CHAPTER SEVENTEEN

FROM HOMEOSTASIS TO ALLODYNAMIC REGULATION

GARY G. BERNTSON & JOHN T. CACIOPPO

Introduction

Since the seminal work of Walter Cannon, the concept of
homeostasis has been a major force in the historical de-
velopment of views of autonomic regulation and control.
The homeostatic construct also importantly shaped many
twentieth-century psychological concepts and theories, in-
cluding models of reinforcement, motivation, perception,
personality, and psychosomatic disorders (Cofer & App-
ley 1964). The homeostatic construct has been particularly
salient in psychophysiology and behavioral medicine be-
cause of the putative role of homeostatic processes in the
regulation of autonomic and neuroendocrine systems. The
present chapter will explore the current status of the home-
ostatic model as well as the emergence of modern concepts
of allostasis and allodvnamic regulation.

A second aim of the chapter is to consider the underlying
neural systems and mechanisms chat give rise to autonomic
regulation and hence psychophvsiological relationships. A
complication in drawing clear psychophysiological relations
is that these associations cut across systems and processes
that are represented ar distinct levels of conceptualization
and analysis. One goal of multilevel integrative analyses is
to bring the concepts, processes. and terms of the two levels
of analysis into registration and so permit a more accurate
appreciation of the underlying links and organizations (Ca-
cioppo & Berntson 1992a.bj. For example, the construct
of fear has a long heuristic tradition in psychology, but
brain systems process information and not fear per se. The
latter represents a constellation of outputs of brain pro-
cesses. Rapprochement between psychological and physi-
ological constructs and theories will likely require refine-
ments in conceptualization and quantification within both
the physiological and psychological domains. Although an
integrarive analysis across psychological and physiological
levels is still very much a work in progress, psychophysiol-

ogy resides at a critical intersection to pursue this ultimate
integration. In considering the psychophysiology of the au-
tonomic nervous system, the present chapter will identify
some aspects of a broad framework that may contribute to
the emergence of a true neuropsychophysiology.

HOMEOSTASIS AND HOMEODYNAMIC
REGULATION

Origins of the Homeostatic Concept

The notion of natural balancing or equilibrium-seeking
tendencies may be traced back as early as Hippocrates
(Cofer & Appley 1964). The term “homeostasis” and
the contemporary negative feedback model of homeostatic
regulation have a more recent history. Claude Bernard
(1878/1974) reflected on the relative constancy of the inter-
nal environment (milieu intérieur) of living creatures. This
constancy was seen to reflect an organism’s ability to sta-
bilize the cellular environment despite powerful entropic
forces that threaten to disrupt the biological order essen-
tial for life. Mechanisms underlying this constancy permit
warm-blooded creatures to live what Bernard termed a
“free and independent life” (Bernard 1878/1974, p. 89).
Cannon (1929, 1939) extended this perspective, coining the
term homeostasis to refer to the processes by which the
“constancy of the fluid martrix” is maintained. Cannon
wrote as follows:

Ordinarily, the variations from the mean position do not
reach the dangerous extremes which impair the functions of
the cells or threaten the existence of the organism. Before
those extremes are reached, agencies are automatically called
into service which act to bring back toward the mean position
the state which has been disturbed. (1939, p. 39)

This statement captures the important concepts of
homeostatic regulation of visceral systems and adaprive
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regulation of dimensions (such as blood pressure) that
serve to maintain the necessary internal states required
for survival. The concept of homeostasis was so central
to Cannon’s view that he tended to equate adaptive and
homeostatic adjustments, and he was prepared to discount
autonomic responses that deviated from the homeostatic
model. In so doing, however, Cannon implicitly recognized
physiological deviations from homeostatic regulation:

[homeostatic] utility is not always complete in derails, for
at times effects are produced which apparently have little or
no value for the organism.... The effects which ... are not
useful may reasonably be regarded as incidental, as lying out-
side the group of sympathico-adrenal agencies which, for the
moment, are working for homeostasis. (1939, pp. 298-9)

Cannon’s concepts significantly shaped contemporary
views of autonomic regulation and control. A related
legacy from the Cannon era is that the sympathetic and
parasympathetic branches are subject to reciprocal cen-
tral control. Given a homeostatic perspective — and the
fact that the autonomic branches generally exert opposing
actions on end organs — the concept of reciprocal con-
trol of the autonomic branches was natural. A reciprocal
pattern of autonomic control would maximize autonomic
resources in the maintenance of a homeostatic set point.
The concepts of homeostasis and reciprocal control figured
prominently in the development of modern perspectives
of autonomic function. These concepts were echoed in
Fulton’s influential textbook of physiology, which asserts
that “The autonomic nerves ... are the regulators con-
cerned with emergency mechanisms, with repair, and with
preservation of the constancy of the internal environment”
(Fulton 1949, p. 222) and that “In the reflex regulation
of the heart rate, the sympathetic and parasympathetic
nervous systems are reciprocally linked in their central rep-
resentations” (p. 668).

Cannon’s notions of homeostatic regulation and recipro-
cal autonomic control continue to be espoused in contem-
porary textbooks, such as the influential volume Principles
of Neural Science (Kandel, Schwartz, & Jessell 1991). It is
asserted that “sympathetic and parasympathetic pathways
are tonically active and operate ... to maintain a steady
internal environment in the face of changing external cir-
cumstances” (p. 762) and that “most target organs are
controlled by coordinated and reciprocal sympathetic and
parasympathetic innervation.... [Tlhe reciprocal control
of ... organs by both autonomic divisions is coordinated
and necessary for normal function” (p. 770). Among the
prototypic homeostatic mechanisms are the baroreceptor
reflexes, whereby perturbations in blood pressure initiate
powerful reflexive adjustments in vascular tone and cardiac
output that tend to oppose this perturbation (Spyer 1990).

