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Abstract

The present experiments tested the ability of putative neurotransmitters and neuromodulators to
regulate cyclic adenosine 3’:5'-monophosphate (cAMP) levels in rat hippocampal slices. Slices from
ovariectomized adult female rats were equilibrated for 1 hr and incubated for 20 min with various
test compounds, and cAMP was extracted and quantified using a competitive protein-binding assay.
Norepinephrine, adenosine, histamine, and prostaglandins E; and E,,, induced moderate (1.5- to 5-
fold) increases in cellular cAMP, whereas dopamine, serotonin, prostaglandin F.,, and glutamate
were relatively ineffective. Most striking was the observation that vasoactive intestinal peptide
(VIP) produced marked elevation (approximately 80-fold at 6 uM) of hippocampal slice cAMP
content. In contrast, other peptides produced only 2-fold increases (glucagon, somatostatin) or no
change in cellular cAMP levels (enkephalins, LHRH, ACTH analogue, arginine vasopressin).
Significant elevations in cAMP were seen with VIP concentrations as low as 20 nM; the cAMP
response was half-maximal at 1 uM VIP and maximized between 10 and 20 uM. At maximally
effective concentrations, VIP was 86% as effective in increasing cAMP as maximal concentrations
of forskolin, a compound which activates adenylate cyclase in most cell types. The cAMP response
to 10 uM VIP was pronounced after a 1-min incubation (16-fold elevations) and was maximal at 30
min (140-fold elevation). When slices from other brain areas were compared, it was found that
regions known to contain high levels of VIP (cerebral cortex) also responded to VIP treatment with
30- to 50-fold elevations in cAMP. Hypothalamus-preoptic area, midbrain, and cerebellum, whose
endogenous VIP levels decrease in that order, showed reduced cAMP responses to VIP treatment
(9-, 7-, and 1.2-fold elevations, respectively). Further experiments demonstrated that removal of
calcium from the bathing medium severely attenuated the ability of VIP to stimulate cAMP
accumulation in hippocampal slices. Moreover, VIP-induced cAMP elevations were not dependent
on neural firing since co-incubation of slices with VIP and 2 uM tetrodotoxin did not alter the
cAMP response to VIP. These data suggest that VIP may be an important physiological regulator
of hippocampal cAMP, probably via direct interactions of the peptide with VIP-specific receptors.

Neurotransmitters and neuromodulators may regulate
neuronal function in several instances by initiating a
cascade of events involving cyclic adenosine 3":5"-mon-
ophosphate (cAMP), calcium, and specific protein phos-
phorylations (see Greengard, 1981). In preliminary stud-
ies, we have reported (Etgen and Browning, 1982) that
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treatment of rat hippocampal slices with forskolin, a
drug which directly activates adenylate cyclases (Seamon
et al., 1981), both elevates cAMP content and increases
the phosphorylation of one or more proteins in the slices.
Since hippocampal slices maintained in vitro retain many
of the metabolic and electrophysiological properties dem-
onstrated by the structure in vivo (see Lynch et al., 1975),
slices of this limbic structure may be used as a model
system to study the physiology, biochemistry, and phar-
macology of higher brain function. The experiments
described in the present paper were designed to identify
which putative neurotransmitters and neuromodulators
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might be endogenous regulators of cAMP in our hippo-
campal slices. Future studies then can evaluate the role
of endogenous regulators of cAMP as stimulants to pro-
tein phosphorylation in selected target cells of the hip-
pocampus.

