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j Several other reviews have addressed various aspects of this topic
(22, 27, 98, 177, 245).

ditionally, a number of studies have utilized dibutyryl
cyclic AMP, phosphodiesterase inhibitors, and bacterial
toxins to confirm the involvement ofthe second messen-
ger cyclic AMP in modulation ofthe antibody response.

Use of the latter pharmacological agents has suggested
that elevations of cyclic AMP early in the process of
antibody formation produce an enhanced antibody re-

sponse, while late elevations produce a suppressed re-

sponse.
The role of alpha adrenoceptor activation in the proc-

ess of antibody formation is less clear, although recent
findings suggest that alpha-i and alpha-2 adrenoceptors
may also play a modulatory role in the antibody response
(21, 205).

In this review4 we will attempt to summarize and

critically evaluate previous as well as recent findings
suggesting a role for the sympathetic nervous system in

modulation of the antibody response. The involvement
of other neurotransmitter and peptide modulators is

addressed elsewhere (11 1, 228, 252). Initially, a selected
review will be presented of the multiple adrenoceptor
sites available for interaction with norepinephrine, as
well as the mechanisms by which these adrenoceptors

mediate their effects intracellularly. This section will be
followed by a review of the complexities of the T cell-

dependent antibody response and the assay most fre-
quently used to evaluate its status. The role of the
sympathetic nervous system and, in particular, the neu-

rotransmitter norepinephrine inmodulation ofthe anti-

body response will be the focus for a large part of this
review. And, finally, in light of the important role of the
antibody response to the maintenance of homeostasis,
the relevance of these results to possible basic science
and therapeutic applications will also be explored.

II. Adrenoceptor Sites and Mechanisms ofAction

A. Beta Adrenoceptors

Norepinephrine isa catecholamine neurotransmitter
released by nerve terminals of the sympathetic nervous
system. Following release from nerve terminals, the neu-
rotransmitter can interact with postsynaptic receptor

sites. Ahlquist (4) initially proposed a subdivision of
catecholamine receptors into alpha and beta receptors in

order to distinguish different physiological responses
elicited by various organ systems after exposure to cate-
cholamines. The possibility that beta adrenoceptors were

not a homogeneous population of receptors was first
suggested by Moran (i54), while the first experimental
evidence in support of such a subclassification ofbeta
adrenoceptors into beta-i and beta-2 categories was first
presented by Lands (130, 131). Lands showed that the
rank order of potency of catecholamine agonists fell into
two categories depending on the tissue response being
examined. In tissues containing beta-i adrenoceptors,

the rank order of potency was isoproterenol > norepi-
nephrine � epinephrine, while in tissues containing beta-
2 adrenoceptors, the rank order of potency was isopro-

terenol � epinephrine > norepinephrine.
Three different lines of evidence support Lands’ pro-

posal for beta adrenoceptor subclassification: pharma-

cological; biochemical; and radioligand binding. Phar-
macological evidence includes the relative orders of po-

tency for a series of agonists and competitive antagonists
in physiological responses in various tissues (58).

Biochemical evidence includes the measurement of
adenylate cyclase activity in different tissues following
exposure to a series of beta agonists and antagonists (36,
133). Sutherland and coworkers were the first to describe
the stimulation ofadenylate cyclase by epinephrine and

other beta adrenoceptor agonists (159). Subsequently, a

number of researchers have shown that adenylate cylcase
stimulation is the mechanism by which many beta-ad-

renergic effects are mediated (189, 194). Interestingly,
the resulting mediator from adenylate cyclase stimula-
tion, cyclic adenosine 3’,5’-monophosphate (cAMP), had

been discovered a few years earlier as a heat-stable
mediator of epinephrine’s effects on glycolysis (188).

Recently, bifunctionality ofthe beta adrenoceptor pro-
tein has been demonstrated in a reconstituted system
(45). The isolated adrenoceptor isshown to be a single

polypeptide containing both the ligand binding site and

the site responsible for stimulating adenylate cyclase via

an interaction with the GTP-binding protein. Other bio-

chemical evidence shows structural differences between
the beta-i and beta-2 adrenoceptors (225). Peptide maps

from these studies suggest that alterations inthe primary
structure of adrenoceptors may be responsible for their
pharmacological specificities.

Radioligand binding studies strongly support the ex-
istence of two beta adrenoceptor types (162, 226). Prior
to such binding studies, it had been suggested that beta-

1 and beta-2 adrenoceptors coexist in the same organ

and may even mediate the same physiological response
(44). This proposal was later supported by a number of

studies using radioligand binding techniques (13, 150,
161). Since most tissues, e.g., lymphoid organs, are made

up of a number of different cell types, it must be consid-

ered that two adrenoceptor subtypes existing within the
same organ may actually be located on different cells.

A monoclonal antibody has been generated to the

ligand binding site of the beta adrenoceptor (80). This
antibody cross-reacts equally well with beta-i and beta-
2 adrenoceptors, suggesting that some homology exists
between them. Two more recent tools for characteriza-

tion of beta adrenoceptors have also been developed.

Monoclonal anti-beta adrenoceptor ligand antibodies

and antiidiotypic anti-beta adrenoceptor antibodies (46,
94) will allow for not only structural characterization of

this receptor, but also characterization ofthe mecha-

nisms underlying signal transduction.
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Beta adrenoceptor desensitization has been observed

in a number of organ systems. Mechanisms to explain
the desensitization phenomenon include (a) internali-
zation of receptors as a consequence ofagonist exposure

(222), (b) decreased adenylate cyclase responsiveness due
to factors distal to the receptor, e.g., a soluble inhibitor
of adenylate cyclase which accumulates intracellularly
(118, 181), (c) a change in coupling functions between
receptor and adenylate cyclase (6), (d) activation ofthe

inhibitory GTP-binding protein via beta adrenoceptor

activation, an activation event which generally stimu-
lates the stimulatory GTP-binding protein (8), (e) inter-
nalization and processing of binding sites (50, 51), (f)
altered membrane phospholipid methylation (101), (g)
long-term regulation of receptor synthesis and degrada-

tion by hormones, possibly via control of the transcrip-
tion of genes coding for the beta adrenoceptor (25, 59,
226), and (h) phosphorylation ofthe beta adrenoceptor

by cAMP or non-cAMP-mediated mechanisms (217,
218). The molecular aspects of agonist-induced desensi-
tization prior to 1983 have been reviewed previously
(100).

B. Alpha Adrenoceptors

Four types of evidence support subclassification of
alpha adrenoceptors: anatomical; pharmacological; bio-

chemical; and radioligand binding. The subclassification
of alpha adrenoceptors based on anatomical location was
first proposed by Langer (i32). He proposed that classi-

cal postsynaptic alpha sites be referred to as alpha- 1and
that presynaptic nerve terminal sites be referred to as
alpha-2.

Pharmacological evidence includes the measurement

of physiological responses in which alpha adrenoceptors
are functionally differentiated bytheir ability to interact
with a series of agonists and antagonists (17, 39, 144,

200, 223).
Biochemical evidence suggests that alpha-i adrenocep-

tors are coupled to calcium gating or redistribution,
possibly mediated via phosphoinositide turnover (77,

120, 147). Alpha-i adrenoceptor activation in a number
of tissues leads to a change in the steady-state concen-
tration of free calcium in various intracellular compart-
ments; thus calcium may be acting as the second mes-

senger (250). A proposed mechanism for signal transduc-
tion following alpha-i adrenoceptor activation includes
the activation ofa calcium-dependent protein kinase by
diacylglycerol released from phosphatidylinositol metab-
olism (127). Another study suggests that alpha-i adre-
noceptors in isolated rat hepatocytes from mature rats
may be coupled to separate signal transduction mecha-
nisms (155). One mechanism isthought to involve cal-
cium mobilization, while the other is thought to involve

cAMP accumulation. The mechanisms involved in alpha
adrenoceptor-induced phenomena have been reviewed
recently by Exton (76).

In contrast, alpha-2 adrenoceptors are coupled to in-

hibition of adenylate cyclase activity (38, 84, 112, 254).
Since alpha-2 adrenoceptor activation leads to a reduc-

tion in the level of cAMP accumulation in broken cell
preparations, the decrease is assumed to be a conse-
quence of a decrease in cAMP synthesis, as opposed to
an increase in cAMP hydrolysis. Another proposed
mechanism is that alpha-2 adrenoceptor-mediated ef-

fects are a consequence ofadrenoceptor-induced effects
at a step distal to cAMP generation (163). This was

proposed from findings where the stimulatory effects
produced by dibutyryl cAMP on insulin release could be
inhibited by an alpha-2 adrenoceptor agonist.

Radioligand binding studies have also confirmed alpha
adrenoceptor subclassification (251). Recent radioligand
binding studies suggest that subtypes or species differ-

ences of the alpha-2 adrenoceptor may also exist (78).
In summary, the adrenoceptor system and the mech-

anisms by which these adrenoceptors mediate their ef-
fects are indeed complex. Those researchers attempting
to understand adrenoceptor-induced modulation of the
antibody response will need to include identification of

not only the adrenoceptor subtype responsible for mod-
ulation of such responses, but also the cell population
with which the adrenoceptor is associated. Only then

will definitive studies be designed to determine adreno-

ceptor-induced changes in the functions of specific cells

involved in this complex immune response.