The concept of homeostasis has also played an im-
portant role in psychophysiological theory. Homeostatic
compensatory adjustments were viewed by Lacey as an
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important contributor to observed parterns of psychophys-
iological response:

the recorded autonomic response is a function both of the
induced magnitude of autonomic activation (as it would be
scen in the absence of contrary changes) and of the prompt-
ness and vigor of secondarily induced autonomic changes that
serve to restrain and limit the effects of the initial distur-
bance.... Let us be bold about it. This corollary should be
made part of the implicit background of every psychophysio-
logical investigation; no conclusions should be drawn in such
investigations without explicitly taking the corollary into ac-
count. (Lacey 1956, pp. 127-8)

For Lacey, it was this secondary homeostatic damp-
ening that underlies (in parr) the “law of initial values,”
by virtue of the limits or constraints that homeostatic
adjustments impose on autonomic responses. Obrist (1981)
saw homeostatic processes as contributing more directly
to the primary psychophysiological response. In his con-
struct of cardiac-somatic coupling, for example, Obrist
(1981) viewed heart rate responses in behavioral contexts as
reflecting, at least in part, homeostatic adjustments asso-
ciated with increased metabolic demands.

Some Mechanisms of Homeostasis

A number of processes contribute to the relative con-
stancy of internal states. These include peripheral pro-
cesses such as buffering systems of the blood that oppose
perturbations in plasma pH and the inherent elasticity
of the vasculature that tends to minimize pressor varia-
tions due to changes in blood volume. These mechanisms
are included in the general class of peripheral autoregula-
tory processes that contribute to stability in physiological
dimensions (Guyton 1991; see also Dworkin 1993). An ad-
ditional example is the role of the kidney in blood pressure
regulation. Increases in blood volume and associated blood
pressure promote increased renal glomerular filcration and
diuresis, leading to a compensatory decrease in vascular
volume (Guyton 1991). A wide variety of such periph-
eral physiological or hormonal mechanisms contribute to
homeostatic regulation through autoregulatory processes
that are independent of central reflexive control.

In addition to peripheral autoregulatory processes, Can-
non emphasized the role of central reflexive mechanisms in
the defense of the steady state. It is this set of mechanisms
that has generally been of greatest interest in psychophys-
iology. An important aspect of the homeostatic model
is that, by means of visceral feedback, reflexive nerworks
achieve sensitivity to the functional state of a regulated di-
mension and then issue compensatory responses to restore
detected imbalances. Like the thermostatic control of room
temperature, homeostatic reflexes may operarte as feedback
controlled servomechanisms, continually adjusting auto-
nomic outflow to compensate for perturbations in the
regulated dimension. This is the classic “feedback control”
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TABLE 1. Regulatory Parameters

1. Set Point

2. Operating Characteristics

reflex).

blood pressure).

recovery time, frequency response, and phase lag.

The set point is the functional status that is actively regulated, and physiologically defended, by compensatory responses to
perturbations. In the absence of overriding perturbations, it can be indexed by the central tendency of the regulated dimension.

(a) Dynamic Range. The dynamic range characterizes the limits of a compensatory process. It represents the regulatory capacity
of the system and is generally expressed as the difference berween the maximal and minimal asymptotes of the response (e.g.,
the maximal and minimal heart rates seen to perturbations of blood pressure associated with the baroreceptor-heart rate

(b) Sensitivity (Threshold and Gain). Sensitivity represents (i) the threshold of perturbation in the regulated dimension that is
just capable of initiating compensarory responses and (ii) the magnitude or compensatory capacity of the initiated response.
This is often represented as the slope of the response function (e.g., the compensatory change in heart rate to a unit change in

(c) Linearity. This refers to the shape of the activation (response) function across the dynamic range of control. Deviations
from linearity represent variations in sensitivity along the response function for a given increment in the relevant stimulus
(deviation from regularory level). Response functions in physiological systems are often sigmoidal, but in many cases they
may be approximated by a linear function within the typical operating ranges.

(d) Temporal Dynamics. Temporal (dynamic) aspects of the control system, including dimensions such as latency, time course,

(e} Stability. The stability of a process is its reliability or reproducibility, for a given set of conditions. Variations may be random
(noise), or systematic (e.g., hysteresis resulting from baroreceptor adaptation, so that the heart rate for a given blood
pressure may differ for an increasing pressor ramp than for a decreasing ramp).

model of homeostasis. There are additional complexities in
regulating internal states, but before considering these we
consider a typical feedback controlled homeostatic system.

A Typical Homeostatic Mechanism: The
Baroreceptor-Heart Rate Reflex

As outlined in Table 1, typical feedback controlled
homeostatic systems can be specified by a regulatory level
or set point that represents the central tendency of the
regulatory system. It is a deviation from this regulated
level that constitutes the critical feedback control signal
and activates the compensatory response. In addition to
the regulatory level, a number of operating characteristics
serve to define the features, capabilities, and dynamics of
the compensatory processes (see Cacioppo et al. 1992b).