Most of the compounds chosen for initial study have
been identified previously as potential neurotransmitter
candidates capable of altering cyclic nucleotide levels in
the cerebral cortex and/or hippocampus, e.g., norepi-
nephrine (Segal, 1981; Segal et al., 1981), histamine
(Haas et al., 1978; Segal et al., 1981), adenosine, sero-
tonin, glutamate (Nimit et al., 1981; Segal et al., 1981),
dopamine, prostaglandins (Palmer et al., 1973; Wellman
and Schwabe, 1973), and vasoactive intestinal peptide
(VIP) (Quik et al., 1978; Seamon et al., 1981; Daly et al,,
1982). The neuropeptide VIP is particularly interesting
because (a) the highest endogenous concentrations of
VIP are found in the cerebral cortex and certain limbic
structures including the hippocampus (Bryant et al.,
1976; Larsson et al., 1976; Said and Rosenberg, 1976;
Fuxe et al., 1977; Besson et al., 1979; Loren et al., 1979);
(b) VIP has been reported to stimulate adenylate cyclase
in mammalian brain (Deschodt-Lanckman et al., 1977,
Quik et al., 1978; 1979; Borghi et al., 1979; Kerwin et al.,
1980; Huang and Rorstad, 1983); (¢) VIP is localized in
synaptic vesicles and can be released from synaptosomes
and from brain slices by various depolarizing agents
(Giachetti et al, 1977; Emson et al., 1978; Pelletier et al.,
1981; Besson et al., 1982); and (d) it has been reported
that hippocampal VIP levels are regulated by corticos-
terone (Rotsztejn et al., 1980), whose major neural target
is the hippocampus (see McEwen, 1982).

Materials and Methods

Preparation and incubation of tissue slices. Adult fe-
male Sprague-Dawley rats were ovariectomized at least
1 week before use. Animals were sacrificed by decapita-
tion and the brains were quickly removed and placed
into ice-cold incubation medium (NaCl, 124 mmMm; KCl, 5
mM; KH,PO,, 1.24 mMm; MgSO,, 1.3 mm; CaCl,, 2.4 mM;
NaHCO;, 26 mM; glucose, 10 mM; Yamamoto, 1972).
Hippocampi were removed bilaterally and cut into 350-
pm transverse slices with a Mcllwain tissue chopper.
Slices were randomly placed (1 or 2/well) into wells of
Linbro tissue culture trays (3.5-ml capacity) containing
300 to 350 ul of freshly oxygenated incubation medium
and were maintained at 33 to 35°C with shaking (80
oscillations/min) in an 0,/CO; (95/5) saturated environ-
ment. In one series of experiments, slices of cerebellum,
hypothalamus-preoptic area, cerebral cortex, and mid-
brain were prepared in a similar manner. Hypothalamic
and cerebellar slices were cut in the sagittal plane; all
other slices were cut in the transverse plane. In all
experiments, slices were allowed to equilibrate for 1 hr
before addition of drugs. Unless indicated, incubations
with drugs were for 20 min. Drugs other than forskolin
were added directly to the incubation wells as concen-
trated solutions in 3 to 3.5 ul of incubation medium.
Forskolin was initially dissolved in ethanol at 10 mM and
diluted to 200 uM with incubation fluid just before addi-
tion. Addition of ethanol to incubation samples in
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amounts equivalent to that added along with forskolin
produced no change in cAMP content of slices. Experi-
ments were terminated by transferring slices to 400 ul of
ice-cold 5% (w/v) trichloroacetic acid (TCA) and mixing
immediately.

Slice extraction. After standing on ice for approxi-
mately 30 min with occasional shaking, the slices were
disrupted by sonication and centrifuged 4 min at 8000 X
&. The supernatant material was removed, made 0.1 M in
HCI, and extracted five times with 2 vol of water-satu-
rated ether to remove TCA. The resulting aqueous ex-
tracts were concentrated by lyophilization and were ana-
lyzed for cAMP. The TCA-insoluble cellular residues
were dissolved in 1 M NaOH and analyzed for protein by
the method of Lowry et al. (1951).

cAMP assay. cAMP was assayed using a binding assay
essentially as described by Brostrom et al. (Brostrom
and Kon, 1974; Brostrom et al., 1979).

Statistical analysis. The cAMP data were expressed as
picomoles per milligram of cellular protein, subjected to
a log transformation, and analyzed by one-way analysis
of variance. When significant overall differences were
found, planned post hoc pairwise comparisons were made
using the Newman-Keuls procedure at a significance
level of p < 0.05 (Winer, 1962).

