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Abstract

This study investigated the spatial distribution of vasopressin V; and (3 ,-adrenoceptors within hippocampal subfields and laminain an
attempt to localize the site(s) of interaction between these two receptor systems. In addition, the cell types, neuronal and glial, in which
the vasopressin-induced neuromodulation occurs, were identified. Lastly, the temporal constraints of the potentiation induced by
vasopressin were investigated. Results of these analyses demonstrated multiple sites within the hippocampus where the interaction
between vasopressin and norephinephrine could occur. Moreover, vasopressin-induced potentiation of adrenergic stimulated cyclase
occurred in both hippocampal neurons and glia whereas it did not occur in undifferentiated neurons. Analysis of the temporal constraints
of vasopressin-induced potentiation revealed that pre-activation of the vasopressin V; receptor for 1 min yielded greater potentiation than
simultaneous exposure to vasopressin and norepinephrine. These data provide insights into the spatial and temporal characteristics for the
interaction between the vasopressin receptor and adrenoceptor systems and provide a cellular and biochemical rationale for the behavioral

findings of Kovacs and De Wied. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The pioneering research of De Wied et a. revealed that
the neuropeptide, arginine vasopressin (AVP) could en-
hance memory function (De Wied, 1971, 1997). Efforts by
Kovacs and De Wied to elucidate the mechanism of
vasopressin enhancement of memory function demon-
strated a requirement of adrenergic innervation to the
hippocampus (Kovacs et d., 1979a,b). These investigators
found that lesions of the dorsal noradreneregic bundle,
which innervates the hippocampus (Moore and Bloom,
1979), abolished the behavioral effects of vasopressin
(Kovacs et a. 1979b). This study provided the first evi-
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dence that vasopressin interacted with norepinephrine to
produce its behavioral effects. We pursued the biochemical
basis for the dependency of vasopressin upon norepineph-
rine and found that vasopressin significantly potentiated
norepinephrine-induced cAMP formation (Brinton and
McEwen, 1989). Further results of this study demonstrated
that vasopressin-induced potentiation was selective for
B-adrenoceptor-stimulated adenylate cyclase (Brinton
and McEwen, 1989). Severa other interesting features of
vasopressin-induced neuromodulation emerged from this
investigation. First, in addition to the effect being dose-de-
pendent and peptide specific, we also found that vaso-
pressin-induced potentiation was blocked by a vasopressin
V, receptor antagonist suggesting a Ca?*-linked pathway.
This postulate was supported by data demonstrating that
vasopressin-induced potentiation was a Ca’*-dependent
process and could be blocked by an antagonist to the
calcium-binding protein, camodulin. In a later study, we
documented that vasopressin V, receptor activation in-
duced a rise in intracellular Ca?* through activation of
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both the phosphatidyinositol signaling pathway and L-type
Ca’* channels (Brinton et al. 1994; Son and Brinton,
1998). These data suggest that vasopressin-induced poten-
tiation is mediated by interaction with Ca?* /calmodulin
regulated adenylate cyclase, AC1, which is neurospecific
and expressed in hippocampus as well as other select
regions of the brain (Xia and Storm, 1997).
Calcium /calmodulin regulated adenylate cyclase is of par-
ticular interest because of its importance for synaptic
plasticity and learning and memory (Xia and Storm, 1997).

If vasopressin potentiation of norepinephrine-induced
CAMP formation is the result of a direct interaction and
not the result of a third intermediate component, the
receptor systems for these two neurotransmitter systems
would have to be spatialy proximate. Results from two
studies strongly suggested that receptors for vasopressin
and norepinephrine are either functionaly or structurally
coupled in select regions of the hippocampus. Treatment of
postnatal animals with high concentrations of vasopressin
resulted in a down regulation of norepinephrine-induced
CAMP formation without a diminution in the magnitude of
the vasopressin-induced potentiation (Brinton, 1998). The
total amount of CAMP generated was decreased but the
relative magnitude of the potentiation was the same. Thus,
it appeared that the vasopressin treatment had down-regu-
lated the adrenergic response which suggested that a vaso-
pressin V, receptor and {3;-adrenoceptor complex might
exist. Results from a second independent study indicated
that lesions of the dorsal noradrenergic bundle resulted in a
site-specific upregulation of vasopressin receptors follow-
ing lesioning of the dorsal noradrenergic bundle (Brinton,
1998). The continued presence of vasopressin receptors
following the dorsal noradrenergic bundle lesion indicated
that some, if not all, of the vasopressin receptors were
postsynaptic to noradrenergic terminals. Secondly and sur-
prisingly, the loss of adrenergic input to the hippocampus
resulted in an upregulation of the vasopressin receptor
system that modul ates adrenergic stimulated cyclase. Taken
together, results of these two studies suggested the intrigu-
ing possibility that a subpopulation of vasopressin and
B-adrenoceptors exist as an adaptive and interactive com-
plex. Thus, when an adaptive response occurs in one a
correspondingly compensatory response occursin the other.