III. The Primary Antibody Response

A. Ceilpopulations and Interactions

The in vitro induction of a primary (1gM) antibody
response in mouse spleen cells exposed to a T cell-
dependent antigen, such as sheep erythrocytes, depends
on the interactions among three cell populations. These
cell populations include the B lymphocyte which pro-
duces the antibody, the T lymphocyte which regulates
the B cell response, and the macrophage which processes
and presents antigen (52, 157). Before attempting to
present a review of the literature concerning sympathetic

nervous system modulation ofthe antibody response, a

brief review will be presented ofthe cells, soluble factors
(cytokines), and regulatory mechanisms involved in the

generation of this complex response. The reader is re-
ferred to fig. 1 for a diagram of the cells and soluble
factors involved in the antibody response.

The macrophage performs acritical role in the in vitro
T-dependent antibody response in that it functions to
process and present antigen to the T lymphocyte (156)
in a genetically restricted manner (197). Genetic restric-
tion involves T cell recognition of antigen on the mac-
rophage surface in conjunction with recognition ofgene-
encoded products on the macrophage surface, i.e., Ia
antigens, which map to the I region of the murine major

histocompatibility complex (MHC). Presentation ofan-

tigen by the macrophage initiates a series of cellular
events involved in subsequent T and B cell interactions
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FIG. 1. Diagram of the cells and soluble factors involved in
antibody response.

(124). Interestingly, ithas also been shown that resting

B cells can present antigen to T cells in a similar genet-
ically restricted manner (9, 49), since these cells also
express high levels of Ia antigens.

The lymphocyte involved in up-regulation ofthe an-
tibody response is called the T-helper cell. The macro-
phage is required for activation ofthe T-helper cell (73)
as well as for the generation of soluble factors (lympho-

kines) released by this cell. The lymphokines released by

the T-helper cell affect not only its own proliferation

(238), but also B cell proliferation and differentiation (7,

105, 208, 209).

Antigen-specific T cell activation and proliferation

require two separate signals from the macrophage (61).

First, T cell activation requires the presentation ofanti-

gen to the T cell by macrophages in context with MHC

antigens, and second, T cell proliferation requires the

presence of IL-i, a cytokine released by the macrophage
upon interaction with the T-helper cell. T-helper cells

become responsive to IL-i following activation. As a

result of the macrophage-T-helper cell interaction, the

T cells express receptors for, and begin secreting, inter-

leukin-2 (IL-2) (153). Interleukin-i (IL-i) appears to

induce and amplify the production of IL-2 (89), possibly
via an effect on the IL-2 producing cell itself. The sub-

sequent increase in IL-2 concentration enhances the

proliferation of T cells possessing receptors for IL-2

(153).

The B lymphocyte is critical for ultimate production

of antigen-specific antibody. A number of theories (60,

106, 143) address the stages involved in development of

the B cell response: (a) activation of the resting B cell to
enter G1 phase of the cell cycle; (b) commitment of this
cell to proliferate and clonally expand; and (c) differen-

tiation of this cell to the antibody-secreting stage.

Activation of the B cell is generally thought to involve
the interaction of surface membrane immunoglobulin
receptors with antigen in order to trigger the resting, i.e.,

G0 phase, B cell into G1 phase. This step has been
successfully accomplished by interacting immunoglobu-

� BCDF lin receptors with low concentrations ofanti-immuno-
globulin antibody, thus creating a state in which the
activation of B cells is limited to entry into G1 phase
(178). Initial commitment of the activated B cell is
achieved by movement of the cell through G1 phase of
the cell cycle by the interaction of“receptors” on these
cells with a soluble T cell product, B cell growth (stim-
ulatory) factor (BCGFI or BSF-1).� Ultimate commit-

ment to S phase occurs by exposure of the activated B
cell to the macrophage-soluble product, IL-i. It has also
been reported that IL-2 receptors are expressed on acti-
vated B cells and that activation of these receptors by
IL-2 allows for B cell proliferation (239, 256) and im-
munoglobulin synthesis (165).

the Recently, Vitetta and coworkers (171) have proposed
and presented experimental evidence that BSF-1 pre-

pares resting B cells for subsequent antiimmunoglobulin-
mediated entry into S phase of the cell cycle, and not
vise versa as described by Howard and Paul (106). This
finding suggests that “receptors” for BSF-i are present

on resting B cells and that their expression isnot induced
after interaction of immunoglobulin receptors with an-
tiimmunoglobulin or antigen as previously suggested
(106). This finding is most intriguing in light ofa number
of recent studies showing that BSF-1-containing super-
natants (195) and purified BSF-1 (168) can increase the
expression of Ia antigen on resting B cells. The latter
observations become important, since B cell activation
and subsequent antibody secretion in response to a T-

cell-dependent antigen depend on linked recognition be-

tween the T and B cell (121), a phenomenon in which
increased expression of Ia antigen on the B cell would
allow for a more effective presentation ofantigen to the
T-helper cell in the context of MHC antigens.

Differentiation of the B cell to the antibody-secreting

stage requires interaction ofthe committed B cell with
other T cell-derived factors. Initially, the committed B

cell acquires the ability to interact with T-helper cells or
their soluble differentiation factors (128). This phase is
also influenced by IL-i which increases the number of
factor-responsive Bcells and/or enhances the expression
of B cell surface markers (103). The B cells subsequently

convert to antibody-secreting cells in response to T-

helper cells and/or T-helper cell factors, referred to as B

§ For details on the new nomenclature for B cell factors, the reader

is referred to ref. 107.
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cell differentiation factors, which induce either 1gM or

IgG secretion (237).

The T-suppressor cell is involved in antigen-specific

(1) and antigen-nonspecific (113, 123) suppression ofthe
in vitro antibody response. These cells mediate suppres-

sion at various points along the pathway to antibody
production by direct cell contact and/or by the release of

lymphokines. T-suppressor cell induction in certain ex-

perimental models appears to require the generation of
a suppressor-cell cascade (65). This cascade involves
antigen-presenting cells, factor-presenting cells, and
three different T-suppressor cells which release three

different T-suppressor factors. Recently, it has been
shown that antigen-nonspecific suppression can also be

mediated by macrophages (5)and by B cells themselves
(86, 87).

B. Soluble Factors

A number of cytokines are released by immune cells.
Following interaction with antigen, these factors contrib-
ute to the overall function and regulation ofthe antibody
response. This area of immunology ischanging rapidly
and is very controversial. Therefore, we have briefly
summarized the major findings in this area in an attempt
to emphasize the complexity of the system. Several re-

views have addressed various aspects of this topic in
detail(106,128, 152, 153, 237).

The cytokines involved in the antibody response in-

dude IL-i, IL-2, BCGFI (BSF-1), BCGFII, BCDF, and
suppressor factors. Interleukin-i and IL-2 have been

reviewed briefly in the preceding section. Two T cell-
derived B cell growth factors have been functionally
characterized in the murine system, BCGFI (BSF-1)
(105, 168) and BCGF II (69, 230). As discussed previ-

ously, BSF-1 delivers a signal to resting B cells (171). B

cell differentiation factor(s), also a T cell-derived soluble
product(s), delivers a signal to the activated B cell to
differentiate into an antibody-secreting cell (135, 187,

229). Two distinct differentiation factors have been char-

acterized in the murine system (164). Differentiation
factors have also been described which determine the
antibody isotype, i.e., 1gM or IgG, which will be secreted

(237).

C. Regulation ofB Cell Responses

A number of mechanisms responsible for regulating
the magnitude of the antibody response in vitro and in

vivo have been supported experimentally. Many of these
mechanisms may prove to be targets for pharmacological

modulation ofthis complex cellular system.

Humoral mechanisms ofregulation include (a) B cell
stimulatory factor 1 (BSF-i) (105, 106, 171), (b) B cell
differentiation factor (135, 187, 229), (c) antiidiotype

antibodies which occupy Ig receptors on resting B cells

so they can no longer be activated by antigen (72, 115,
126), (d) antibody itself, possibly via Fc fragments, which
inhibits or enhances the antibody response (30, 246), (e)

antigen-antibody complexes which enhance or suppress

the T-dependent antibody response (219, 235), (f) regu-

latory lymphokines which induce Ia expression on mac-
rophages to enhance their functional activity of antigen
presentation to T cells (15, 224), (g) macrophage regu-

latory factors (236), (h) complement proteins which en-
hance or suppress antibody production [e.g., C5a stimu-

laths IL-i production bymacrophages allowing for direct
stimulation of committed B cells, while C3 induces Ts

cells (71)], and (i) prostaglandin-E2 which induces the
generation ofTs cells to allow for feedback inhibition of
the antibody response (91).