Materials. Sprague-Dawley rats were purchased from
Blue Spruce Farms, Inc. (Altamont, NY). VIP was pur-
chased from either Sigma Chemical Co. (St. Louis, MO).
or Bachem (Torrance, CA) or was a gift of Dr. S. 1. Said.
Samples from all three sources produced large increases
in cAMP of the rat hippocampal slices. Substance P,
Met-enkephalin, and b-Ala?, Met®-enkephalinamide were
obtained from Bachem. Forskolin was obtained from
Calbiochem-Behring Corp. (La Jolla, CA). All other bio-
chemicals were obtained from Sigma.

Results

Effect of forskolin, putative neurotransmitters, and neu-
ropeptides on cAMP levels. Forskolin, an activator of
adenylate cyclase in most types of animal cells, was
included in the present study to test for the responsive-
ness of the cAMP synthetic system of the slice prepara-
tion. Data in Table I show that 20 uM forskolin produced
a 60-fold elevation in cellular cAMP content after 20
min of incubation. This concentration of forskolin pro-
duces a maximum increase in the cAMP content of the
hippocampal slice preparation (A. M. Etgen and E. T.
Browning, unpublished observations). Norepinephrine
(10 uM) and adenosine (100 uM) produced much smaller
but statistically significant rises in cellular cAMP (4.7-
and 2-fold, respectively), while histamine (100 yM) and
prostaglandins E; and E, (10 uM) produced still smaller
increases which were not significant statistically. Dopa-
mine (100 uM), serotonin (100 M), and prostaglandin
F,, (10 uM) were without effect, and glutamate (1 mMm)
tended to lower cAMP concentrations. In contrast, VIP
(6 uM) was a potent stimulator of cAMP accumulation,
producing a 76-fold increase in cAMP.

Because of the large increase in ¢cAMP produced by
VIP, this effect was explored further. First, VIP was
compared to other peptides to assess the specificity of
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the action of VIP. Table II demonstrates that the hip-
pocampal cAMP response is specific to VIP. It can be
seen that at equimolor concentrations (0.5 uM), VIP
induced a significant 55-fold elevation of cAMP whereas
the structurally related peptide glucagon and the neuro-
hormone somatostatin produced only 2-fold increases
which were not significant statistically. Enkephalins,
LHRH, and an ACTH analogue had no effect. Arginine
vasopressin at a physiological concentration (0.1 nM)
produced a small (35%) elevation of cellular cAMP which
was not significant statistically.

Concentration and time dependence of VIP-induced
cAMP accumulation. Figure 1A shows that VIP-induced
cAMP elevation is concentration dependent. VIP con-

TABLE I
Effect of 20 min incubation with putative neurotransmitters on the
cAMP content of rat hippocampal slices

Tissue slices were prepared, incubated, and analyzed for cAMP and
protein as described under “Materials and Methods.” Data presented
are mean values = SEM with the number of replicates indicated in
parentheses. The data are a compilation of the results of several
different experiments. There was a significant overall effect of treat-
ment (F(11, 48) = 47.18, p < 0.0001).

Agent Concentration cAMP Content
M pmol/mg protein
Control 6.4 + 1.4 (8)
Forskolin 20 381.0 + 41.0 (7)°
Norepinephrine 10 28.0 + 9.0 (4)°
Dopamine 100 5.5+ 0.9 (7)
Histamine 100 8.1x15(7)
Serotonin 100 48+19 (4)
VIP 6 488.0 £ 15.0 (3)°
Prostaglandin E, 10 9.5+ 2.6 (4)
Prostaglandin E, 10 10.0 + 2.3 (4)
Prostaglandin F,, 10 58+ 1.9 (3)
Adenosine 100 12.6 £ 1.9 (4)°
Glutamate 1000 3.2+ 1.6 (5)

¢ Significantly different from control, p < 0.001.
b Significantly different from control, p < 0.01.
¢ Significantly different from control, p < 0.05.