The current study sought to expand our understanding
of the spatial, cellular and temporal features of the interac-
tion between vasopressin and norepinephrine. The first
issue to be addressed in this study was the cytoarchitec-
tural distribution of vasopressin and B-adrenoceptors in an
attempt to localize the site(s) where an interaction between
these two receptor systems was likely to occur. The study
also sought to determine in which cell types, neurona or
glial, the neuromodulation occurred. Lastly, the temporal
constraints of the potentiation induced by vasopressin were
investigated. Results of these analyses demonstrated multi-
ple sites within the hippocampus where the interaction
between vasopressin and norephinephrine could occur and

that vasopressin-induced potentiation of adrenergic stimu-
lated cyclase occurred in both neurons and glia. Moreover,
vasopressin potentiation of adrenergic stimulated cyclaseis
a property of differentiated cells and did not occur in
nondifferentiated cells. Lastly, analysis of the tempora
constraints of vasopressin-induced potentiation reveaed
that pre-activation of the vasopressin V, receptor within a
circumscribed time window yielded greater potentiation
than simultaneous exposure to vasopressin and norepineph-
rine. These data suggest that an accumulation of intra-
cellular Ca?* via vasopressin V, receptor activation prior
to norepinephrine activation of (,-adrenoceptors can sub-
stantially increase the magnitude of the potentiation lead-
ing to an increased generation of CAMP.

2. Material and methods

2.1. Vasopressin V; receptor autoradiography

Adult male Sprague-Dawley rats (Simonsen Labs.
Gilroy, CA, n= 3) were decapitated and the brains rapidly
removed and frozen on dry ice. Series or 15-pm-thick
sections were mounted on chromalum gelatin-coated slides
dried and stored at —80°C until use.

Autoradiographic labeling was performed as described
by Chen et a. (1993). Briefly, sections were preincubated
for 20 min in 50 mM Tris—HCI (pH 7.4), 100 mM NaCl,
then rinsed twice for 5 min in 50 mM Tris—HCI at 22°C.
Incubation was carried out for 60 min at 22°C by covering
each section with 100-200 w.l of incubation medium (50
mM Tris—HCl, 0.1 mM bacitracin, 5 mM MgCl,, 1 mg/ml
bovine serum abumin, pH 7.4) containing 10 nM
[*H]d(CH ). Tyr(Me)AVP (NEN, Dupont) alone or in the
presence of 10 wM arginine vasopressin. Incubation was
followed by two 2-min washes in ice-cold incubation
medium and a quick rinse in ice-cold distilled water. The
dides were then dried in a stream of cold air, stored
desiccated overnight at 0°C, then placed in a cassette
apposed to tritium-sensitive Hyperfilm (Amersham) along
with tritium-sensitive standards (Amersham) for 1 month
at room temperature. Films were developed for 5 min in
Kodak D19 and the sections stained with cresyl violet.
Autoradiographic images were quantitatively analyzed us-
ing a standard curve generated from tritium standards with
densitometric determinations performed using a BioQuant
Autoradiography Image Analysis System. Specific binding
ranged from 37% to 52% of the total binding. The use of
10 nM [*HIA(CH ). Tyr(Me)AVP to label V/, receptors was
based on severa criteria of specificity. First, the pA,
value for the V, antagonist for vasopresser activity was
8.62, which converts to a K, value of 2.5 nM, whereas
the pA , value for the V, receptor antagonist for antioxyto-
cic activity was 6.62, which convertsto a K value of 239
nM (Kruszynski et al., 1980). Thus, the antioxytocic effect
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of the V, receptor antagonist used in the present study has
an approximately 100-fold lower affinity for oxytocin re-
ceptors. Based on the pA, values and corresponding K
values, 10 nM V; receptor antagonist would label 80% of
the total number of V, receptors and 4% of the tota
number of oxytocin receptors. However, because of the
very low affinity (239 nM) of the oxytocin receptors for
the V, receptor antagonist, the antagonist is very likely to
dissociate from the 4% fraction of the labeled oxytocin
receptors during the post-labeling wash procedure.

In addition, the low-affinity antioxytocic effects are
most apparent in the absence of Mg?* and are signifi-
cantly reduced in the presence of 0.5 mM Mg?* (Kruszyn-
ski et al. 1980). The concentration of Mg®* was 5 mM in
the autoradiographic binding incubation buffer which is
greater than that necessary to reduce the antioxytocic
effects. Based on the 100-fold greater affinity of the V,
receptor antagonist for V, receptors and the negative regu-

lation of antioxytocic effects by Mg?*, the labeling ob-
served represents little to no labeling of oxytocin receptors.

2.2. Norepinephrine receptor autoradiography

Localization of 3,-adrenoceptors was determined in the
same hippocampal sections used for vasopressin V, recep-
tor localization. Control experiments to test for loss of
B,-adrenoceptors was achieved by performing [**°1]pindo-
lol binding in rat brain sections at the time of [*H]d-
(CH,):Tyr-(Me)AVP binding with those sections used as
a reference point for assessing changes in [*°I]pin-
dolol hinding following storage at —80°C for 1 month.
B,-Adrenoceptors have been found to be the predominate
subtype of adrenoceptor in the hippocampus (Minneman et
al., 1981) and to be the adrenoceptor mediating both
norepinephrine-induced cAMP accumulation in the hip-
pocampus and norepinephrine effects upon long-term
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Fig. 1. Distribution of vasopressin V, receptors and {3,-adrenoceptors in the dorsal and ventral dentate gyrus. Receptor labeling was sequentially conducted
in the same coronal section using [*H]d(CH ,)sTyr(Me)AVP to label vasopressin V, receptors and [**°|]pindolol to label 8,-adrenoceptors. Data represent
the mean + SEM fmol /mg protein bound of [*H]d(CH,)sTyr(Me)AVP and [***I]pindolol respectively derived from the densitometric analysis of three
separate brain sections derived from three different rat brains (n = 9). Anatomical demarcations for analysis were based on cresyl violet stained coronal
sections superimposed on autoradiographic images following the anatomical atlas of the rat brain by Paxinos and Watson (1986). Graphical representation
in right panel provides the mean and SEM while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients

that existed throughout the region depicted.
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potentiation (Stanton and Sarvey, 1985) and importantly to
be the adrenoceptor subtype potentiated by vasopressin
(Brinton and McEwen, 1989). Thus, binding conditions
utilized those found to be specific for ;-adrenoceptor
localization (Rainbow et al., 1984). 3,-Adrenoceptors were
labeled using [*°1]iodopindolol (150 pM; 2200 Ci /mmol).
Brain sections were incubated in 20 mM Tris—HCI, 135
mM NaCl, buffer, pH 7.4 at 23°C. For determination of
B ,-adrenoceptors only, sections were incubated in 150 pM
[**1]pindolol (2200 Ci /mmol) in the presence of 50 nM
ICI-118,551 to occupy B,-adrenoceptors leaving 3,-adren-
oceptors free for binding. L-propranolol (1 wM) was used
to define nonspecific binding. The dices were apposed to
film and exposed for 24 h. The contribution of the residual
[*H] to the [**°I] signal on film was negligible to none
because of the very short exposure time necessary for
iodinated compounds, maximum of 4 h for [***I]pindolol.
Exposure time of the film was based upon the cpm values

Granular Cell Layer Dentate

from test slices wiped from the slide for liquid scintillation
spectrometry.

2.3. Analysis of autoradiograms:

Films were developed using standard developing proce-
dures. Brain sections were stained with cresyl violet for
histological comparison with autoradiographic images.
Anaysis of autoradiograms was accomplished using an
IBM-based BioQuant System |V quantitative microdensit-
ometry program equipped with a VBQ-Dage MTI 65
vidicon tube video camera, PC Vision Plus board, with
video overlay interface, pseudocolor image enhancement
and HIPAD digitizing tablet. Prior to analysis of nor-
epinephrine/vasopressin receptor colocalization, nonspe-
cific binding of the corresponding appropriate ligand was
subtracted from the total binding. Quantitation of receptor
density was based upon autoradiographic standards con-
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Fig. 2. Distribution of vasopressin V, receptors and 3,-adrenoceptors distribution in the dorsal and ventral granule cell layer of the dentate gyrus. Receptor
labeling and analysis were the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of the [*H]d(CH ). Tyr(Me)AVP and
[125I]pindolol respectively derived from the densitometric analysis of three brain sections derived from one rat brain (n = 3). Graphical representation in
right panel provides the receptor density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients

that existed throughout the region depicted.
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Fig. 3. Distribution of vasopressin V, receptors and 3,-adrenoceptors in the dorsal and ventral molecular layer of the dentate gyrus. Receptor labeling and
analysis were the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of [*H]d(CH ). Tyr(Me)AVP and [*?*I]pindolol
respectively derived from the densitometric analysis of three brain sections derived from one rat brain (n= 3). Graphical representation in right panel
provides the receptor density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that existed
throughout the region depicted.
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Fig. 4. Distribution of vasopressin V; receptors and 3,-adrenoceptors in the polymorph layer dentate gyrus. Receptor labeling and analysis were the same
as described in the legend to Fig. 1. Data represent the mean + SEM fmol /mg protein bound of [*H]d(CH,)sTyr(Me)AVP and [*2*I]pindolol respectively
derived from the densitometric analysis of three separate brain sections derived from three different rat brains (n = 9). Graphical representation in right
panel provides the mean and SEM while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that
existed throughout the region depicted.
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taining known amounts of [*H] and [**°I] (microscales

available from Amersham). Co-localization of vasopressin
V, and B,-adrenoceptors to the same anatomic region in
the hippocampus was accomplished by analyzing autora-
diographic images labeled with [*H]d(CH ). Tyr(Me)AVP,
storing that image as the reference and then superimposing
autoradiographic images of [**I]pindolol binding to deter-
mine areas of overlapping receptor labeling. Correlational
statistics, Pearson r and statistical probability, were per-
formed based on the areas which showed an overlap in
receptor distribution.

2.4. Neuronal and glial cell culture

Primary neuron and glial cell culture preparation fol-
lowed that described in Son and Brinton (1998) and Ya
mazaki et al. (1997). Neuronal cultures were allowed to
grow for 14 days achieving morphological differentiation

CA3
30

prior to use in biochemical experiments. Cultures of MC-
X1V neuroblastoma cells followed the procedure described
by Casper and Davies (1989). Enriched cultures of as-
troglia were obtained as described in Yamazaki et al.
(1997).