Cellular mechanisms of regulation include (a) a net-
work of helper-suppressor activity by T lymphocytes

(85), (b) isotype-specific T cells, activated by products
from activated Bcells, which regulate Bcell Ig expression
(196), (c) cytotoxic autoreactive T cells, activated by

autologous I-A products, which enhance antibody re-
sponses via production ofa nonspecific helper factor, or
inhibit antibody responses via cytolysis of activated I-A-
bearing macrophages or B cells (53), (d) suppressor-
inducer T cells, activated by T-helper cells, which feed-

back to suppress the activated T-helper cell (70), (e)

contrasuppressor-inducer cells which induce a cell to

suppress the activity of the T-suppressor cell (92),
(f)suppressor Bcells which regulate B cell activity (86,

87, 129, 167), (g) B-helper cells (Ig�, Lyt-i�) which
augment the antibody response in the absence of T-

helper cells (214), (h) B cells which act as suppressor-
inducer cells to induce the activation of T-suppressor

cells (215, 216), and (i) natural killer cells which elimi-
nate antigen-exposed accessory cells so that their anti-
gen-presenting ability is eliminated (2).

Genetic mechanisms ofregulation include the immune
response genes linked to the MHC which determine the
level of immune responsiveness toantigens (16).

D. The in Vitro Antibody Assay System

The technique most commonly used for inducing the
primary antibody response in vitro is the Mishell-Dutton
assay (151). In this system, dispersed spleen cells are
cultured with an antigen, which is usually the T-depend-
ent antigen, sheep erythrocytes. At the end of a certain

number of days following sheep erythrocyte immuniza-
tion, the number of 1gM antibody-secreting cells are
enumerated.

There are a number of special requirements for the

generation ofantibody-secreting cellsusing this system.
Some, or all, of these requirements may be responsible
for the differing results reported by different laborato-
ries. First, fetal calf serum is essential in this assay, and
consequently the batch of fetal calf serum (FCS) used
can significantly alter the magnitude ofthe response. It
has been suggested by Mishell and Dutton that the

reason for this phenomenon isthat the FCS may contain
a level of antigens which cross-react with sheep eryth-
rocytes (151). In addition, FCS also contains a number
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of hormones, the level of which may influence the mag-
nitude ofthe response. For example, FCS has been shown

to contain the cytokine, IL-i, in contrast to adult bovine

serum which contains no IL-i (104).

Second, the system yields an optimal number of anti-

body-secreting cells when the sulfhydryl reducing agent,

2-mercaptoethanol (2-ME), is added to the cultures. The

following are a number of theories proposed to account

for the mechanism of2-ME activity: (a) 2-ME function-
ally substitutes for macrophages (48, 54); (b) 2-ME en-
hances T cell mitogenic activity for T cells when present

with FCS (134); (c) 2-ME activates a component ofFCS
which substitutes for macrophages (172, 173); (d) 2-ME

stimulates the uptake ofthe essential amino acid, cystine,

into murine spleen lymphocytes (169, 170); (e) 2-ME
enhances the production of glutathione by spleen lym-

phocytes and protects against its loss, thereby allowing

for adequate glutathione levels to be maintained for

lymphocyte activation to proceed past the early stages of

activation (255); and (f) 2-ME inhibits membrane lipid
peroxidation via the antioxidant activity of reduced glu-

tathione whose availability isenhanced by 2-ME (102).

Finally, the batch of sheep erythrocytes influences the

magnitude ofthe response. This is most likely due to the

number of antigenic determinants present on the surface

of the sheep erythrocyte membrane.

The primary advantage of the in vitro system is that

it closely parallels the in vivo response with respect to

kinetics and magnitude (151, 156) and thus allows for

dissection of the system in order to determine cellular

and molecular mechanisms. But, the two systems are not

exactly identical, and caution must be exercised in ex-

trapolating results from one system to the other. For
example, B cell responses to sheep erythrocytes appear
to be driven primarily by T cell-derived antigen-nonspe-

cific factors, whereas, B cell responses to protein-bound

antigens are driven by antigen-specific factors (138).

Also, participation ofthe hypothalamic-pituitary-adre-

nal axis is eliminated in the in vitro-generated antibody

response. Various substances are released by this system

during the immune responseinvivo and have been shown

to directlyand indirectly impact on the magnitude ofthe
antibody response (22, 56, 74, 75, 184, 211). Thus, the

impact of this hormonal system in vivo must be consid-

ered for its overall effect on the antibody response,

particularly since these conditions cannot be mimicked

identicallyinvitro.

IV. Role of the Sympathetic Nervous System in

Modulation of the Immune Response

A. Early Evidence

In 1962 the first anatomical evidence for nervous sys-

tem involvement with an immunological organ was ob-
tained. Electron micrographs ofthe white pulp of mouse

spleen showed the presence ofunmyelinated nerve fibers
(83). The appearance ofthese fibers in the white pulp of

the spleen was a significant finding since this area is
where many immunocompetent cellsreside.

It was not until 1984 that the first pharmacological

evidence for involvement of the sympathetic nervous
system in the immune response was obtained by using

reserpine. Reserpine is a pharmacological tool which

allows for the selective depletion ofnorepinephrine from
sympathetic nerve terminals. This depletion is accom-

plished by the drug-induced inhibition of dopamine up-

take into granules for conversion to norepinephrine by
dopamine beta-hydroxylase (14). In reserpine-treated
adult rats, a suppression of both cell-mediated and hu-
moral immune status was observed, as indicated by a

suppressed delayed-type hypersensitivity response to ho-
vine serum albumin and tuberculin and depressed hem-

agglutination titers to sheep erythrocytes, respectively

(67). These results were called into question in 1966

when the antibody suppression induced in reserpine-

treated adult mice was shown to be a consequence of
nutritional deficiencies (68). In these experiments, the

antibody suppression induced by reserpine could be mim-
icked in starved mice and reversed by forced feeding.

At the same time, histochemical evidence showed the

presence of monoamines and adrenergic nerve fibers in

the rat thymus (81), an organ primarily responsible for

T cell differentiation before exit to other immune organs,
i.e., the spleen and lymph node. The nerve fibers con-

taming catecholamines were associated with small arter-

ies in the interlobular septa, while fibers containing 5-

hydroxytryptamine were localized to mast cells within

the thymus. The presence of adrenergic nerve fibers in

the rat thymus raised the question once again as to
whether immunocompetent cells within the thymus, as
well as within other lymphoid organs, could be influenced

by neurotransmitters released from such fibers. More
recently, innervation ofthe thymus gland in the mouse

has also been reported (33, 34).

In 1967, a technique developed by Mishell and Dutton
allowed for the in vitro generation ofa primary antibody

response (151). Since adrenoceptor radiolabeling tech-

niques were not available until the latter part of 1970,
the in vitro exposure of spleen cells in the Mishell-
Dutton assay allowed for an indirect determination, i.e.,
as opposed to radioligand binding, of the effect of neu-

rotransmitters and various adrenoceptor agonists on an-

tibody production. Any effect obtained in these assays

was assumed to occur via a receptor-ligand interaction if

it occurred in a dose-dependent manner and if it was

blocked by appropriate antagonists.
Preliminary findings showed that norepinephrine and

isoproterenol, ata concentration of9 x iO� M, led to a

suppression of the in vitro-generated murine antibody

response to sheep erythrocytes (137). The suppression
obtained following exposure to epinephrine was in a

concentration-dependent manner between 10� and i0�
M. However, no blockade of these responses by pharma-
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cological antagonists was reported, and the medium from
these cultures was changed every day following the initial

exposure of these cells to agonists.
At the same time, human peripheral blood lympho-

cytes were being studied for their ability to take up

tritiated thymidine following stimulation by the plant

lectin, phytohemagglutinin, and simultaneous exposure

to adrenergic agents (95). Norepinephrine, when added

either early or late in the developing immune response,

caused aconcentration-dependent increase in the uptake

of tritiated thymidine, epinephrine produced no change,

and isoproterenol caused a suppression. The enhanced
response to norepinephrine was shown to be alpha ad-

renoceptor mediated, since the enhancement could be

blocked with the alpha antagonist, phentolamine. The

alpha component to the enhanced response was further

confirmed with epinephrine cultured in the presence of

the beta antagonist, propranolol. In contrast, epineph-

rine cultured in the presence of phentolamine resulted

in a suppression ofthe response similar to that obtained

with isoproterenol, suggesting that a beta component

was associated with suppression of this immune re-

sponse. It should be noted that these results could only

be obtained in cell cultures to which hydrocortisone had

been added, a drug shown to enhance cell sensitivity to
catecholamines (226). Nonetheless, in a letter to the

editor of the New England Journal of Medicine, John
Hadden suggested that sympathetic nervous system
modulation of immune functions was working via adre-

nergic mechanisms (96).

Based on this early evidence, conflicting results accu-

mulated over the next few years concerning the effect of

norepinephrine and adrenoceptor agonists on the in vi-

tro-generated primary antibody response. Before sum-

marizing these data, evidence will be presented which

confirms the presence of noradrenergic nerve fibers in

the spleen and lymph nodes of rodents, as well as the
presence of alpha and beta adrenoceptors onanimal and

human lymphocytes asdetermined byradiolabeled ligand
binding studies.