These features and operating characteristics are illus-
trated in panel A of Figure 1, which depicts the home-
ostatic baroreceptor—cardiac reflex. As depicted in the
figure, an increase in blood pressure (and associated in-
creases in baroreceptor activity) triggers an increase in
heart period {(decrease in heart rate). This is atcributable
to a reflexive withdrawal of. cardiac sympathetic tone and
a reciprocal increase in vagal control of the heart, which
(in the aggregate) decrease heart rate and cardiac output.
This, together with the withdrawal of sympathetic tone
to the vasculature, tends to oppose the pressor perturba-
tion. Homeostatic regulation is rarely perfect, however ~
a fact well recognized by Cannon. The dynamic range
of baroreceptor reflexes limits the ultimate capacity of
homeostatic processes to compensate for large perturba-
tions in blood pressure. Moreover, the sensitivity of the

baroreceptor-heart rate retlex (slope of the blood pressure/
heart rate relationship) may be insufficient to fully com-
pensate for perturbations. The latency and persistence of
reflex responses may result in transient lags and overshoots
in compensatory processes. Noise and hysteresis (related,
e.g., to baroreceptor adaptation) may affect the stability
and reproducibility of the compensatory response. Some
examples of variations in these parameters and their func-
tional consequences on the regulated dimension of blood
pressure are illustrated in panels B~D of Figure 1.

BEYOND HOMEOSTASIS: HOMEODYNAMIC
REGULATION

Based on the work of Pavlov, Cannon recognized that
learned autonomic adjustments could be made in anticipa-
tion of, and thus prior to, a visceral perturbation (Cannon
1928). Such anticipatory responses can not be viewed as
mere reflexive adjustments to a physiological perturbation.
More recently, Dworkin (1993) re-emphasized the potential
importance of learning mechanisms in homeostartic reg-
ulation (see also Chapter 18 of this volume). Dworkin
proposed that by appropriately calibrated conditioned re-
sponses, learned autonomic adjustments may minimize
or preclude homeostatic disturbances from otherwise per-
turbing stimuli. Dworkin outlined a sophisticated control
theory framework for homeostatic regulation, incorpo-
rating anticipatory feedforward components. This model
offers an important advance over traditional feedback con-
trolled models of homeostatic regulation. Although not
incompatible with the homeostatic concept, the existence
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B. Change in Set Point
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Figure 1. Panel A. Baroreceptor—cardiac reflex function in humans.
The solid line illustrates changes in heart period with variations in
mean arterial pressure. The solid dot depicts the resting blood pressure
set point, the slope of the line represents the sensitivity of the reflex,
and the distance from the minima to the maxima is the dynamic range.
Note that increases in blood pressure yield an increase in parasympa-
thetic activation and a reciprocal decrease in sympathetic activity. The
dashed lines illustrate the separate sympathetic and parasympathetic
contributions during selective blockades of the other branch. (Data
derived from Robinson et al. 1966; see also Berntson et al. 1993.) Pan-
els B-D. Schematized reflex functions (solid lines) and consequences
(dashed lines) of selective changes in set point (B), sensitivity (C), and
dynamic range (D).

of anticipatory controls highlights an important limitation
of simple feedback models of homeostatic regulation. In
terms of the operating characteristics of Table 1, anticipa-
tory responses would reflect an alteration of the temporal
dynamics of the regulatory process.

Other control system operating characteristics (see Ta-
ble 1) may also be subject to modulation by higher central
processes. The notable physiologist Philip Bard (1960)
commented on the concurrent increase in blood pres-
sure and heart rate observed during stress, in opposition
to the homeostatic baroreceptor-heart rate reflex. Bard
speculated that higher brain systems may be capable of
modulating lower homeostatic reflexes. It is now clear

that stressors — even those as mild as mental arithmetic -
can reduce the sensitivity or otherwise alter the operating
characteristics of the baroreceptor-heart rate reflex (Ditto
& France 1990; Lawler et al. 1991; Stephenson, Smith, &
Scher 1981; Steptoe & Sawada 1989). An alteration in sen-
sitivity of baroreflexes, for example, would impact on the
capacity of these reflexes to compensate for a perturbation
in blood pressure and hence could lead to secondary re-
striction in the dynamic range of compensatory responses
(see Figure 1). Moreover, dynamic changes in baroreflex
function may occur spontaneously, reflecting circadian or
other rhythms in homeostatic regulation (Janssen et al.
1992). Additional complexities in homeostatic control re-
flect that reflexive systems can interact in complex ways
with peripheral autoregulatory mechanisms. Sympathetic
activity, for example, can alter vascular elasticity and thus
affect peripheral autoregulation. Similarly, autoregulatory
processes contribute to functional states of the periphery
and thus influence visceral feedback and set a background
level upon which reflexive adjustments must operate.

In contrast to the relative inflexibility implied by the
term homeostasis, the considerations previously outlined
suggest that visceral control may be more appropriately
viewed as reflecting a pattern of homeodynamic regula-
tion, in which operating characteristics may be subject to
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TABLE 2. Conceptual Models of Autonomic Regulation

Operating Characteristics

Set Point Fixed Variable
Fixed Homeostasis Homeodynamic regulation
Variable Allostasis Allodvnamic regulation

modification in the face of changing circumstances (see
Table 2).

