomeruli, in tubules, and in slices (Table
III); the latter observation is consistent with a pre-
liminary report by DeRubertis and Craven (38). Re-
sults with histamine blocking agents indicate that, as in
the case of cAMP, metiamide, rather than pyrilamine,
diminishes increases of cGMP in glomeruli. Such a
finding differs from observations on smooth muscle
preparations from umbilical arteries (33) or from trachea
(23), where histamine-elicited cGMPincreases were
inhibited by H,-antagonists, but not by H2-blocking
agents (33). Thus, the present finding may be either
an intrinsic feature of glomeruli or, alternatively, cGMP
increases in glomeruli could be secondary to the huge
increase in cAMP elicited by histamine. Mechanisms
invoked for interpretation of such a phenomenon may
include stimulation of guanylate cyclase by cAMP, such
as reported for liver nuclei (39), or inhibition of cGMP
phosphodiesterase activity in glomeruli by cAMP, as
observed in our own recent experiments (16).

The stimulatory effect of the cholinergic agent car-
bamylcholine on cGMP was reported previously
for many tissues (40), including kidney cortex (32). Our
present results point out that a cholinergic agent-re-
sponsive cGMPsystem is especially active in glomeruli.
In addition to increases in cGMP, carbamylcholine also
caused a slight increase in cAMP in glomeruli; the
mechanism of such effect, which was also observed
in other laboratories (23, 34, 41), is not clear. The block-
ing effect of atropine (Fig. 3) indicates that cholinergic
agents act on muscarinic receptor in glomeruli to stim-
ulate the cGMPformation.

It is of major interest that high histamine content in
glomeruli was detected by histochemical method (42),
and that active histamine synthetase was recently de-
scribed in isolated rat kidney glomeruli (43).

Perhaps the most relevant implication of the present
findings is the fact that histamine and cholinergic agents,
through mediation of cyclic nucleotide system, play a
major role in pathogenesis of inflammation, especially
in response to immune injury as shown in several extra-
renal systems (8-10, 44). Our present finding that
cAMPsystem and cGMPsystem in glomeruli are highly
responsive to histamine and cholinergic agents suggests
that these mediators could play an important role in
pathogenesis of various glomerulopathies, namely in-
flammatory changes caused by immune injury (8-10,
44, 45).

The effect of angiotensin-II to lower cAMPbut not
cGMPis not limited to glomeruli, but occurs to a slightly
lesser extent in tubules too. In other systems, angio-
tensin-II was reported to decrease cAMP levels, but
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only when elevated by cAMPagonists (46, 47). Angio-
tensin-II was also reported to bind (48, 49) on isolated
glomeruli and to cause glomerular contraction (48); the
latter effect was also observed in our laboratory.2 Rela-
tion of the effects of angiotensin-II on cAMP to the
above mentioned phenomena (48, 49), or to its effects
on single nephron dynamics in vivo (1, 3, 4), remains
to be established.

Absence of bradykinin effects in the isolated glo-
meruli and tubules in contrast to marked responses to
other agents (carbamylcholine, histamine) may indicate
that this peptide does not act on glomeruli or tubules
directly. Known effects of bradykinin on renal func-
tion or single nephron dynamics (1, 5) could entirely be
a result of the action on extraglomerular vasculature.

Finally, it was observed recently that high levels of
PTH could alter the function of at least certain sub-
population (cortical superficial) of glomeruli (2, 50);
such glomerular effects could conceivably be mediated
via cyclic nucleotides.

Thus, in summary, our results demonstrate the pres-
ence of a highly active cyclic nucleotide system in
glomeruli which differs markedly from tubular elements
of renal cortex. Remarkable sensitivity of the cAMP
system to H2-histamine stimulation and the cGMPsys-
tem to cholinergic stimuli suggests that these agents
could, through mediation of cyclic nucleotides, play an
important role in the pathogenesis of inflammatory
glomerular tissue injury. Exact link between the effects
of PTHand angiotensin-II on glomerular cyclic nucleo-
tides, and functional effects of these agents on glo-
meruli in vivo, will require both more precise localiza-
tion of biochemical changes in various areas and cell
types in glomeruli, as well as careful analysis of single
nephron function in vitro and in vivo.
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