B. Innervation ofLymphoid Organs

If the sympathetic nervous system is to have any
modulatory role in the antibody response, the organs

possessing cells responsible for generation of this re-

sponse should contain an adrenergic nerve supply which

releases norepinephrine in the immediate vicinity of
these cells. Consequently, the presence of nerve endings

in the immediate vicinity of these cells would allow for

immediate homeostatic regulation of the functioning of

these cells.

Early findings showed that nerve fibers were present

in the white pulp of mouse spleen (83). This observation
was confirmed and extended a number of years later by

a combination ofhistofluorescence and electron micros-

copy (192, 193). These results showed that unmyelinated

adrenergic fibers were adjacent to reticular cells and

lymphocytes in the white pulp of the spleen close to the

periarteriolar sheath, and that some of these fibers were

actually in contact with lymphoid cells.
This observation was confirmed in 1981 when fluores-

cence techniques showed dense perivascular networks of
noradrenergic varicose fibers mainly in the splenic white
pulp of mice (248). To confirm the presence of these
fibers, mice were injected at birth with 6-hydroxydopa-

mine (6-OHDA) to produce a peripheral chemical sym-
pathectomy. 6-Hydroxydopamine is a pharmacological

tool used to produce a peripheral chemical sympathec-

tomy. The mechanism by which this drug produces a
sympathectomy isthought to be due to destruction of
sympathetic nerve terminals, without effect on the ad-

renal medulla or cholinergic neurons (233). This drug
has been used in a number of studies to confirm the

relationship between the immune system and the sym-

pathetic nervous system. When these 6-OHDA-exposed
mice were examined using histofluorescence techniques,
a decrease in the level of catecholamine fluorescence was

seen in the spleen. These authors also included an ex-

amination of the thymus in these studies and found

adrenergic innervation ofthe parenchyma ofthe thymus.
In addition, it was shown that fluorescence intensity in

the thymus was considerably less following treatment
with 6-OHDA. A recent report by Felten et al. (79)

summarizes a number of findings regarding the inner-
vation of various lymphoid tissues by noradrenergic fi-

bers.

Lymph nodes provide another site in which the cells

for the production of antibody reside. In rats, fluores-

cence techniques confirmed the presence of adrenergic
nerve fibers associated with the lymph node capsule and

the medullary and internodular regions (90). No ache-

nergic fibers were found in association with blood vessels
or in the cortical nodules. Fluorescent intensity and

norepinephrine content of this organ were significantly

decreased following superior cervical ganglionectomy,
thus confirming adrenergic innervation of the lymph

node.

When antibody responses were determined in vivo
following 6-OHDA treatment, three different results

were obtained: enhancement; suppression; or no change

at all.

Enhancement ofthe antibody response to sheep eryth-
rocytes was seen in female rats which had received either

local denervation of the spleen or 6-OHDA treatment
coupled with adrenalectomy atbirth (21). These authors

concluded that norepinephrine was imposing a suppres-
sive effect upon the immune response, which was re-
moved upon 6-OHDA-adrenalectomy treatment. This
group further supported this hypothesis by showing that

norepinephrine levels in the spleen, following sheep
erythrocyte immunization, fell sharply just prior to the

peak antibody response. The same group also reported
that high responder animals had a longer persisting
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decrease of splenic norepinephrine levels during the an-

tibody response as compared to low responders. This

observation suggested that the magnitude of the norepi-

nephrine decrease was directly related to the magnitude

of the response (62).

A few years later, it was reported that mice exposed to
6-OHDA at birth showed an enhanced antibody response
without the need for adrenalectomy (248). These mice

showed an even greater enhancement of the response

when exposed to a combination of6-OHDA and alpha-
methyl tyrosine, adrug which was considered more pref-

erable than adrenalectomy to inhibit possible adrenal

effects on the antibody response. The authors suggest

that removal of norepinephrine from the vicinity of the
spleen and thymus created (a) an imbalance of cyclic

nucleotide metabolism by the cells in these organs, re-

sulting in a possible release from cyclic nucleotide-in-

duced suppression, (b) a loss of regulation of histamine
release from mast cells, resulting in a loss of histamine-

mediated suppressive modulation of the antibody re-

sponse, and/or (c) an alteration in T cell development
within the thymus with consequent effects on the T cell-

dependent antibody response.

Suppression of the antibody response following 6-

OHDA treatment has also been reported (99, 122). The
reasons for the discrepancies inthese results with those

discussed above may simply be due to the age or species

of animals upon exposure to 6-OHDA. In contrast to the

experiments presented by the Besedovsky (21) and Wil-

hams (248) groups where animals (rats and mice) re-

ceived 6-OHDA at birth, the Kasahara (122) and Hall

(99) groups exposed mice to 6-OHDA during adult life
when full maturation of neuroendocrine pathways had

occurred. In addition to the suppressed PFC response

observed by Hall (99), spleen cells from 6-OHDA-treated

mice also showed a suppressed proliferative response to

the B cell mitogen, lipopolysaccharide, but an enhanced
proliferative response to the T cell mitogen, concanavalin

A(98).

The suppressed response measured by Kasahara (122)

led him to postulate that 6-OHDA was allowing for a

withdrawal of an alpha adrenoceptor-mediated compo-

nent which suppressed cAMP levels in splenocytes. It

was postulated that cAMP levels consequently accumu-

lated in these cells, thus allowing for a suppression of

the antibody response. Hall (99) suggested other possi-

bilities for the suppressed antibody response after 6-

OHDA treatment, which include (a) a release from a

direct norepinephrine effect on the cells, (b) unopposed

cholinergic input to these cells, (c) activation of gluco-
corticoid systems with resulting immunosuppression,

and (d) denervation supersensitivity.

Another study utilizing adult mice exposed to 6-OHDA

showed thatno change inthe antibody response occurred

to a T-dependent antigen, whereas an enhanced antibody
response was obtained to a T-independent antigen (148).

It was pointed out in this report that the enhanced
antibody response observed by Besedovsky and cowork-
ers to a T-dependent antigen (21) was only seen when 6-
OHDA treatment was coupled with adrenalectomy.

C. Adrenoceptor Identification onLymphocytes

The presence of adrenoceptors on immunocompetent
cells ultimately requires characterization using radiola-

beled ligands selective for alpha or beta adrenoceptors,
with subtype characterization requiring displacement of

nonselective or selective radioligands by subtype-selec-
tive agonists and antagonists. Prior to the introduction
of such radioligands, the presence of adrenoceptors on
immunocompetent cellswas surmised via indirect means
such as (a) concentration-dependent changes in a re-
sponse following exposure to pharmacological agents, (b)

blockade of agonist-induced responses with an appropri-

ate antagonist, (c) structure-activity relationships, and

(d) biochemical changes occurring as a consequence of
receptor activation.

Columns of Sepharose beads to which various agonists
and antagonists had been conjugated were among the
earliest attempts to verify the presence of adrenoceptors

on immunocompetent cells (247). In this manner, human
lymphocytes were shown to possess “receptors” for nor-

epinephrine, since cells remained attached to Sepharose
beads to which norepinephrine had been conjugated.
Importantly, the norepinephrine-attached cells could

only be displaced by epinephrine and propranolol, but

not by norepinephrine.
A similar attempt to ascertain the presence of adre-

noceptors on immunocompetent cellswas made using in

vivo-immunized mouse spleen cells (146). These cells
were passed through drug-conjugated columns at various
times following sheep erythrocyte immunization (days 6

to 13). The cells passing through the column were sub-
sequently assayed for their antibody-forming ability. A
suppressed antibody response was obtained using the
fall-through cells when epinephrine orisoproterenol was
insolubilized on the column, but no change from control
was obtained when norepinephrine was used. This was

an indication that beta adrenoceptors were present on

already differentiated B cells. If cAMP levels were meas-
ured in the cells which adhered to the column, as opposed

to those passing through the column, an accumulation
of cAMP was obtained in these cells following isoproter-
enol stimulation. These data strongly suggested the pres-
ence of adrenoceptors onB cells which had differentiated

to the antibody-secreting stage, but said nothing about
the presence of adrenoceptors present on resting cells at

the time of immunization.
Radioligand identification ofadrenoceptors onmurine

immunocompetent cellsprovided a more definitive veri-

fication for the presence of these receptors. Most of the
binding studies showed receptor characteristics which
were saturable, reversible, and of a high affinity. Using
the beta antagonist, [3Hjdihydroalprenolol, binding sites

http://pharmrev.aspetjournals.org/


NOREPINEPHRINE AND THE ANTIBODY RESPONSE 237

were found on adult and fetal murine thymocytes (221).
Equal numbers of sites were found on both adult and
fetal thymocytes, but the fetal thymocytes possessed a
higher affinity for the ligand.