Summary. The findings just outlined suggest that the
simple feedback control, set-point model of visceral reg-
ulation may not represent adequately the complexity of
visceral control. Moreover, the emphasis on static levels
and the fixity implied by the term “homeostasis” does not
capture appropriately the variability and dynamic features
of visceral control systems. A more appropriate construct
is that of homeodynamic regulation, which recognizes that
regulatory processes do not reflect simple, rigid, negative
feedback mechanisms. Rather, regulatory mechanisms are
multiple and complex, with lags, limits, and feed-forward
components, and may evidence variations in operating
characteristics that may themselves be subject to active
control. The concept of homeodynamic regulation does
imply a regulatory level, but it recognizes that variations
around this level may be rather broad and reflective of the
operations of multiple dynamic influences. This represents
an important conceptual advance over the rigidity and fix-
ity implied by the term homeostasis.

Despite Cannon’s tendency to equate constancy with
adaptiveness, constancy is not invariably adaptive. More-
over, deviations from a fixed level do not always represent
perturbations; they may retlect active alterations in set-
point levels.

HETEROSTASIS, ALLOSTASIS, AND
ALLODYNAMIC REGULATION

Heterostasis

Although variations in operating characteristics can al-
ter the efficiency, capacity, and time course of regulatory
processes, as long as the gegulatory set point remained
relatively constant these processes could be subsumed un-
der the construct of homeodynamic regulation. Based on
studies of the stress response, however, Selye (1973) sug-
gested that regulatory levels or set points are not rigidly
fixed but may be actively altered in the face of exogenous
challenges or pathogens. For Selye, homeostatic processes
may continue to operate at the basic regulatory level, be-
ing sensitive to internal physiological stimuli that signal
deviations from a regulated set point. On the other hand,
Selye argued that exogenous stimuli could reset regulatory
levels, either directly or via a humoral route, to facilitate
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resistance or adaptation to the exogenous stressor. Such
set-point readjustments could not properly be considered
under the rubric of homeostatic or homeodynamic regula-
tion, as they represent active alterations of the regulatory
level. In contrast to homeostasis, Selve applied the term
“heterostasis” to this class of regulatory adjustment (from
the Greek heteros meaning “other” and stasis meaning
“fixity” or “lack of movement”).

An illustration of heterostatic regulation is the alter-
ation in body temperature set point associated with a
fever. The increase in body temperature during illness
does not represent a mere limitation of thermoregulatory
processes or a regulatory failure. Rather, the increased
temperature of a fever is actively regulated and defended,
and reductions in body temperature are met with active
compensatory thermogenic processes (e.g., shivering, meta-
bolic thermogenesis, or behavioral thermoregulation; see
Stitt 1979 and Werner 1988). The elevation in temperature
associated with a fever may be of benefit in mobilizing
energy resources to combat infections or other adaptive
challenges. Despite its potential adaptive significance, fever
is not readily subsumed within the more limited constructs
of homeostatic or homeodynamic regulation, because it re-
flects the adoption of a new regulatory set point. Selye
(1973) emphasized the role of hormones and the chemical
environment in heterostaric regulation. Alcered chemical
and hormonal conditions associated with exogenous stim-
uli were seen as contributing to resistance and adaptation
by syntoxic effects, which render tissues less sensitive to
pathogenic stimuli, and/or by catatoxic mechanisms that
assist in neutralizing or destroying pathogens. Examples of
these include the anti-inflammatory effects of adrenocor-
ticoids (syntoxic action) and immunostimulation by cyto-
kines (catatoxic action). As we examine in what follows,
modulation of regulatory mechanisms may arise also from
central processes, and brain systems likely mediate many
of the effects of the exogenous stimuli of Selye.

Allostasis

More recently, Sterling and Eyer (1988) introduced the
term allostasis (from the Greek allos, also meaning “other”)
to capture the complexities of visceral regulation. Like
Selye, these authors recognized that regulatory levels are
not fixed but may be flexibly adjusted to meet chang-
ing demands. Although allostasis entails the concept of
changing regulatory set points, the construct is consid-
erably broader than heterostasis. The allostatic concept
of Sterling and Eyer recognizes that many visceral dimen-
sions are regulated by multiple, interacting mechanisms;
these mechanisms are seen as subject to a broader range
of modulatory influences, whether derived from exoge-
nous challenges or narural endogenous processes. Sterling
and Eyer pointed out, for example, that blood pressure
is not constant throughout the day; rather, it shows sys-
tematic fluctuations associated with diurnal cycles of sleep



and waking and with specific patterns of activity during
the day. These alterations in set point are not consonant
with simple homeostatic or homeodynamic models. Nor
do they necessarily involve exogenous agents. Instead, they
are seen as reflecting the adaptive readjustment of regula-
tory levels given changing physiological demands.

There are additional imporrant features of the construct
of allostasis, as formulated by Sterling and Eyer (1988).
Allostatic regulation was conceptualized as reflecting the
operations of higher neural systems, which serve to control
and integrate a broad range of more basic “homeostatic”
reflexes. Because of this broad control over multiple lower
mechanisms, allostatic processes may achieve greater flex-
ibility in maintaining integrative regulation both within
and across visceral functions. In the regulation of a given
functional endpoint such as blood pressure, higher neu-
ral systems can modulate a range of functional dimensions
that influence this endpoint. These include heart rate, car-
diac contractility, vascular tone, and renal functions; each
of these can alter blood pressure and may be adjusted by a
combination of autonomic and neuroendocrine influences.
One implication of this integrative model is that the end-
point of regulation may not be adequately characterized
along a single dimension of visceral function, such as sym-
pathetic outflow, heart rate, or vascular tone. Moreover,
given the multiplicity and integrative nature of allostatic
control, central abnormalities that contribute to (say) hy-
pertension may not be effectively normalized by clinical
treatment of a single visceral parameter (e.g., diuretics or
beta blockers). This is because allostatic regulatory pro-
cesses are speculated to control many response parameters
in the regulation of the target visceral dimension. Con-
sequently, “treatment” of one dimension may merely lead
to a compensatory alteration in another and so maintain
the abnormal regulated state. This concept has substantive
implications for health and behavioral medicine, an issue
to which we shall return in the section entitled “Inferential
Conrext.”