2.5. CAMP determinations

Prior to exposure to test peptides, culture media was
exchanged for Krebs Ringer (pH 7.4) containing: 124 mM
NaCl, 5 mM KCl, 26 mM NaHCO,; 1.3 mM MgCl,, 1.4
mM KH,PO,, 0.8 mM CaCl,, 10 mM dextrose and 1
mg,/ml of 3-isobutyl-L-methylxanthine (IBMX; Sigma) as
a phosphodiesterase inhibitor and incubated for 10 min at
37°C. Following the preincubation procedure, solution was
exchanged for Krebs Ringer + IBMX + test substances.
Test solutions containing 10 M norepinephrine
([ — Jarterenol, Sigma) also contained 0.01% ascorbic acid.
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Fig. 5. Distribution of vasopressin V, receptors and [3,-adrenoceptors in the dorsal and ventral Cornue Ammon 3 (CA3). Receptor |abeling and analysis
were the same as described in the legend to Fig. 1. Data represent the mean + SEM fmol /mg protein bound of [*H]d(CH 2sTyr(Me)AVP and
[®1]pindolol respectively derived from the densitometric analysis of three separate brain sections derived from three different rat brains (n=9).
Anatomical demarcations for analysis were based on cresyl violet stained corona sections superimposed on autoradiographic images following the
anatomical atlas of the rat brain by Paxinos and Watson (1986). Graphical representation in right panel provides the mean and SEM while the left panel
provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout the region depicted.
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Vasopressin and [Phe?, 1le3, Orn®]vasopressin (V, receptor
agonist) were purchased from Peninsula Laboratories (Be-
Imont, CA). All peptides were dissolved in Krebs solution
immediately prior to use. Incubation at 37°C in the pres-
ence of test peptides continued for 15 min, unless stated
otherwise. Termination of intracellular cAMP accumula
tion was accomplished by decantation of the test solution
and immediate addition of 1 ml of ice-cold 7% trichloro-
acetic acid. Samples were then incubated for 45 min at
4°C. Trichloroacetic acid was transferred to glass test tubes
and 1 ml of 0.2 N NaOH was added for the determination
of protein concentration (Brinton and McEwen, 1989).
CAMP accumulation was determined using a protein
kinase competitive binding assay previously described in
Brinton and Brownson (1993). Experimental samples and
CAMP standards dissolved in 7% trichloroacetic acid were
extracted three times in six volumes of diethyl ether.
Extracted samples (100 wl) and standards (100 wl) were
incubated in at 4°C in the presence of 150 pl [5,8-
®HJadenosine-3,5-cyclic phosphate (Dupont, NEN) con-
taining approximately 30,000 cpm/150 wl and 100 wl
protein kinase A (Sigma) for 90 min. The binding reaction

was terminated by the addition of 100 wl of activated
charcoal in 1% BSA solution; the samples were then
vortexed and centrifuged at 15,000 X g for 10 min.
Aliquots of supernatant (250 .l) were counted for radioac-
tivity in a scintillation counter. CAMP content was deter-
mined by linear regression analysis based on a log/logit
transformation. Data were analyzed either by a Student’s
t-test or by one-way anaysis of variance followed by a
Newman—Keuls test for multiple comparisons.

3. Reaults.

Spatial distribution of vasopressin V, receptors and
[3,-adrenoceptors within the hippocampal subfields and
lamina

3.1. General features of receptor distribution and abun-
dance

Each of the subfields of the hippocampus expressed
both vasopressin V,; receptors and 3,-adrenoceptors. The
distribution of vasopressin V, receptors and (3,-adrenocep-
tors within the hippocampus exhibited four important fea-

Fig. 6. Distribution of vasopressin V, receptors and §3,-adrenoceptors in the dorsal and ventral Cornue Ammon 2 (CA2). Receptor labeling and analysis
were the same as described in the legend to Fig. 1. Data represent the mean + SEM fmol /mg protein bound of [*H]d(CH s Tyr(Me)AVP and

[125

IJpindolol respectively derived from the densitometric analysis of three separate brain sections derived from three different rat brains (n=9).

Anatomical demarcations for analysis were based on cresyl violet stained corona sections superimposed on autoradiographic images following the
anatomical atlas of the rat brain by Paxinos and Watson (1986). Graphical representation in right panel provides the mean and SEM while the left panel
provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout the region depicted.
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Fig. 7. Distribution of vasopressin V, receptors and [3,-adrenoceptors in the dorsal and ventral Cornue Ammon 1 (CA1). Receptor labeling and analysis
were the same as described in the legend to Fig. 1. Data represent the mean + SEM fmol /mg protein bound of [*H]d(CH 2sTyr(Me)AVP and
[*1]pindolol respectively derived from the densitometric analysis of three separate brain sections derived from three different rat brains (n=9).
Anatomical demarcations for analysis were based on cresyl violet stained corona sections superimposed on autoradiographic images following the
anatomical atlas of the rat brain by Paxinos and Watson (1986). Graphical representation in right panel provides the mean and SEM while the left panel
provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout the region depicted.
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Fig. 8. Distribution of vasopressin V, receptors and 3;-adrenoceptors in the dorsal lacunosum molecular layer of CA1. Receptor labeling and analysis were
the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of [*HJd(CH,)sTyr(Me)AVP and [*?®I]pindolol respectively derived
from the densitometric analysis of three brain sections derived from one rat brain (n= 3). Graphical representation in right panel provides the receptor
density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout the region
depicted.
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tures. First, the abundance of the vasopressin V, receptor
was low relative to the 3;-adrenoceptor, athough in some
lamina the abundance of the vasopressin V; receptor was
equal to that of the B;-adrenoceptor. Second, despite the
low abundance, the vasopressin V, receptor was consis-
tently present in both the dorsal and ventral hippocampus,
as was the B;-adrenoceptor. Third, the distribution of
vasopressin V; receptors exhibited a laminar specific ex-
pression. Fourth, within hippocampal subregions and within
specific lamina, arostral-caudal and dorsal-ventral gradient
existed with the rostral and ventral regions generaly ex-
hibiting a greater abundance of vasopressin V, receptor.
B,-adrenoceptors were much more uniformly expressed
throughout and did not show a pronounced gradient distri-
bution.