Using spleen lymphocyte membranes from mice, two

distinct populations of beta adrenoceptor sites were

found using [3Hjdihydroalprenolol (116). One was a low-

capacity, high-affinity site displaying no cooperative in-

teractions, while the other was a high-capacity, low-

affinity site more characteristic ofa nonspecific binding

site. In this study, no attempt was made to determine

which cell population(s) (T,B, or macrophage) possessed

the binding sites.
Another research group reported that no adrenocep-

tors could be found on rat splenic B cells or macrophages,

but that a difference was found in receptor density be-

tween resting and activated T cells (227). At early stages
of activation (induced by in vivo skin graft or in vitro

mixed lymphocyte reaction), beta adrenoceptor number

decreased to almost 50% of resting levels, whereas, dur-

ing late stages of activation, beta adrenoceptor number

increased 50 to 100% above resting levels.

Recently, changes in beta adrenoceptor density, with-

out changes in affinity, were reported on spleen lympho-

cytes isolated from adult mice pretreated with 6-OHDA

(149). B and T cells were found to have increased num-

bers of beta adrenoceptors accompanied by a shift in

lymphocyte subset number to fewer numbers of B cells.

Alpha adrenoceptor binding sites have been character-
ized in spleen membrane preparations from guinea pigs
(142), using [3Hjclonidine asthe radioligand. High- and

low-affinity sites were found, and the relative potency of

agonists and antagonists indicated binding to alpha-2

adrenoceptors. Guinea pigs pretreated with 6-OHDA
showed alpha-2 binding sites possessing an increased

affinity with no change in receptor number.

Beta adrenoceptors have also been identified on hu-
man peripheral blood lymphocytes using various radioli-

gands (26, 186, 249) with beta adrenoceptors being found
on both T and B lymphocytes. Using both functional and
radioligand binding techniques, human lymphocytes

have been found to possess exclusively beta-2 adrenocep-

tors (31, 55, 82, 249).

D. Immune Responses toNorepinephrine and

Adrenoceptor Agonists

Indirect verification for the presence of adrenoceptors

on murine spleencellsinvolved in immune responses has
been obtained from experiments in which a particular
immune response was altered following exposure to neu-

rotransmitter or adrenoceptor agonists.Some of these
studies fulfilled the criteria necessary to classify the

altered response as a receptor-mediated event,namely,

changes occurring ina concentration-dependent manner
and blocked by appropriate adrenoceptor antagonists.

Results obtained using the murine in vitro antibody

assay have been conflicting, with either an enhancement

or suppression of the response being seen. For clarity,
the results from these experiments will be divided into

those showing asuppression asopposed to those showing

an enhancement ofthe response.

Suppression of the in vitro-generated antibody re-

sponse was seen in a concentration-dependent manner
when norepinephrine was added at the time of sheep

erythrocyte immunization (21). This suppression was
reported to have occurred in six of nine experiments,

with the other three experiments showing an enhance-

ment or no change at all. The norepinephrine-induced

suppression was considered to support the 6-OHDA re-
sults obtained by this group, where 6-OHDA treatment

allowed for an enhanced antibody response when coupled
with adrenalectomy. The investigators concluded that

norepinephrine normally exerted a direct suppressive

effect in vivo which could be mimicked by a direct
norepinephrine-induced suppression invitro. It was also

postulated that the suppression produced by norepineph-
rine was alpha adrenoceptor mediated, since a concen-

tration-dependent suppression ofthe antibody response

could also be obtained with the alpha-2 agonist, cloni-

dine. No attempt was made to block the suppressive

effect of clonidine with phentolamine.
Late phases of the antibody response were also found

to be inhibited by addition of isoproterenol to in vivo-
immunized mouse spleen cells 15 mm prior to assay of

the number of antibody-secreting cells (145). The inhi-

bition produced by norepinephrine, however, was much

less (145).

In vivo exposure of rats to beta-2 selective agonists

caused a decrease in the total serum levels of IgE, with

no change in 1gM or IgA levels (179). When these rats

were exposed to the beta adrenoceptor antagonist, pro-

pranolol, an increase in total serum IgE was obtained.
Propranolol was also shown to enhance the in vivo anti-

dinitrophenol response in rats (191) and the IgE response

in mice (166).

In vivo exposure to isoproterenol produced an en-
hanced antibody response at low concentrations ofiso-

proterenol, as opposed to a suppressed response seen at
high concentrations (29). Both of these in vivo responses

were blocked by administration ofpropranolol. An en-

hancement of the in vivo antibody response was also

reported in response to epinephrine (63, 64). These au-
thors postulated that the effect was beta adrenoceptor
mediated and that the effect was due to inhibition of
resting T-suppressor cells.

Enhancement ofthe in vitro-generated antibody re-
sponse was obtained in a concentration-dependent man-

ner when norepinephrine and/or isoproterenol was added

to in vitro cultures at the time of immunization (29, 35,

180), but none of these studies attempted to block the

induced response with propranolol. Burchiel and Mel-
mon (35), via separation and reconstitution experiments,

concluded that the antibody enhancement was due to an
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effect of the agonist on B cells and/or macrophages, but

not on T cells, although T cells were essential for a

complete response to be obtained.

Recent findings have also shown a norepinephrine-
induced enhancement ofthe in vitro-generated antibody

response and, in addition, have determined pharmaco-

logically the adrenoceptor type responsible for mediating

the observed enhancement produced by norepinephrine

(202). In this study, spleen cells were simultaneously

exposed to norepinephrine and the alpha adrenoceptor
antagonist phentolamine and/or the beta adrenoceptor
antagonist propranolol. Norepinephrine alone or norepi-

nephrine in the presence of phentolamine produced an

enhanced antibody response when measured on days 5,
6, and 7 after immunization and drug exposure, whereas

norepinephrine in the presence of propranolol produced

an enhancement onday 4. These results show that beta

adrenoceptor activation is responsible for the enhance-

ment observed with norepinephrine alone on days 5, 6,

and 7, while the day 4 enhancement isalpha adrenocep-

tor mediated and can only be unmasked in the presence
of propranolol.

To determine which beta adrenoceptor subtype was
responsible for mediating the enhanced response, rela-

tively selective agonists for the beta- 1 (dobutamine) and

beta-2 (terbutaline) adrenoceptors were used, as well as

the nonselective agonist, isoproterenol (202). Dobutam-

me is more selective for stimulating beta-i adrenoceptors

(234), and terbutaline is more selective for stimulating

beta-2 adrenoceptors (182). While terbutaline possesses

affinity for both beta-i and beta-2 adrenoceptors, it

possesses efficacy only at beta-2 adrenoceptors, suggest-
ing different receptor-effector coupling mechanisms be-
tween the two adrenoceptor subtypes (150, 162, 201).

Beta-2 adrenoceptor activation with terbutaline en-

hanced the antibody response with a similar magnitude
and kinetics to that produced by norepinephrine, andthe

enhancement could be blocked with propranolol (202,

203). This was one method used to conclude that beta-2

adrenoceptor activation was responsible for mediating
the enhancing effect of norepinephrine. Relative activi-

ties for a series of agonists on the day 5 enhanced
response were norepinephrine = terbutaline> isoproter-

enol > epinephrine >> dobutamine. It is of interest to
note that the relative order of activity for the agonist-

induced enhancement did not follow the classic order

proposed by Lands (130, 131) for a tissue possessing

beta-2 adrenoceptors. One reason for this discrepancy

may be that the antibody response does not involve a

system in which short-term responses are being meas-
ured. The antibody generating system requires at least 4

to 5 days for the processes of activation, proliferation,

and differentiation tooccur. We are dealing with a sys-

tem where adrenoceptor agonists may not only mediate
different effects at different times during this lengthy
process of antibody formation, but may also mediate

different effects on different cell populations. In future
work, it will be critical to define both the phase of the

response and the ceilpopulation which isbeing modulated
by adrenoceptor activation.

Another approach to characterize the beta-2 adreno-
ceptor-mediated component to the norepinephrine-in-
duced enhancement would be to antagonize the induced

enhancement with selective antagonists for beta adreno-

ceptors. Preliminary studies suggest that the relative
activities for antagonism of the day 5 norepinephrine-

induced enhancement are ICI 118,551 (a beta-2 antago-

nist) > propranolol > metoprolol (a beta-i antagonist)
(43).

Adrenoceptor activation with dobutamine suggested

that a later component ofthe enhanced response may be
mediated by beta-i activation (202). However, the pro-
longation produced after dobutamine exposure may be

mediated by more of a beta-2 than a beta-i mechanism,
since recent studies have shown that the (+)-enantiomer
of dobutamine can activate beta-2, as well as beta-i

adrenoceptors (198, 199). It is also possible that an alpha
adrenoceptor-mediated component may be responsible

for the prolonged effects produced by dobutamine, since

the (-)-enantiomer activates the alpha adrenoceptor in
myocardial tissue (125, 198). Dissection of these possi-

bilities will require the use of each enantiomer separately,
as well as the use of the racemic mixture in the presence

of selective antagonists for each adrenoceptor subtype.