TABLE 1I
Effect of 20 min incubation with peptide hormones on the cAMP
content of rat hippocampal slices
Data presented are mean values £ SEM with the number of repli-
cates indicated in parentheses. The data are a compilation of the results
of several different experiments. There was a significant overall effect
of treatment (F(9, 33) = 54.88, p < 0.0001).

Agent Concentration cAMP Content
uM pmol/mg protein
Control 51+ 0.9 (6)
VIP 0.5 197.0 + 12.0 (6)°
Glucagon 0.5 10.7 £ 2.7 (5)
Somatostatin 0.5 10.8 £ 4.0 (5)
Substance P 0.5 59+ 0.4 (4)
LHRH 0.5 5.0+ 0.6 (3)
ACTH analogue 0.5 52 +0.3 (3)
Met-enkephalin 0.5 55+ 0.4 (4)
p-Ala? Met?®- 0.5 6.0 + 0.6 (4)
enkephalinamide
Arginine vasopressin 0.0001 6.9+ 0.6 (4)

¢ Significantly different from control, p < 0.0001.
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centrations as low as 20 nM elevated the cAMP content
of rat hippocampal slices 2-fold in 20 min. The response
was 50% maximal at approximately 1 uM VIP and max-
imized between 10 and 20 uM. At these high VIP concen-
trations, the cAMP content of the slices was increased
as much as 84-fold above basal levels. With 30-min
incubations, maximal concentrations of VIP produced a
cAMP increase that was 86% as large as that produced
by maximal concentrations of forskolin, a general acti-
vator of adenylate cyclase (Table III).

Figure 1B demonstrates that the slices’ accumulation
of cAMP in response to 10 uM VIP is rapid and time
dependent. The concentration of cAMP in hippocampal
slices increased 16-fold after a 1-min incubation, reached
a maximal value of 140-fold after 30 min, and was de-
clining somewhat at 45 and 60 min. It is not known
whether the decline observed at the later times is due to
breakdown of VIP by endogenous proteases (Keltz et al.,
1980) or to desensitization of the cAMP system following
prolonged stimulation.

Regional specificity. Both radioimmunochemical and
immunocytochemical methods have shown that VIP con-
centrations vary widely in different brain regions. There-
fore, the regional specificity of VIP-induced cAMP ac-
cumulation was investigated. Slices from brain areas
containing high (frontal and temporal-parietal cortex,
hippocampus), intermediate (hypothalamus-preoptic
area, midbrain), and low (cerebellum) endogenous VIP
levels were prepared from the same animal and were
incubated for 20 min in 1 uM VIP. In Table IV, it can be
seen that basal cAMP levels vary considerably among
the brain regions examined and that the magnitude of
VIP-induced elevations of cAMP content is region spe-
cific. As in previous experiments, 1 uM VIP dramatically
(71-fold) increased hippocampal cAMP levels. Similarly,
slices of frontal and temporal-parietal cortex, which con-
tain the highest endogenous levels of VIP, showed 30- to
46-fold increases in cellular cAMP. The hypothalamus-
preoptic area, midbrain, and cerebellum, whose endoge-
nous VIP levels decrease in that order, showed corre-
spondingly reduced cAMP elevations in response to VIP
treatment (8.8-, 7.1-, and 1.2-fold increases, respec-
tively).

Calcium dependence. VIP stimulation of cAMP levels
in rat brain slices from cerebral cortex and hypothalamus
has been reported to be calcium dependent (Quik et al.,
1978), and VIP activation of adenylate cyclase in cul-
tured GH3 cells is augmented in the presence of calcium
(Brostrom et al., 1983). Therefore, we determined
whether changes in the calcium ion concentration altered
the cAMP response to VIP in rat hippocampal slices.
Data in Table V show that cAMP elevation in response
to 1 um VIP is highly calcium dependent. Maximal
increases in cellular cAMP from 6.9 to 330 pmol/mg were
seen when slices were incubated in 2.4 mM CaCl,; at 0.8
mM CaCl,, basal cAMP levels were slightly higher (11.7
pmol/mg) and the VIP-stimulated levels were slightly
lower (288 pmol/mg). When hippocampal slices were
incubated without added calcium, unstimulated cAMP
levels remained near 11 pmol/mg of protein but the VIP
elevated levels were markedly lower (66 pmol/mg of
protein versus 330 pmol/mg of protein). A further de-
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Figure 1. Dose and time dependence of the effect of VIP on the cAMP content of hippocampal slices. A, Dose response curve;

B, time course.