Summary. The term heterostasis was proposed by Selye
to reflect the alterations in regulatory levels that may be
triggered by exogenous stimuli. The concept of allostasis
was subsequently introduced by Sterling and Eyer to repre-
sent a wider set of central integrative controls over visceral
regulation that involve endogenous and exogenous condi-
tions both. The construct of allostasis may be considered
to subsume Selye’s more limited concept of heterostasis.
The concept of allostasis is particularly significant for
psychophysiology, because rostral brain systems that un-
derlie behavioral processes are recognized to contribute
to patterns of neuroendocrine and autonomic regulation.
Consequently, the optimal approach to understanding and
alleviating stress-related psychophysiological disorders is
not the mere identification and palliation of peripheral
pathology. Rather, the origins of the dysregulation must
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be sought in central-visceral interactions. Similarly, con-
sideration of the central integrative processes that give rise
to physiological responses may help to clarify psychophys-
iological relations. We shall return to this issue in the
“Inferential Context” section.

Allodynamic Regulation

The constructs of homeostasis and homeodynamic regu-
lation both entail a relatively fixed regulatory set point, al-
though the homeodynamic concept explicitly recognizes the
dynamic features of regulatory systems and the potential
for alteration of operating che’lracteristics (see Table 2). The
notion of heterostasis and the broader concept of allostasis
similarly assume a regulatory set point, although both em-
phasize that regulatory levels may be variable rather than
fixed. It remains unclear, however, when deviations from
a fixed functional level represent an allostariclike adoption
of a new set point. We will consider (under the heading
“Physical Context”) the possibility that at least some phys-
iological changes associated with behavioral states may
reflect the active inhibition of set-point regulation ~ and
not adoption of an altered regulatory level. This is an issue
of fundamental importance for conceptions of the nature
of visceral control and for its health implications.

As we shall derail, rostral neural systems project directly
to lower autonomic motor neurons and brainstem reflex
substrates, providing the substrate by which regulatory
mechanisms may be bypassed, inhibited, or otherwise mod-
ulated. Stressors, for example, appear capable of inhibiting
the expression of the baroreceptor-heart rate reflex by alter-
ing the regulatory set-point and by decreasing the sensitiv-
ity and dynamic range of reflexive control (Ditto & France
1990; Lawler et al. 1991; Lundin, Ricksten, & Thoren 1984;
Stephenson er al. 1981; Steptoe & Sawada 1989). That is, al-
terations in cardiovascular function during stress may arise
from an active suppression of basic regulatory processes.

In view of these considerations, we introduce as a
heuristic starting point the construct of allodynamic regu-
lation (see Table 2). This construct is intended to broadly
subsume the wide range of regulatory processes represented
by the concepts of homeostasis, homeodynamic regulation,
heterostasis, and allostasis. In addition, the allodynamic
concept recognizes the potential limitations of regulatory
processes as well as the possibility thar visceral reactions
may not always be regulated about a set-point level.

Physical Context

CLASSICAL BARORECEPTOR REFLEX AND
HOMEQSTATIC REGULATION

Figure 2 presents a schematic depiction of the basic
barorecepror reflex circuit (Blessing 1997; Guvenet 1990;
Spyer 1990). As noted earlier, baroreceptors increase their
rate of firing in response to an increase in blood pressure.
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This increased baroreceptor afferent
activity is conveyed to the nucleus
of the tractus solitarius (NTS) in
the medulla, the primary visceral
receiving area in the brainstem. The
NTS issues direct and indirecr ex-
citatory projections to vagal motor
neurons in the nucleus ambiguus
and the dorsal motor nucleus of the
vagus, leading to a reflexive increase
in parasympathetic outflow. The
NTS also projects to the “depres-
sor” area of the caudal ventrolateral
medulla (Cvlm), which in turn in-
hibits sympathoexcitatory neurons
of the “pressor” area of the rostral
ventrolateral medulla (Rvim). This
leads to a decrease in activity of the
sympathetic motor neurons in the
intermediolateral cell column of the cord. By this mech-
anism, baroreceptors achieve reciprocal reflexive control
over the sympathetic and parasympathetic outflows and so
contribute to the homeostatic feedback regulation of blood
pressure.