Addition of norepinephrine attimes later than day 0

also produced an enhanced response, but of a lesser

magnitude (202). It is possible that enhancement ofthe

antibody response induced by norepinephrine attimes of
addition after day 0 may be mediated via another ache-

noceptor type. The enhancement produced by activation

of the beta-2 adrenoceptor by terbutaline appears to
occur only within the first 24 h of agonist addition to

cells immunized on day 0. Addition of terbutaline 24h

after immunization produces no enhancement of the

antibody response (203). These studies are congruent
with Strom and Carpenter’s preliminary work (227),

suggesting a decrease in beta adrenoceptor binding sites

after immunization.

The role of drug metabolism appears to be minimal in

the norepinephrine- orterbutaline-induced expression of

a maximally enhanced antibody response when added at
the time of immunization. Since catechol-O-methyl

transferase (COMT) is present in spleen cells (10, 11),
the rate of degradation of adrenergic agents must be
considered. For example, terbutaline is not a catechol

and is not acted on by COMT (183), and thus may remain
in culture for a considerable length of time relative to

norepinephrine. Antagonist pulse-chase experiments

suggest that any metabolism ofnorepinephrine occurring

early in the culture period is not sufficient to prevent the
necessary receptor interactions from occurring to pro-

duce a similar enhancement to that seen with the more
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stable terbutaline (203). In addition, the similarity be-
tween the time required for norepinephrine and terbu-

taline to attain a maximally enhanced PFC response
(203) lends further support that norepinephrine mediates

its enhancing effect via beta-2 adrenoceptor activation.

Antagonist pulse-chase experiments have also deter-
mined the minimal length of adrenoceptor exposure time
required to produce a maximally enhanced antibody re-

sponse measured a number of days after initial drug
exposure (203). These results show that the enhancing

effect measured 5days after addition of norepinephrine
or terbutaline was produced after at least 5 to 6 h of

agonist exposure before addition of antagonists. The

magnitude of the enhancement was found to increase

over the first 5 to 6 h until a maximal enhancement was
obtained.

Taken collectively, the time of addition and antagonist

pulse-chase studies suggest that beta adrenoceptor-me-
diated events responsible for inducing the enhancement
occur early in the antibody response. In addition, beta

adrenoceptors may actually be down-regulating orbe-

coming desensitized during the immune response itself,
since addition of beta agonists at times from 24 to 72 h

after immunization produced no change from the control

level of response (203). This may be a homeostatic mech-

anism by which the immune response itself regulates its

own magnitude via modulation ofadrenoceptor number,
affinity, or coupling mechanisms.

There are a number of possible explanations for the
kinetic profile seen after agonist exposure. First, the

spleen cell suspension used in these studies is a hetero-
geneous population of cells consisting of different cell

types in different phases of the cell cycle. It is possible
that adrenoceptor number and/or affinity may increase

after antigen presentation orwhen the responding cell is
in a certain phase of the cell cycle. Second, cell-cell

interaction is necessary for initiation of a number of

events leading to antibody formation (52, i57, i58). Such

cell interactions may be required before the receptor-
ligand interaction can mediate an effect. Since spleen

cells are initially in suspension upon antigen and agonist
exposure, they may require time to establish the neces-

sary cell-cell contacts required to allow for maximal beta

adrenoceptor-induced enhancement. For example, Ia
expression on the macrophage iscritical for recognition
of antigen on the macrophage surface by the T-helper

cell (i97). Thus, it is possible that initial contact between
the macrophage and the T-helper cell may allow for beta
adrenoceptor-induced enhancement ofIa expression on

the macrophage and thus allow for enhanced recognition

of antigen by T-helper cells. Third, the receptor-ligand

interaction may trigger the production and/or release of

soluble factors necessary for enhancement ofthe acti-
vation, proliferation, and/or differentiation ofcells pro-

ducing antibody. The amount of soluble factor produced
and/or released may be related to the length of time

allowed for the receptor-ligand interaction and subse-
quently to the magnitude ofthe enhancement produced.

For example, macrophage release of IL-i and T cell
release of IL-2 occur after interaction ofthe macrophage
with the T-helper cell (152). This interaction may also

allow for beta adrenoceptor expression on one, or both,

of these cells. The resulting adrenoceptors may mediate,
upon activation, an enhancement ofIL-i or IL-2 release.

Preliminary results suggest that beta adrenoceptor

activation induces production ofa supernatant possess-
ing enhancing activity (140, 204). The enhancing activity
is beta-2 adrenoceptor induced in a time-dependent man-
ner, and its production is blocked by propranolol.

Whether this enhancing supernatant contains a pres-
ently characterized soluble factor being produced by im-

munocompetent cells in an increased quantity, or a new

as yet uncharacterized soluble product, is unknown at
present. Biochemical characterization, coupled with the

antibody assay to analyze functionality, will allow future

characterization of the soluble product present in the

supernatants from agonist-exposed spleen cells.

Adrenoceptor-induced responses involving other im-
mune parameters, which relate to the final T-dependent

antibody response, have also been reported. Since the
bone marrow is the site from which all immunocompe-

tent cells originate, and since this organ had been shown
to be innervated (42, 243), it is important to know if the
stem cells from this organ could be modulated by adre-

nergic agonists. Byron (40, 41) showed that bone marrow

stem cells became sensitive to the cytocidal actions of

[3Hjthymidine following exposure to isoproterenol, and

that this effect could be blocked with propranolol. He
suggested that this effect was beta-i adrenoceptor me-

diated, since initiation of DNA synthesis in these stem

cells required much higher concentrations ofbeta-2 se-
lective agonists to produce effects equivalent to those

obtained with isoproterenol. The major conclusion from

these studies was that beta adrenoceptor activation was

sufficient to trigger resting hematopoietic stem cells into

cell cycle, i.e., G0 to S phase.

Enhancement ofthe expression offetal thymocyte cell

surface antigens, such as Thy-i and TL antigens, was

shown to occur following exposure to isoproterenol (220).
Blockade of the isoproterenol-induced expression of
these markers was achieved with propranolol. This en-
hancement of Thy-i marker expression was later con-

firmed in experiments using murine spleen cells and
extended to show that isoproterenol enhanced B cell

complement receptor number (an early B cell marker),
while it suppressed B cell PC number (a late B cell

marker) (207).

The latter findings are noteworthy since complement
receptors may play a role in the cellular events leading

to antibody production. An increase in B cell complement

receptors following activation by isoproterenol, or by

epinephrine in the presence of phentolamine, was also
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seen by Ito and coworkers (hO). In contrast to these

results, no inhibition of complement receptor number
was measured following exposure of spleen cells to nor-

epinephrine or epinephrine in the presence of propran-

olol. These authors suggested that catecholamines influ-

ence complement receptor expression on B cells via beta

adrenoceptor activation and thus exert a control on
antibody production via modulation of complement re-

ceptors.

Lymphocyte responsiveness to the T cell mitogen,
concanavalin A,and to the B cell mitogen, lipopolysac-

charide, was found to be suppressed following exposure

of mouse spleen cells to beta-2 selective agonists, nor-
epinephrine, or epinephrine (ii7). Propranolol alone

caused a suppression ofthese responses and was not used

for blockade experiments. These authors suggested that

their results indicated that the B cell response was more

sensitive to the suppressive effects of norepinephrine
and epinephrine than the T cell response. This suggested
that the two cell types may possess different densities of

these receptors or that beta adrenoceptors onthese cells
had different sensitivities for increasing cAMP levels.

The role of alpha adrenoceptor activation in modula-

tion of the antibody response is less characterized. As

described previously, Hadden (95) suggested that alpha

adrenoceptor activation was responsible for the en-
hanced uptake of tritiated thymidine inphytohemagglu-

tinin (PHA)-stimulated human lymphocytes exposed to

norepinephrine. Besedovsky and coworkers suggested
that norepinephrine exerted a suppressive effect on the

antibody response via an alpha-2 adrenoceptor mecha-

nism (2i). Besedovsky also reported that the alpha-i
adrenoceptor agonist, methoxamine, mediated asuppres-
sion of the in vivo antibody response (23). Neither of the
last two agonist-induced responses was reported to be

blocked with an alpha selective antagonist.

Recent results provide evidence that enhancement of

the antibody response measured i day prior to the peak

control response in cultures exposed to norepinephrine
in the presence of propranolol (202) is alpha-i adreno-

ceptor mediated (205). Methoxamine isan agonist rela-

tively selective for alpha-i adrenoceptors (37). Exposure

of immunized spleen cells to methoxamine produced an

enhancement similar to that seen with norepinephrine
in the presence ofpropranolol when assayed 1day prior

to the peak control response. The relative order of activ-
ity of agonists for this day 4 enhancement was methox-
amine> epinephrine> norepinephrine = phenylephrine

= clonidine. Alpha-i adrenoceptor activation also pro-

duced a similar response to that produced by norepi-

nephrine inthe presence ofpropranolol ondays 5,6, and

7 where a return to control antibody response was meas-

ured (205). The nonselective alpha antagonist, phentol-
amine, was able to antagonize this day 4 enhancement

induced by methoxamine. This is the first characteriza-
tion of the alpha adrenoceptor subtype responsible for

the enhancement occurring 1 day prior to the peak
control response.