TABLE III
Comparison of VIP and forskolin stimulation of cAMP accumulation in
hippocampal slices
In these experiments the incubation time with drugs was 30 min.
Data presented are mean values + SEM with the number of replicates
indicated in parentheses.

Agent Concentration cAMP Content
uM pmol/mg protein

Control 5.6 + 0.4 (6)
Forskolin 20 710.0 £ 40.0 (6)
Forskolin 50 721.0 £ 73.0 (6)
VIP 10 616.0 + 50.0 (6)
VIP 20 610.0 £ 58.0 (5)

crease in VIP responsiveness (4.8 to 21.4 pmol/mg) was
observed with the addition of 100 uM EGTA.

Tetrodotoxin sensitivity. A final experiment assessed
whether the VIP-induced elevation of hippocampal
cAMP was secondary to VIP stimulation of neuronal
firing (Table VI). Equilibrated slices were incubated for
30 min with 2 uM tetrodotoxin (TTX) plus 10 or 20 uM
VIP, or with VIP alone. TTX alone had no effect on
cAMP levels of the slices. Likewise, TTX did not de-
crease the approximately 110-fold increase in cAMP
content produced by 10 and 20 uM VIP in these experi-
ments. In fact, the cAMP level in slices incubated with
TTX plus 20 um VIP (858 pmol/mg of protein) was
significantly greater than in slices treated with 20 uM
VIP alone (610 pmol/mg of protein).

TABLE IV
Effect of VIP on the cAMP content of slices from different rat brain
regions
Data presented are mean values + SEM with the number of repli-
cates indicated in parentheses.

VIP

(1 M) ¢AMP Content

Brain Region

pmol/mg protein
5.1+ 0.7(4)
363.0 = 57.0 (4)
8.8 £0.7 (4)
264.0 = 43.0 (4)
78 +£0.7(4)
357.0 = 67.0 (4)
27.5 £ 7.6 (4)
241.0 = 57.0 (4)
8.6 + 2.9 (4)
61.2 £ 11.9 (4)
208.0 £ 64.0 (4)
248.0 + 55.0 (4)

Hippocampus

Cerebral cortex (frontal)

Cerebral cortex (temporal-parietal)
Hypothalamus-preoptic area
Midbrain

Cerebellum

I S T B I S A

Discussion

The present results are in agreement with previous
observations (Quik et al., 1978; Nimit et al., 1981; Sea-
mon et al., 1981; Segal, 1981; Segal et al., 1981; Daly et
al.,, 1982) that the putative neurotransmitters norepi-
nephrine, adenosine, and VIP significantly increase
cAMP concentrations in rat brain slices. Therefore, our
slice preparation appears to be comparable to those used
in several other laboratories. More notably, the neuroac-
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TABLE V
Calcium dependence of the VIP effect on cAMP content of rat
hippocampal slices
Data presented are mean values =+ SEM with the number of repli-
cates indicated in parentheses.

Corizlrcli;l:tlion (5)%2‘:4) (1V lltl:,,) cAMP Content
mm pmol/mg protein
2.4 - - 6.9 + 0.24 (6)
2.4 - + 330.0  12.0 (6)
0.8 - - 117 + 1.1 (6)
08 - + 288.0 % 30.0 (6)
0 - - 114 + 3.3 (6)
0 - + 66.8 + 20.1 (6)
0 + - 48 + 1.4 (6)
0 + + 214 + 5.9 (6)

TABLE VI

Effect of tetrodotoxin on VIP-stimulated cAMP accumulation of rat
hippocampal slices
Data presented are mean values =+ SEM with the number of repli-
cates indicated in parentheses. There was significant overall effect of
VIP treatment (F(5, 29) = 33.03, p < 0.0001).