3.2. Dentate gyrus

The dentate gyrus expressed a consistently high concen-
tration of both vasopressin V, receptors and f3,-adrenocep-

tors (see Fig. 1). In the dorsal dentate gyrus, the expression
of B, adrenoceptors was fairly uniform across the rostral
caudal expanse. In contrast, vasopressin V, receptor ex-
pression was greatest in the mid-caudal portions of the
dentate gyrus and was lowest at the more distal rostral and
caudal sections. In the ventral dentate gyrus, the pattern of
BB,-adrenoceptors and vasopressin V, receptors distribution
was somewhat paralel to that expressed in the dorsal
dentate with the exception that (3, adrenoceptors were
dightly lower at the rostral portion compared to more
caudal sections.

A laminar analysis of vasopressin V, receptor and
B,-adrenoceptor distribution revealed remarkable distinc-
tions in the patterns of expression. The dorsal and ventra
portions of the granule cell layer showed a uniformly high
level of B,-adrenoceptor expression in both the rostral
sections and caudal sections (Fig. 2). In contrast, vaso-
pressin V, receptor expression was uniformly low and
tapered to the lowest expression in the caudal sections
(Fig. 2). In the molecular layer of the dentate gyrus, the

Fig. 9. Distribution of vasopressin V; receptors and 3;-adrenoceptors in the dorsal and ventral stratum radiatum of CA1. Receptor labeling and analysis
were the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of [*H]d(CH,)sTyr(MeAVP and [***|]pindolol respectively
derived from the densitometric analysis of three brain sections derived from one rat brain (n = 3). Graphical representation in right panel provides the
receptor density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout

the region depicted.
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same pattern as that of the granule cell layer appeared with
the exception that both the dorsal and ventral portions
exhibited an abundance of vasopressin V, receptors in the
rostral sections that diminished in the caudal sections (Fig.
3.

The pattern of vasopressin V, receptor and (3;-adrenoc-
eptor expression in the polymorph layer of the dentate
gyrus showed parallel overlap between the two receptor
systems. However, the density of vasopressin V, receptors
was approximately half that of the (3,-adrenoceptors. Both
receptors showed the greatest abundance of receptor ex-
pression in the rostral sections which declined in the
caudal sections with the vasopressin V, receptors diminish-
ing to very low expression in the caudal aspect (Fig. 4).

3.3. Cornue Ammon 3 (CA3)

The CA3 region of the hippocampus expressed vaso-
pressin V,; receptors and [;-adrenoceptors in both the
dorsal and ventral portions (Fig. 5). While the abundance
of 3;-adrenoceptors exceeded that of vasopressin V, recep-

tors, the pattern of expression for both receptor systems
was paralel throughout the rostral to caudal extent of the
CA3 region (Fig. 5).

3.4. Cornue Ammon 2 (CA2)

The CA2 region of the hippocampus expressed vaso-
pressin V,; receptors and ;-adrenoceptors in both the
dorsal and ventral portions (Fig. 6). The one exception to
the abundance pattern of 3,-adrenoceptors occurred in the
ventral portion of CA2 where the abundance of vaso-
pressin V, receptors exceeded that of (3,-adrenoceptors.
The overlap between the two receptors was greatest in the
dorsal CA2 rostral sections (Fig. 6).

3.5. Cornue Ammon 1 (CAL)

The CA1 region of the hippocampus expressed a very
low abundance of vasopressin V, receptors and a high
concentration of @;-adrenoceptors (see Fig. 7). In dorsal
and ventral CA1, expression of 3,-adrenoceptorswas fairly
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Fig. 10. Distribution of vasopressin V; receptors and {3;-adrenoceptors in the dorsal and ventral pyramidal cell layer of CAl. Receptor labeling and
analysis were the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of [*H]d(CH ,)-Tyr(Me)AVP and [***I]pindolol
respectively derived from the densitometric analysis of three brain sections derived from one rat brain (n = 3). Graphical representation in right panel
provides the receptor density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that existed

throughout the region depicted.
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uniform across the rostral to caudal expanse. The abun-
dance of vasopressin V, receptor expression was consis-
tently low throughout rostral and caudal sections. Overlap
between the two receptor systems occurred throughout the
rostral to caudal extent.

The laminar analysis of vasopressin V, receptor and
B,-adrenoceptor distributions in CA1 revealed remarkable
distinctions in the pattern of vasopressin V, receptor and
B3,-adrenoceptor expression. In the lacunosum molecular
layer, a high abundance of {3;-adrenoceptors was present
in the rostral and caudal sections (Fig. 8). Vasopressin V,
receptors, which were expressed in low abundance, were
most prevalent in the rostral sections and declined precipi-
toudly in the caudal aspects. In both the dorsal and ventral
stratum radiatum, vasopressin V, receptor and (3,-adrenoc-
eptor expression overlapped in the rostral portions; how-
ever, the density of vasopressin V; receptor dropped off
precipitously in the caudal sections (Fig. 9). The pyramidal
cell layer exhibited a pattern that was most striking in its
dissociation between the two receptor systems (Fig. 10).
B,-adrenoceptor expression was high throughout the rostral

and caudal aspects in both the dorsal and ventral regions.
In contrast, vasopressin V,; receptor expression occurred in
the rostral sections and was completely absent in the
caudal sections of the pyramidal cell layer. Expression of
vasopressin V; receptors and 3,-adrenoceptors in the dor-
sal and ventral oriens layer were essentially parallel (Fig.
11). In the ventral oriens, there was a close parallel in both
the sites and abundance of expression. In the ventral
oriens, abundance of vasopressin V, receptors closely par-
aleled that of the B,-adrenoceptors and were remarkably
high throughout the rostral—caudal extent.