These results are in contrast to a reported decrease in
the in vivo primary antibody response after exposure of

rats to methoxamine just before sheep erythrocyte im-
munization (23). This apparent contradiction between

in vivo and in vitro results in response to an adrenergic
agonist must be considered. As described previously, the
in vitro-generated response is devoid of a number of in

vivo influences which can be precipitated by sympatho-
mimetic amines. These influences may indirectly impact

on the in vivo immune response itself and consequently
modulate the magnitude ofthe antibody response.

The alpha-i (205) and beta-2 (202, 203) adrenoceptor-
induced enhancements of the antibody response, al-

though occurring on different days, may possibly provide

an interesting area of mechanistic investigation. There
are examples of systems where alpha-i and beta ache-

noceptor activation produce similar physiological re-
sponses, albeit via different cellular mechanisms (190).

Clonidine is an agonist relatively selective for alpha-2
adrenoceptors (66) with some antagonist activity at al-

pha-i adrenoceptors (141). It has been reported previ-
ously that clonidine produces aconcentration-dependent

suppression ofthe in vitro murine PFC response on the

peak day of control response (21). Recent results (205)
confirm the above observation and, in addition, show

that the suppressed response can be blocked by phentol-

amine. The relative order of activity of agonists for the

day 5-induced suppression was clonidine = phenyleph-

rine > methoxamine > epinephrine > norepinephrine.

Preliminary antagonist pulse-chase studies (206) mdi-
cate that clonidine may inhibit the antibody response
within the first 6 h after antigen exposure, and that
addition of clonidine between 24 and 72 h after antigen

produces no change from a control antibody response.
Again, this observation suggests down-modulation of

receptor number and/or affinity after antigen and/or

agonist exposure.

Since alpha-2 adrenoceptor activation induces a sup-
pressed antibody response (205) on the same day that

beta-2 adrenoceptor activation induces an enhanced re-
sponse (202, 203), it is not unreasonable to postulate

that the intracellular mechanisms through which these
adrenoceptors act may explain the observed results.
While beta-2 adrenoceptor activation causes an enhance-

ment of adenylate cyclase activity, alpha-2 adrenoceptor
activation causes an inhibition of adenylate cyclase ac-

tivity in a variety of cell types. This information, coupled
with evidence to be presented later in this review showing

that changes in cAMP levels can modulate the in vitro

antibody response, suggests that preferential activation
of these different adrenoceptor types may alter the an-
tibody response positively or negatively.

A number of endogenous and therapeutic substances
are capable of elevating cAMP levels, e.g., catechol-
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amines, prostaglandins, and theophylline, and may cause

an undesirable enhancement ofthe antibody response if

present at early times after immunization. Itis possible
that alpha-2 adrenoceptor activation may provide an

endogenous, as well as a therapeutic, means of reversing

the imposed increase in cAMP levels and subsequent
antibody enhancement.

E. Immune Responses to Cyclic Nucleotides

Beta adrenoceptor activation isthought to mediate its
physiological response via an enhancement ofadenylate

cyclase activity, with subsequent enhancement ofintra-
cellular levels of cAMP (189). This molecule is thought

to represent the second messenger responsible for induc-
ing a number of cellular responses. As data accumulated
suggesting that beta adrenoceptor activation modulated

immune responses, researchers began to investigate the

effects produced by the cyclic nucleotide itself. Another
area of investigation was to measure the levels of cAMP
within immune cells at various times following adreno-
ceptor activation or cell surface modulation by mitogens
or antigens. For clarity, the literature in this area will be
limited to that involving the antibody response and will

be presented in a chronological sequence.
Epinephrine was the first adrenergic neurotransmitter

shown to cause an elevation of cAMP levels in murine

immunocompetent cells (i36). This elevation in cAMP

induced by epinephrine occurred within iO mm, followed

by active DNA synthesis within 30 mm, with cells enter-
ing mitosis within 2 h. The conclusion was made that
epinephrine alone acted as a mitogen, and that this
action was mediated by cAMP.

Dibutyryl cAMP (dbcAMP) isoften used to determine

the effects of cAMP on cellular responses, since this form

of the cyclic nucleotide more readily penetrates the lipid
bilayer of cells. Following in vivo or in vitro exposure to
dbcAMP, an enhancement ofthe antibody response to
sheep erythrocytes was measured (i08). The in vitro-

induced enhancement suggested that dbcAMP was ex-

erting a direct effect on immunocompetent cells involved

in the antibody response, and not on other in vivo

systems which indirectly affect antibody formation.
In an attempt to determine the cell population affected

by cAMP, and thus the cell type responsible for mediat-
ing the enhanced antibody response, adherent (macro-
phage) and nonadherent cells (T and B cells) were ex-
posed separately to dbcAMP and then reconstituted. In

these experiments, poly A:U was used to stimulate cAMP
accumulation (109). Whole cell preparations exposed to
low doses of polyadenylic acid:polyuridylic acid for short

periods of time prior to antigen exposure enhanced the

antibody response, while high doses inhibited the re-
sponse. Pretreatment ofthe nonadherent cells appeared
to mimic this enhancement, while pretreatment ofthe
adherent cells produced no change in the response from
control values. This cAMP-mediated enhancement of
the response also appeared to be a metabolism-dependent

event, since pretreatment ofthe spleen cells at 5#{176}C,as

opposed to 37#{176}C,did not allow for the enhancement.

A theory was proposed by Watson and colleagues (241)
that the ratio ofcAMP to cGMP (guanosine 3’,5’-mono-

phosphate) was important for antibody induction, and

that cAMP may be a mediator of immune paralysis or
tolerance. Experimental data were collected using spleen
cells exposed to dbcAMP for various lengths of time
prior to wash-out. These data suggested that, when

cAMP levels were elevated in the spleen cells up to 9 h

following antigen, an enhancement ofthe antibody re-
sponse was obtained. In contrast, if cAMP levels were
elevated beyond this time, a suppression ofthe response

was obtained. Watson proposed that two signals were
required by the B cell for induction of antibody produc-

tion. (a) Antigen coupled to the B cell produced a signal

which led to accumulation of cAMP which over time

became inhibitory to the cell, and (b) a T cell signal

delivered to the antigen-B cell complex signalled an
increase in the levels of cGMP which was able to overide
the cAMP-induced inhibition (242). This latter cGMP
signal was ascertained from experiments inwhich cGMP

induced an enhanced antibody response in T cell-de-

pleted spleen cultures, and in which addition of excess

primed T cells overcame the inhibition produced in cul-

tures exposed to cAMP.
In a review by Bourne and colleagues (27), a summary

of the evidence suggesting that cAMP may regulate
leukocyte function was presented. The authors outlined

a hypothesis stating that regulation of immune response

intensity was mediated by the action of cAMP which was
inhibitory. There was a discussion ofthe possibility that

amine receptors, i.e., catecholamine, histamine, dopa-
mine, and 5-hydroxytryptamine receptors, may not de-

velop on immunocompetent cellsuntil after exposure to

antigen; however, the experimental evidence for this

statement isonly found in a footnote accompanying this

article. This evidence was in contrast to the work pre-

sented by Shearer et al. (210) in which spleen cells from

unimmunized mice were passed through histamine-con-

jugated columns. The nonadherent cells were adoptively
transferred in vivo and immunized with sheep erythro-

cytes, and the antibody response was subsequently meas-
ured. The result of an enhanced antibody response sug-
gested that receptors for histamine were present on

spleen cells prior to immunization and that these recep-
tors must have been on T-suppressor cells. Subsequent
injection of the eluate from these columns into irradiated

mice reconstituted with bone marrow cells and immu-

nized with sheep erythrocytes confirmed the presence of
histamine receptors on T-suppressor cells by producing

a suppression ofthe resulting antibody response.

When spleen cells were removed from immunized mice
and treated with dbcAMP 15 mm prior to assay for

antibody-secreting cells, a suppression of the response

occurred (145). Measurement ofcAMP accumulation in
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these immunized cells following exposure to isoprotere-
nol showed a concentration-dependent accumulation of

cAMP which correlated with the concentration-depend-

ent suppression of the antibody response. These results
suggested to the authors that cAMP acted as a second

messenger to suppress the kite antibody-secreting stage

of the antibody response.
It now became evident that the timing of cAMP ex-

posure in relation to generation ofthe antibody response
was important to the final outcome of either enhance-

ment or suppression ofthe response. Atheory was soon

proposed by Parker and colleagues that lymphocytes

involved in the antibody response responded to cAMP

in different ways (176, 177, 244, 245). First, the resting
cell required some type of intracellular signal in order to

be released from its resting G0phase to the G1 phase of
the cell cycle. This critical triggering signal was thought
to be provided by an early increase in cAMP, since

mitogens (212, 213, 240) as well as sheep erythrocytes
(185, 253) had been shown to cause an early rise in cAMP
levels of murine spleen cells. In an attempt to explain
the discrepancies with data suggesting an inhibitory role

for cAMP in the immune response, Parker and colleagues
reported that different adenylate cyclases may be acti-

vated in different compartments within the cell by dif-

ferent agents. Thus, mitogens appeared to cause an ac-

cumulation ofcAMP at the membrane, while isoproter-

enol caused an accumulation ofcAMP in different areas
of the cell (176). Second, the cell in G1 phase of the cell
cycle must be triggered to proceed through the G1 phase
into S phase. If cAMP levels are raised during this phase

of the cell cycle, many cell types are inhibited from
entering S phase (i75). A soluble product produced by

immunized immunocompetent cells, termed inhibitor of

DNA synthesis, has been reported to raise cAMP levels

in recipient stimulated lymphocytes during late G1 phase

of the cell cycle (114). Late G1 phase was also shown to
be the phase during which this soluble product had
maximal effect on inhibition ofsubsequent DNA synthe-

sis.
Further evidence for the timing of in vitro dbcAMP

exposure in relation to subsequent antibody measure-
ment continued to accumulate. Enhancement ofthe an-

tibody response occurred when spleen cells were exposed
to dbcAMP early in the culture period for up to 24 h

following immunization (35, 119, 185, 231, 232, 241),
whereas supression of the antibody response occurred
when spleen cells were exposed to dbcAMP late in the

culture period, i.e., if dbcAMP remained in the cultures
from the time of immunization orwere added or removed
later than 24 h following immunization (35, 185, 231,

241).