Agent cAMP Content
pmol/mg protein
Control 5.6 + 0.4 (6)
2uMm TTX 7.7+ 1.9 (6)
10 uM VIP 616.0 £ 50.0 (6)°
20 um VIP 610.0 + 58.0 (5)°

10 um VIP + 2 um TTX
20 uMm VIP + 2 um TTX

¢ Different from control, p < 0.0001.
® Different from VIP alone, p < 0.01.

600.0 £ 62.0 (6)°
858.0 + 116.0 (6)**

tive peptide VIP produced a dramatic stimulation of
cAMP accumulation by the hippocampal slices. A num-
ber of the characteristics of the cAMP response to VIP
suggest that this peptide may be an important physiolog-
ical regulator of cyclic nucleotide levels in the hippocam-
pus. First, the greater than 100-fold elevation of cAMP
content stimulated by maximal VIP concentrations (10
to 20 uM) was 86% as great as that produced by maximal
concentrations of forskolin, a drug which should directly
stimulate adenylate cyclase in most if not all hippocam-
pal cell types (Seamon et al., 1981). Thus, it seems likely
that many or perhaps all hippocampal cells are respon-
sive to VIP. Second, VIP concentrations within the
physiological range (20 nM) reliably produced a doubling
in slice cellular cAMP content, and increased cAMP
levels could be detected after 1 min of incubation with
VIP, the earliest time interval at which measurements
were made. Indeed, the present data may underestimate
the potency of VIP in hippocampal slices in that diffusion
distances are relatively long and VIP hydrolysis in brain
extracts has been demonstrated to proceed at rates which
could significantly decrease the VIP concentration
within the slice (Straus et al., 1982). Moreover, when a
series of neuroactive peptides was incubated with hip-
pocampal slices, only VIP was found to stimulate cAMP
accumulation. These observations suggest that the
cAMP response is mediated by interaction with VIP-
specific receptors (Robberecht et al., 1978; Taylor and
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Pert, 1979) rather than with glucagon and/or somatos-
tatin receptors. This notion is supported further by our
finding that a VIP fragment (VIP 10-28) does not signif-
icantly elevate hippocampal cAMP content under iden-
tical conditions (A. M. Etgen and E. T. Browning, un-
published observations).

The demonstration that there is a good correlation
between endogenous VIP levels in various brain regions
and the magnitude of VIP-induced cAMP accumulation
is in accord with the observations of regional differences
in VIP activation of adenylate cyclase in brain homoge-
nates by Kerwin et al. (1980). Slices from brain regions
which, like the hippocampus, contain high endogenous
levels of VIP (i.e., frontal and temporal-parietal cortex)
also showed 30- to 50-fold increases in cellular cAMP
levels when incubated with 1 uM VIP. The hypothala-
mus-preoptic area and midbrain, which have intermedi-
ate concentrations of the peptide, had correspondingly
reduced elevations in cAMP (9- and 7-fold, respectively)
under the same conditions. Furthermore, cerebellum,
which has only 1% of the cerebral cortical VIP concen-
tration, showed very little change in cAMP concentration
following a 20-min treatment with 1 uM VIP. These data
are also consistent with the hypothesis that VIP plays a
significant role in hippocampal physiology.