3.6. Cdlular analysis of vasopressin potentiation of
adrenoceptor-induced cAMP accumulation

Having determined the anatomical sites in the hip-
pocampus where the interaction between vasopressin and
norepinephrine was most likely to occur, we sought to
determine the cell types that would contribute to the
biochemical interaction between vasopressin and nor-
epinephrine. In an attempt to determine whether the inter-
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Fig. 11. Distribution of vasopressin V; receptors and (3;-adrenoceptors in the dorsal and ventral oriens layer of CA1. Receptor labeling and analysis were
the same as described in the legend to Fig. 1. Data represent fmol /mg protein bound of [*H]d(CH,)sTyr(Me)AVP and [***I]pindolol respectively derived
from the densitometric analysis of three brain sections derived from one rat brain (n = 3). Graphical representation in right panel provides the receptor
density while the left panel provides a 3-D representation of the data that better illustrates the receptor density gradients that existed throughout the region

depicted.
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action between vasopressin and norepinephrine was a fea-
ture of differentiated neurons, we investigated whether this
interaction was expressed in undifferentiated neurons. In
addition, we sought to determine the temporal constraints
of the potentiation induced by vasopressin.

Results of the cellular analysis of vasopressin V, recep-
tor agonist potentiation of norepinephrine-induced CAMP
formation showed that both hippocampal neurons and hip-
pocampal glial cells expressed the potentiation (Figs. 12
and 13). The magnitude of the potentiation, approximately
a 25% increase above norepinephrine alone, was compara-
ble in both cell types under the conditions where nor-
epinephrine and vasopressin V, receptor agonist were added
simultaneously. To determine whether the vasopressin-in-
duced potentiation of norepinephrine-induced cAMP for-
mation is a feature of only differentiated neurons, experi-
ments were conducted using a neuroblastoma cell line,
MC-XIC. Results of these experiments revealed that vaso-
pressin alone induced cAMP formation that was signifi-
cantly above baseline and that when norepinephrine and
vasopressin were combined the result was additive (Fig.
14) and not synergistic as was the case in the differentiated
neurons (Fig. 12).

3.7. Temporal analysis of vasopressin potentiation of
adrenergic-induced CAMP accumulation

Earlier, we had found that activation of the vasopressin
V, receptor in hippocampal neurons and glia activated the
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Fig. 12. Vasopressin V, receptor agonist potentiation of norepinephrine-
induced cCAMP formation in cultured hippocampal neurons. Vasopressin
V, receptor agonist (100 nM) exerted no effect on intracellular CAMP
levels while norepinephrine (10 wM) increased intracellular CAMP three-
fold above basa levels. Simultaneous addition of norepinephrine and
vasopressin V; receptor agonist resulted in a significant (25%) potentia-
tion of norepinephrine-induced cAMP formation. Addition of the vaso-
pressin V; receptor agonist 1 min prior to addition of norepinephrine
significantly increased the potentiation above that of simultaneous addi-
tion of norepinephrine and vasopressin V; receptor agonist, ~ 35%
increase, and increased the amount of intracellular CAMP to ~ 80% of
that generated by norepinephrine alone. Data represent the mean+ SEM
derived from one of four independent experiments, n=6 per group.
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Fig. 13. Vasopressin V; receptor agonist potentiation of norepinephrine-
induced cAMP formation in cultured hippocampal glial cells. Vasopressin
V, receptor agonist (100 nM) exerted no effect on intracellular cAMP
levels while norepinephrine (10 wM) increased intracellular cAMP five-
fold above basal levels. Simultaneous addition of norepinephrine and
vasopressin V; receptor agonist resulted in a 25% potentiation of nor-
epinephrine-induced cAMP formation. Addition of the vasopressin V;
receptor agonist 1 min prior to addition of norepinephrine significantly
increased the potentiation above that of simultaneous addition of nor-
epinephrine and vasopressin V,; receptor agonist, ~ 35% increase, and
increased the amount of intracellular cCAMP to ~ 80% of that generated
by norepinephrine aone. Data represent the mean+ SEM derived from
one of three independent experiments, n=6 per group. ~ “P <.01,
"7 TP <.00L