Isoproterenol was shown to produce an optimal accu-

mulation of cAMP in mouse spleen, thymus, and lymph
node cells following only 10 mm of exposure to the

agonist (12). This accumulation was concentration de-

pendent and could be blocked by the addition of pro-
pranolol. Similar cAMP accumulations were seen in

splenic T and B cells, but lymph node B cells were found

to accumulate cAMP to a greater magnitude than T cells.
It is also interesting that thymocytes showed the greatest
increase in cAMP content, and that the resting levels of

cAMP in thymocytes were much lower than levels meas-
ured in spleen cells.

The role of cAMP in activation and proliferation of

cells stimulated by sheep erythrocytes was investigated
in vivo (185, 253). Within 2 mm following sheep eryth-
rocyte injection, cAMP levels in mouse spleen cells rose

to a level dependent on the concentration of antigen
injected. Cyclic AMP levels returned to basal levels by

20 mm and fell below basal levels at 3 to 4 days. It should

be noted that proliferation begins approximately 2days

after antigen exposure. These authors surmised that the
early and late changes in cAMP levels following antigen
exposure could explain the effects seen with drugs that
modulated these levels. Any drug increasing cAMP levels
given late in the active process of antibody formation
would reverse the effect of antigen by itself, whereas the

same drug given early in the response would enhance the
antibody response further.

Yamamoto and Webb (253) reported that cAMP

changes in spleen cells in response to antigen were de-

pendent on the presence ofT cells. The evidence for this

was (a) spleen cells from nude mice deficient in T cells
produced no change in cAMP levels following sheep

erythrocyte exposure, and (b) corticosteroid pretreat-
ment, which selectively enhances mature T cell number,

allowed for an even greater enhancement incAMP levels
following sheep erythrocyte exposure. Sympathetic ner-

vous system involvement in cAMP changes following

sheep erythrocyte exposure was ruled out by pretreating
mice with propranolol. This pretreatment still allowed

for the increase in cAMP levels following antigen injec-

tion.

Attempts have been made to characterize the cell

type(s) responsible for mediating the enhancing effect
produced by early exposure to dbCAMP in vitro. Teh and
Paetkau (232) postulated that dbcAMP had no direct

effect on B cells or T-helper cells, but produced an effect

on the antibody response by inhibiting macrophage and
T-suppressor cell function. Johnson et al. (119) postu-

lated that dbCAMP inhibited T-suppressor cell activity

and interferon production, while enhancing T-helper cell

activity. In contrast, Burchiel and Melmon (35) attribute

the enhancing effect of early dbCAMP exposure to an

effect on B cells and/or macrophages, although they
report that T cells were important for generation of a

complete antibody response. The latter researchers also
showed that agents which elevated cAMP enhanced the

antibody response in direct relation to their ability to
maintain elevated levels of cAMP. Recently, forskolin
activation ofadenylate cyclase activity in enriched pop-
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ulations of B cells has been found to interfere with the
progression of activated B cells into S phase of the cell

cycle (160). In another study, dbCAMP and IL-i have
been shown to stimulate antigen-specific and polyclonal
antibody production from cultures containing purified B

cells (88). In the same study, it was also shown that
dbcAMP inhibited T-helper cell production of IL-2 as
well as the production of an inhibitor of BCGF activity
(88). Subtle differences exist between most of the assays
used by the above researchers, but the point is clear that
the latter studies have attempted to use purified cell
populations to address the complex question involving
the role of cAMP in functional modulation ofthe activity

of the individual cells involved in the complex process of
antibody formation.

If cAMP is involved in the activation process leading
to an enhanced antibody resonse, phosphorylation of
cellular proteins must be demonstrated (93). Attempts
to isolate cAMP-dependent protein kinases and phos-
phorylated proteins have been made. Parker and col-
leagues (47) have shown cAMP-dependent protein kinase
activity in both cytoplasmic and plasma membrane frac-

tions of lymphocytes, and they have isolated phospho-

rylated proteins from these two cellular fractions. Ortez
(174) has also measured cAMP-dependent protein kinase

activity in resting murine spleen cells and determined
that B cells had 6 to 10 times less activity than T cells.

The role of cGMP in the antibody response is very
controversial and therefore will not be discussed at length
in this review. The reader is referred to the reviews of
Wedner (245), Parker (177), and Hadden (97) on the
differing viewpoints regarding the involvement of this
cyclic nucleotide in immune responses.

V. Evidence for an Interchange ofInformation
between the Immune and Nervous Systems

If neurotransmitters affect the magnitude of immune
responses, a communication between the activated im-
mune process and the central nervous system must be
ascertained. Recent findings suggest that such a com-

munication exists, and that the end result of this corn-
munication may result in modulation ofneurotransrnit-
ter levels in the vicinity of an ongoing immune process
in order to modulate the magnitude and duration of the

response.

Preceding references in this review have strongly sug-
gested that sympathetic neurotransmitters can affect the

magnitude of the antibody response both in vivo and in
vitro. The afferent limb of this response, i.e., communi-

cation between the immune response and the central
nervous system, is currently being investigated. Besedov-
sky and his colleagues have been in the forefront of this
research. This research group injected rats with sheep
erythrocytes and measured an increase in serum corti-
costerone levels during the peak of the antibody response
and a drop in thyroxine levels just prior to and during
the peak antibody response (18,20).This suggested that

the immune response itself affected hormonal levels
measured in the blood. Stronger evidence suggesting an

afferent pathway between the activated immune system
and the central nervous system was found when sheep

erythrocyte-immunized rats showed an increase in the
firing rate of neurons in the hypothalamus ascompared
to saline-injected rats (19). An afferent pathway was

further substantiated byinjection of supernatants from
concanavalin A-treated rat or human spleen cells into
rats, with a subsequent increase in corticosterone levels
within 30 mm (22). In 1983, it was reported that the

injection of sheep erythrocytes or supernatants from
concanavalin A-treated spleen cells into rats produced a
decrease in the norepinephrine content of the hypothal-

amus and brainstem, as measured by a decrease in the
turnover rate of this neurotransmitter (24).

Additional evidence comes from animal studies in
which lesions of selected brain nuclei cause a decrease in
spleen and thymus cell number, as well as a decrease in
the responsiveness ofspleen cells from these animals to
concanavalin A(32). In addition, lesions of the anterior
hypothalamus have been shown to suppress the cytotoxic
activity of natural killer cells (57), and lesions of selected
areas of the brainstem have altered various immune

responses (139). Also, a number of studies have utilized
behaviorally conditioned modulation of immune re-
sponses to demonstrate alink between the central ner-
vous and immune systems (3, 28).

VI. Conclusions

The immune process has generally been considered to
be a self-regulating process controlled by a number of
the mechanisms described earlier in the immunology
section of this review. However, the pharmacological
studies outlined in this review provide evidence that an

additional mechanism for immune regulation exists,
namely modulation by the sympathetic nervous system.

The research in this area has only begun to answer the
many questions which must be addressed for a complete

understanding ofthis mechanism of antibody modula-
tion. Concurrently, the second messengers mediating the
effects of a number of the soluble immune factors are
being researched. It is most likely that adrenoceptor
activation at specific times during the immune response
will modulate the magnitude of such factor-induced ef-
fects via modulation of the level of intensity of such
second messengers ascAMP, cGMP, and calcium. Future

research will need to identify not only the number and
affinity of the subtypes ofadrenoceptors oneach individ-

ual cell involved in this complex response, but also the
cellular functions induced or suppressed upon selective
adrenoceptor activation. This latter area of research will
become increasingly important, since these adrenocep-
tors are most likely being up- and down-modulated dur-
ing the many different stages of activation of these cells.
These types of research will better be accomplished in
the future by the use of individual cell types, such as
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macrophages and antigen-specific Tand B cells, by the

development ofmore selective adrenoceptor agonists and
antagonists, and by the use of purified, as well as recom-
binant, cytokines.
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