Quik et al. (1978) have reported a 41% increase in
cAMP concentration in hippocampal slices following a
10-min incubation with 0.5 uM VIP. The reason for the
more than two orders of magnitude greater response in
the present studies is not clear; sex differences in the
source of hippocampal tissue are unlikely to account for
the discrepancy since we have observed comparable
cAMP responses to VIP in slices from intact males,
castrated males, and ovariectomized females (A. M. Et-
gen and E. T. Browning, unpublished observations).
However, many other methodological differences exist
between the two studies. For example, the 0.5 uM VIP
and the 10-min incubation time used by Quik et al. (1978)
clearly produced submaximal responses in the present
studies (see Fig. 1). Furthermore, data concerning VIP-
stimulated cAMP in the brain (Quik et al., 1978) and
pituitary (Brostrom et al., 1983) suggest that the cAMP
response may be calcium dependent. Our experiments
utilized 2.4 mM calcium, whereas those of Quik et al.
(1978) utilized 0.8 mM calcium. It seemed possible that
our larger cAMP responses might have resulted from our
use of the higher calcium concentrations. Indeed when
we lowered the calcium concentration of our medium to
0.8 mM, the increase in slice cAMP induced by 1 um VIP
decreased from 48-fold to 25-fold. However, it is still
apparent that, under the same concentration, time, and
calcium conditions, our slices showed a much greater
VIP-induced elevation of cellular cAMP than has been
reported previously.

An additional factor which might underlie the VIP
sensitivity of our slices is that differences in tissue prep-
aration might render our slices more viable and thus
more responsive to VIP stimulation. Quik et al. (1978,
1979) cross-chopped their brain tissue at 260 um X 260
um intervals, whereas we used 350-um transverse slices,
a procedure which maintains many intact synaptic con-
tacts and allows one to record both spontaneous and
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evoked electrical activity in the slices. Similarly, much
greater elevations in retinal cAMP are found when intact
retinae (Schorderet et al., 1981) rather than retinal ho-
mogenates (Longshore and Makman, 1981) are treated
with VIP.

The reason for the extreme calcium dependence of the
cAMP response to VIP in the present experiments is
unknown. One explanation is that incubation of slices in
the absence of calcium for 60 min could produce seizures,
resulting in the release of adenosine or other transmitters
which desensitize adenylate cyclase (Schwabe and Daly,
1977). Alternately, previous reports that VIP excites CA1l
pyramidal cells of rat hippocampal slices (Dodd et al.,
1979) and corticospinal neurons (Phillis et al., 1978)
suggested that the VIP-induced cAMP elevation might
be secondary to the release of neurotransmitters follow-
ing VIP excitation of neuronal firing. This hypothesis is
clearly eliminated by our demonstration that VIP stim-
ulates similar levels of cAMP accumulation in the pres-
ence and absence of 2 uM T'TX, a concentration which
should completely eliminate neural firing. These data
provide further support for the idea that the cAMP
response is mediated by a direct interaction of the peptide
with VIP-specific receptors. The finding that 20 um VIP
induces significantly higher cAMP levels in the presence
than in the absence of TTX might even suggest that
TTX blocked the release of a neurotransmitter which
would normally attenuate the cAMP response to VIP by
interacting with receptors (e.g., as-adrenergic; see Tim-
mermans and Van Zwieten, 1981) that inhibit activation
of adenylate cyclase. In this regard, it is interesting to
note that van Calker et al. (1981) reported that stimu-
lation of a,-adrenergic receptors attenuated VIP-induced
increases in cAMP in glial cell cultures from neonatal
mouse brain.

These results all argue strongly for the identification
of VIP as a significant physiological modulator of cyclic
nucleotide metabolism in the hippocampus, probably via
direct interactions with VIP receptors. The potency and
specificity of VIP in stimulating adenylate cyclase may
make it a valuable tool for manipulating cAMP in hip-
pocampal cells. Of particular interest will be studies on
the role of VIP in hippocampal protein phosphorylation,
the regulation of which may be involved in neural plas-
ticity (e.g., effects of repetitive synaptic stimulation;
Browning et al., 1979, 1981) in this brain structure. In
addition, the observations that hippocampal VIP levels
are regulated by glucocorticoids (Rotsztejn et al., 1980)
and that glucocorticoids inhibit VIP-induced cAMP ac-
cumulation in cultured pituitary cells (Rotsztejn et al.,
1981) suggest the existence of an important neuorendo-
crine interface. If such an interaction also occurs in the
hippocampus, it would provide a mechanism whereby the
steroid hormone could indirectly affect cyclic nucleotide
metabolism and thereby modify neuronal function.
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