Parasympathetic
Motor
Neurons

COMPLEXITIES IN AUTONOMIC CONTROL

This feedback controlled, homeostatic model is elegant
in its simplicity; together with the construct of a set point
or regulatory level, it might be invoked to account for the
relative stability of blood pressure over time. However, this
simple model belies the complexity of cardiovascular con-
trol. The concepr of a fixed blood pressure set point, home-
ostatically regulated by barorecepror feedback, is a fiction.
Although baroreceptor reflexes certainly serve to oppose
transient pressor or depressor perturbations, they cannot
account for the relative steady-state stability of blood pres-
sure. Like other interoceptors, baroreceptors are subject
to adaptation and thus do not reliably report steady-state
levels (Dworkin 1993; see also Chaprer 18). The long-term
stability of blood pressure can not be attributed to the
fixed set point of a simple feedback controlled homeostatic
mechanism. The tonic, steady-state level of blood pressure
is actually regulated by a variéty of factors, including pe-
ripheral (autoregulatory) proéesscs, hormonal influences,
and brainstem generators of.autonomic tone that are at
least in part independent of baroreceptor inputs (Blessing
1997; Gebber 1990; Guyenet 1990). Adding to this com-
plexity are the contributions of rostral neural systems and
anticipatory modulations of lower autonomic mechanisms.

ROSTRAL INFLUENCES

The central control of autonomic outflow is related in
part to rostral neural systems, such as the hypothalamus,

Baroreceptor ¥
Afferents o5l

Sympathetic
Motor
Neurons

Figure 2. Summary of brainstem systems underlying baroreceptor—
cardiac reflex. Baroreceptor afferents project to nucleus tractus soli-
tarius (NTS), which in rurn leads to activation of parasympathetic
motor neuroas in the nucleus ambiguus (nA) and dorsal motor nucleus
of the vagus (DMX). The NTS also activates the caudal ventrolat-
eral medulla (Cvim), which in turn inhibits the rostral ventrolateral
medulla (Rvlm), leading to a withdrawal of excitatory drive on the
sympathetic motor neurons in the intermediolateral cell column of the
cord (IML). Abbreviations: ACh, acetylcholine; CAs, catecholamines:
NE, norepinephrine; PGi, paragigantocellularis nucleus (partially co-
extensive with Rvlm).

amygdala, and cerebral cortex. As illustrated in Figure 3,
these structures project to autonomic regulatory substrates
in the brainstem, including the NTS and the ventrolat-
eral medulla, as well as to lower central autonomic motor
neurons (Buchanan et al. 1994; Cechetto & Saper 1990;
Danielsen, Magnuson, & Gray 1989; Hurley et al. 199%;
Luiten et al. 1985; Neafsey 1990; Schwaber et al. 1982;
Shih, Chan, & Chan 1995; Wallace, Magnuson, & Gray
1992). Of particular relevance for psychophysiology is the
fact that many of the rostral sources of these descend-
ing projections are limbic and forebrain areas that have
been implicated in behavioral processes. Manipulations
(i.e., stimulation or lesion) of these rostral structures have
been shown to be capable of facilitating, inhibiting, or
bypassing basic brainstem autonomic reflexes, thereby po-
tently modulating autonomic outflow in a relatively direct
fashion (Inui, Murase, & Nosaka 1994; Inui et al. 1995;
Jordan 1990; Koizumi & Kollai 1981; Lewis et al. 1989;
Neafsey 1990; Nosaka, Nakase, & Murata 1989; Oppen-
heimer & Cechetto 1990; Pascoe, Bradley, & Spyer 1989;
Spyer 1989, 1990). Stimulation of the central nucleus of the
amygdala, for example, can inhibit barosensitive neurons
in the rostral ventrolateral medulla (Gelsema, Agarwal, &
Calaresu 1989). It is likely that descending influences such
as this serve as the basis for observations that psychological
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cation in the light of contemporary
findings, and it is now apparent
that the two autonomic branches
can vary reciprocally, coactively, or
independently (Berntson, Cacioppo,
& Quigley 1991, 1993; Berntson et
al. 1994b; Koizumi & Kollai 1992).
Descending influences from rostral
neural systems are capable of mod-

*ulating the operaring characteristics

¢ of brainstem homeostatic mecha-

nisms and can generate highly flex-
ible pagterns of autonomic outflow.

Hypothalamic stimulation, for ex-

ample, can evoke each of the basic

modes of reciprocal, coactive, or in-
dependent changes in the activity of
the autonomic branches (Koizumi

& Kollai 1981; Powell et al. 1972;

Shih et al. 1995). These descend-

ing integrative influences likely serve

as important substrates for allody-

Parasympathetic
Motor
Neurons

Figure 3. Expansion of the baroreflex circuit of Figure 2, illustrat-
ing the ascending and descending pathways to and from rostral neural
areas such as the medial prefrontal cortex (mPFC), hypothalamus
{Hypo), and amygdala. Ascending systems include routes from the
rostral ventrolateral medulla (Rvlm) and the nucleus of the tractus
solitarius (NTS) to the locus coeruleus (LC) noradrenergic system,
and indirectly to the basal forebrain (BF) cortical cholinergic system.
Abbreviations: ACh, acerylcholine; CAs, catecholamines; NE, nor-
epinephrine; PGi, paragigantocellularis nucleus (partially coextensive
with Rvlm).

stressors can yield both an increase in blood pressure and
heart rate — in direct opposition to the baroreflex.
Although baroreceptor reflexes may exert a classical
pattern of reciprocal control over the autonomic branches,
rostral systems appear to be much more flexible. The
traditional concept of reciprocal central control of the
autonomic branches has undergone considerable qualifi-

F Vasculature

namic regulation of the viscera.