phosphatidyinositol signaling cascade which led to a sus-
tained rise in intracellular calcium (Brinton et al., 1994;
Son and Brinton, 1998). Because certain isoforms of
adenylate cyclase are regulated by calcium/calmodulin
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Fig. 14. Vasopressin induces cAMP directly in the MC-IXC neuroblas-
toma cell line which is additive to that induced by norepinephrine.
MC-XIC neuroblastoma cells were exposed to 1 wM norepinephrine or
250 nM vasopressin (AVP) either aone or in combination. Nore-
pinephrine induced a 10-fold increase in cAMP while AVP aone induced
a threefold increase in intracellular cAMP. When added simultaneously,
the level of intracellular cAMP was increased above that of norepineph-
rine alone; however, the increase was attributable to AV P-induction of
CAMP directly as shown in the lat column, where the amount of CAMP
induced by AVP aone was added to that induced by NE aone. The result
showed an additive not synergistic effect. Data represent mean+ SEM
derived from one of five independent experiments, n= 6 per group.
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(Xiaand Storm, 1997), we investigated whether preactiva-
tion of the V, receptor, thereby activating calcium signal-
ing cascades prior to the activation of adenylate cyclase by
norepinephrine, would impact the magnitude of the V,
receptor agonist-induced potentiation. In the condition
where V, receptor agonist was added 1 min prior to the
addition of norepinephrine, the magnitude of the potentia-
tion showed a marked increase in the potentiation. In
neurons, the potentiation induced by V, receptor agonist
increased from approximately 25% to approximately 60%.
In glia, the increase in the potentiation was even more
dramatic, from approximately 33% to 90% (fourth column
Figs. 12 and 13).

An analysis of the temporal constraints for the increase
magnitude of vasopressin-induced potentiation in hip-
pocampal neurons was conducted. Results of this study
revealed that simultaneous addition and a 30-s pre-ex-
posure resulted in a 25% potentiation of norepinephrine-
induced cAMP formation (Fig. 14). One minute of pre-ex-
posure showed the greatest potentiation resulting in a 75%
increase over norepinephrine aone (Fig. 15). The magni-
tude of the potentiation at 2- and 3-min pre-exposures was
comparable to that which occurred under simultaneous
exposure. A 10-min preexposure to V, receptor agonist
was ineffective in potentiating norepinephrine-induced
cAMP formation. These data provide evidence indicating
that accumulation of intracellular calcium can profoundly
affect the expression of and the magnitude of V, receptor
agonist potentiation of norepinephrine-induced CAMP for-
mation.
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Fig. 15. Temporal profile of vasopressin V, receptor agonist potentiation
of norepinephrine-induced cAMP formation in cultured hippocampal
neurons. Simultaneous addition of vasopressin V, receptor agonist with
norepinephrine induced a 25% potentiation. Pre-exposure of vasopressin
V; receptor agonist at 30 s did not increase the degree of potentiation.
Pre-exposure of vasopressin V, receptor agonist for 60 s resulted in a
75% potentiation of norepinephrine-induced cAMP formation. Longer
pre-exposures were not as efficacious as the 1-min pre-exposure. Data
represent mean+ SEM derived from one of three independent experi-
ments, n=6 per group. ~ “P <0.01, * " P < 0.001.

4, Discussion

4.1. Spatial localization of vasopressin receptors and -
adrenoceptors

Each of the subfields of the hippocampus expressed
both vasopressin V; receptors and 3,-adrenoceptors. The
distribution of vasopressin V, receptors and (3,-adrenocep-
tors within the hippocampus exhibited four important fea-
tures. First, the abundance of the vasopressin V, receptor
was low relative to the 8;-adrenoceptor, although in some
lamina the abundance of the vasopressin V,; receptor was
equal to that of the ;-adrenoceptor. Second, despite the
low abundance, the vasopressin V, receptor was consis-
tently present in both the dorsal and ventral hippocampus,
as was the B;-adrenoceptor. Third, the distribution of
vasopressin V, receptors exhibited a laminar-specific ex-
pression. Fourth, within the hippocampal subregions and
within specific lamina, a rostral-to-caudal and dorsal-
ventral gradient existed with the rostral and ventral regions
generally exhibiting a greater abundance of vasopressin V,
receptor. In contrast, B,-adrenoceptors were much more
uniformly expressed throughout and did not show pro-
nounced gradient distribution.

Within the dentate gyrus, the spatial contiguity between
the systems appeared to be the most prevalent. Given the
receptor distributions, interaction between vasopressin V,
receptors and {3;-adrenoceptors would be most likely to
occur in the rostral portions of the molecular layer which
is the dendritic zone of the dentate and receives input from
the lateral entorhinal cortex and posterior CA1 (Raisman et
al., 1965). The granule cell layer showed little promise for
substantial interaction between the two systems. Most
notable among the subfields was the polymorph layer of
the dentate gyrus where vasopressin V, receptors and
BB,-adrenoceptors showed a high degree of parallelism. The
polymorph layer is innervated by axons of the septal area
which could be, in part, vasopressinergic (Sofroniew,
1985). Interestingly, the dentate gyrus appears to be partic-
ularly responsive to vasopressin as vasopressin was found
to induce long-term potentiation within the dentate gyrus
in a Ca?"-dependent manner (Chen et al., 1993).

The CA subfields showed paralel expression of both
receptor systems. Surprisingly, the CA3 subfield showed
the greatest degree of parallel expression suggesting that
this site would be most likely to exhibit the interaction
between 3,-adrenoceptor and vasopressin V, receptor sig-
naling. A laminar analysis of the CA1 region demonstrated
that the rostral portions of the dorsal and ventral radiatum
and the ventral portion of the oriens layer were most likely
to exhibit the interaction between vasopressin V, receptor
and B;-adrenoceptor signaling. The radiatum receives
commissural and septal input with the vasopressin input
most likely coming from the septal region (Sofroniew,
1985). The oriens layer receives input from the entorhinal
region and the septal region (Sofroniew, 1985). It is no-
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table that the layers that receive septal input appear to have
the greatest likelihood of expressing the vasopressin poten-
tiation.