The findings just outlined intro-
duce considerable complexity in the
quantification and interpretation of
autonomic control. Autonomic con-
trol cannot be viewed as lying along
a single, reciprocal autonomic con-
tinuum extending from sympathetic
dominance at one end to parasym-
pathetic dominance at the other.
Rather, autonomic control of dually
innervated organs is more appro-
priately represented by a bivariate
autonomic plane consisting of or-
thogonal sympathetic and parasym-
pathetic axes. This is depicted by
the model of autonomic space in Figure 4, which shows the
chronotropic state of the heart for any given combination
of sympathetic and parasympathetic activities.

Sympathetic
Motor
Neurons

Adrenals

ASCENDING INFLUENCES

Of particular relevance for emerging neurobehavioral
models of the links between psychological processes and
autonomic control is the fact that interactions between
rostral and caudal neural svstems are bidirectional (see
Figure 3). The potential role of visceral afference in
higher-level processes has long been of interest’ to psy-
chologists vet has proven verv difficult to characterize and
quantify. Although the role of visceral afference in emo-
tion and cognition remains speculative, empirical findings
document potent influences of visceral afferent information
in central nervous system functions. Consistent with the
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Figure 4. Bivariate autonomic plane and associated chronotropic
effector surface. The plane bounded by the parasympathetic and sym-
pathetic axes represents all possible combinations of sympathetic and
parasympathetic activities (on a relative scale from 0 to 1). The effec-
tor surface overlying the autonomic plane represents the chronotropic
stare of the target organ, expressed in heart period, for all loci within
autonomic space (for derails on derivation, see Berntson et al. 1991,
1993). Parasympathetic activation exerts relatively linear effects on
heart period, whereas sympathetic activation yields somewhat nonlin-
ear effects. The dotted surface at maximal levels of parasympatheric
activation represents the ambiguity in effects at this extreme. For
illustrative purposes, the relative lengths of the axes are scaled in
proportion to relative dynamic ranges of control of the autonomic
branches, and beta represents the “intrinsic” heart period in the ab-
sence of autonomic input. The curved lines on the autonomic plane
represent isoeffector contours projected from the effector surface onto
the autonomic plane. These contour lines illustrate loci on the auto-
nomic plane that yield equivalent chronotropic effects.

baroreceptor hypothesis of Lacey (1959; Lacey et al. 1963;
see also the next section, “Psychological Context”), barore-
ceptor activation has been shown to modulate the afferent
transmission of pain signals -‘(Dworkin et al. 1994; Randich
& Gebhart 1992). Moreovet, baroreceptor and other vis-
ceral afferents may influence activity in higher brain sys-
tems more directly. Ascending projections from brainstem
autonomic substrates project directly to the amygdala and
other forebrain areas and are capable of modulating the
activity of rostral brain systems (Aston-Jones et al. 1996;
Berntson, Sarter, & Cacioppo 1998; Nakata et al. 1991;
Shih et al. 1995; Zardetto-Smith & Gray 1995).

As shown in Figure 3, barorecepror afferents terminate
in the nucleus of the tractus solitarius (NTS), the primary
visceral receiving area in the brainstem. In addition to
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participating in local reflex circuits, baroreceptor afferent
activity is relayed via the NTS to the nucleus paragigan-
tocellularis (PGi), which provides a tonic drive on sym-
pathetic motor neurons. Consequently, the PGi (which is
coextensive with the rostral ventrolateral medullary pres-
sor area) would be expected to be highly sensitive to the
state of activity in the sympathetic branch. The PGi also
projects to the locus coeruleus (LC), a structure that has
been implicated in arousal and anxiety (Aston-Jones et
al. 1996; Berntson et al. 1998); in turn, the LC issues a
rostral noradrenergic projection to the limbic system and
cerebral cortex. The activity of this noradrenergic path-
way would thus be expected to be modulated by the level
of sympathetic tone. Sympathetic activation induced by
nitroprusside-hypotension, for example, was found to be
associated with increases in LC firing, and this effect was
shown to be mediated via visceral afferents from the car-
diac atrial baroreceptors (Elam, Svensson, & Thoren 1974).

In addition to its direct projections to limbic areas, the
locus coeruleus projects to the basal forebrain, which is
the primary source of cholinergic innervation of the cortex
(for a review, see Sarter & Bruno 1997). This choliner-
gic projection appears to enhance cortical processing and
has been implicated in cognitive and attentional processes
(Sarter & Bruno 1997). Decreases in activity of the basal
forebrain—cortical cholinergic system due to atrophy of the
basal forebrain is considered to be one of the major neu-
ropathological conditions leading to the attentional and
cognitive impairments in Alzheimer’s disease (Sarter 1994).
In contrast, increased activity in this cholinergic system
has been suggested to underlie cognitive aspects of anx-
iety by virtue of the enhanced processing of anxiogenic
stimuli (Berntson et al. 1998). In this regard, the pro-
totypic anxiolytic agents — the benzodiazepine receptor
agonists such as chlordiazepoxide (Librium) and diazepam
(Valium) — may exert their antianxiety actions, at least in
part, by attenuating activity in the basal forebrain cholin-
ergic system.