In general, the cell body layers of the dentate gyrus and
CA1 were unlikely to be the sites of interaction between
vasopressin V, receptor and {3,-adrenoceptor signaling be-
cause of the low abundance of vasopressin V, receptor
expression. Instead, the sites most likely, based on the
receptor localization, were dendritic zones of the molecular
layer of the dentate, especially the polymorph layer of the
dentate, and the radiatum and oriens layer of CA subfields.

4.2. Cellular specificity and temporal constraints

Vasopressin-induced potentiation of {3;-adrenoceptor-
induced cAMP formation occurred in differentiated hip-
pocampal neurons whereas it did not occur in undifferenti-
ated neurons, the neuroblastoma cells. These data indicate
that the interaction between the vasopressin V, receptor
and 3, adrenoceptors is a feature of differentiated neurons
as the vasopressin-induced potentiation was not present in
the neuroblastoma cells but was present in the primary
cultured hippocampal neurons that were morphologically
differentiated. These data are consistent with a develop-
mentally regulated vasopressin induction of cCAMP forma-
tion in undifferentiated cultured hippocampal neurons that
declined and then fully disappeared upon morphological
differentiation (Brinton and Brownson, 1993).

Remarkably, vasopressin-induced potentiation of B;-
adrenoceptor-induced cAMP formation also occurred in
glia cells. The functional significance of thisfinding is not
yet fully understood; however, the findings of Yamazaki et
al. demonstrated the presence of vasopressin V, receptor
mRNA in neurons and glia(Yamazaki et d., 1997). Impor-
tantly, biochemical and molecular studies have shown that
the vasopressin V, receptors are functiona in both neurons
and glia (Brinton et a., 1994; Brinton et al., 1998; Zhao
and Brinton, 2000).

Investigation of the temporal constraints of
vasopressin-induced potentiation of ,-adrenergic-induced
CAMP formation yielded interesting results. The data show
that in both neurons and in glia, preactivation of the
vasopressin V; receptor led to an increase in intracellular
Ca’*, which markedly increased the magnitude of the
potentiation (Son and Brinton, 1998). Pre-activation for 1
min produced the greatest potentiation. Simultaneous acti-
vation of both vasopressin V, receptors and 3,-adrenocep-
tors or time frames less than or greater than 1 min were
not as effective. Interestingly, the temporal coding for this
effect is consistent with the principles of associative learn-
ing (Thompson et a., 1997)

4.3. Functional implications

Data from this study provide insights on several issues.
First, the autoradiographic data show that the potential for
the interaction between vasopressin and norepinephrine

exists throughout the hippocampus. Moreover, the interac-
tion between the systems can occur both in neurons and
glia. These data would suggest three functional corollaries.
First, the properties necessary for vasopressin potentiation
of adrenergic stimulated cyclase are in place throughout
the hippocampus, in varying degrees, and in multiple cell
types. Second, because the potential for interaction is
widely dispersed, it would appear that the synaptic wiring
of vasopressinergic or adrenergic presynaptic terminals is
the mechanism that confers specificity for the sites of
interaction between these two neurotransmitter systems.
Based on the autoradiographic and cellular data, it would
appear that the system is constructed in such a way that
alows for the development of experience-dependent
synaptic configurations that once in place can activate the
potentiating interaction between vasopressin and
norephinephrine effect or mechanisms. Third, the data also
suggest that the capacity for interacting biochemical sys-
tems is one of the factors that defines the differentiated
state of cellular development. Consistent with that postu-
late is the suggestion that associative biochemical mecha
nisms that could underlie associative learning and memory
are defining characteristics of the differentiated state of
cellular development.

The question that emerges from this work is. What
purpose does neuromodulation serve? A simple, yet com-
pelling hypothesis is that associative learning processes are
dependent upon associative biochemical events (Brinton,
1990). In this light, associative and conditional neuromod-
ulation may well serve as the biochemical analog for the
processes that underlie associative learning and memory
which are behaviorally manifested as an enhancement of
memory function. The complexity and conditionality of
neuromodulation greatly expands the signaling and infor-
mation coding possibilities of neural networks (Brinton,
1990). This postulate has been supported over the years
from biochemical and molecular analyses that show that
synergistic activation of adenylate cyclase by
Ca* /camodulin-dependent mechanisms leads to an en-
hanced activation of transcription factors that activate genes
important for long-term memory function (Xia and Storm,
1997; Sheng et al,. 1991; Kasai and Petersen, 1994; Hille,
1992). It has now been well demonstrated that varying
concentrations of intracellular second messengers can re-
sult in different patterns of gene expression (Berridge,
1998). Data contained within the present report provide
evidence indicating that activation of a memory system
prior to the activation of the arousal system induces a
greater magnitude of the biochemical arousal response
which could provide a basis for regulating gene expression
necessary for long-term memory processes.

In conclusion, the pioneering findings of Kovacs and
De Wied (Kovacs et al., 1979b), revealing a reguirement
of norepinephrine for the manifestation of the memory-en-
hancing effects of vasopressin, provided a critical behav-
iora foundation upon which to explore the broader signifi-
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cance of interacting neurotransmitter systems. Moreover,
this discovery laid the foundation for exploring the interac-
tion between biochemical and molecular systems that un-
derlie the behavioral expression of associative long-term
memory function.
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