Summary. In the aggregate, these findings at a neurobi-
ological level focus attention on the complex interactions
between central systems, autonomic regulation, and periph-
eral afferent signals. The convergence of visceral afference
on common rostral neural systems — together with the hi-
erarchical, integrative control these systems exert on lower
autonomic substrates — likely contributes to the broader
integration of behavioral and autonomic processes implied
by the concept of allodynamic regulation. Homeostatic
mechanisms can be highly adaptive, but there are many
conditions in which it may not be optimal to maintain a
fixed steady state. In view of the limitless adaptive chal-
lenges an organism can encounter, it is hardly surprising
that evolutionary pressures led to the development of so-
phisticated learning mechanisms that support behavioral
flexibility and adaptability in overcoming these challenges.
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It would be most surprising if these same evolutionary

pressures ignored the control of autonomic and neuroen-
docrine functions that provide the visceral support for
adaptive response.

Psychological Context

Basic homeostatic reflex mechanisms, such as barorecep-
tor reflexes, can exert tight reciprocal control over the
opposing autonomic branches. Homeostatic (metabolic)
demands associated with somatic exercise also yield re-
ciprocal effects on autonomic outflows. The initial effect
of exercise is mediated largely by parasympathetic with-
drawal, but sympathetic activation is increasingly manifest
with progressively higher levels of exertion (Robinson et al.
1966; Rowell 1986). This reciprocal pattern is also apparent
in the effects of laboratory isometric handgrip tasks, which
have been reported to yield concurrent sympathetic acti-
vation and parasympathetic withdrawal (Pollack & Obrist
1988; see also Berntson et al. 1993). For moderate levels of
effort, the initial response again appears to be vagal with-
drawal, with sympathetic activation appearing at higher
levels or over longer periods of effort (Grossman & Kollai
1993; Martin et al. 1974). These homeostatic reflexes likely
contribute to psychophysiological responses in behavioral
contexts.

THE CARDIAC-SOMATIC HYPOTHESIS:
PSYCHOPHYSIOLOGY AND METABOLIC
DEMANDS

The relationships between somatic effort, merabolic de-
mand, and autonomic regulation have led to the suggestion
that cardiovascular reactions in psychological contexts may
be attributable to metabolic factors. Based on the appar-
ent correspondence berween the direction and magnitude
of cardiac change and subtle variations in somatic re-
sponse, Obrist proposed that “the metabolically relevant
relationship or linkage between cardiac and somatic events
is also relevant to behavioral events” (Obrist et al. 1970,
p. 570).

Against this backdrop, however, was an emerging recog-
nition that (i) notable cardiac changes in psychological
contexts often have metabolically trivial consequences and
(ii) cardiac response in psychological contexts often ex-
ceeds that expected on the basis of metabolic demands
{Obrist 1981; Turner 1994). Moreover, conditioned and un-
conditioned cardiac responses can be seen in the absence
of somatic response in curarized animals (Dworkin &
Dworkin 1990) and in paralyzed human subjects (Berntson
& Boysen 1990). Cognizant of discrepancies between au-
tonomic and somatic activities, Obrist later revised the
concept of cardiac-somatic coupling. In the revised for-
mulation, Obrist (1981) argued that the fundamental link-
age between cardiac and somatic events is attributable to
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a central coupling rather than peripheral metabolic feed-
back, a view in accord with the homeodynamic model.

According to the revised cardiac-somatic concept, so-
matic paralysis could yield a dissociation between somatic
and cardiovascular reactions because peripheral paralysis
would block the skeletal response without disrupting cen-
tral cardiac—somatic coupling. Consequently, a strong test
of the cardiac-somatic hypothesis would require measures
of central somatic motor outflows rather than skeletal re-
sponses per se. Data relevant to this issue were provided
by a study of Dworkin & Dwo_x;kin (1990) in which cardio-
vascular variables and somatic nerve activities were concur-
rently recorded in a paralyzed rat preparation. Through
an array of monitoring and ‘maintenance systems, phar-
macologically paralyzed rats were maintained for up to
100 days. During this time, subjects evidenced typical
cycles of EEG (electroencephalographic) sleep and wake-
fulness and displayed characteristic EEG and autonomic
responses to environmental stimuli. The somatically para-
lyzed rats received a sequence of habituation trials to two
distinct tone CSs (condition stimuli), a sensitization regi-
men with a tail-shock UCS (unconditioned stimulus), and
then Pavlovian discriminative conditioning. Even under
complete paralysis, animals evidenced consistent discrim-
inative conditioning as evidenced by EEG desynchroniza-
tion, somatic (tibial) nerve activity, and cardiovascular
responses. Results revealed a clear dissociation of so-
matic and autonomic responses. Both the conditioned and
unconditioned central somatic responses entailed an in-
crease in tibial nerve activity. From the standpoint of the
cardiac~somatic hypothesis, this was consistent with the
tachycardia observed as a UR (unconditioned response) to
shock but was at variance with the overall bradycardic
CR (conditioned response), which was also associated
with an increase in somatic nerve activity. In addition,
trial-by-trial analyses of the laterality of the responses to
the negative CS revealed a moderate concordance — com-
patible with a central cardiac—somatic linkage — berween
tibial nerve and vasomotor responses of the homolateral
limb. In contrast, even at the local hindlimb level, con-
ditioned somatic and autonomic responses to the positive
CS displayed no such concordance, suggesting a separa-
bility of central mechanisms of somatic and autonomic
control.

Summary. Metabolic effects associated with somatic ef-
fort are known to trigger potent reciprocal autonomic
adjustments, and the possibility of this contribution must
be considered in psychophysiological studies. However,
metabolic effects in many behavioral contexts are insuffi-
cient or in the wrong direction to account for observed
cardiac responses. There is little doubr that central systems
orchestrate coordinated somatic and autonomic responses.
Yet documented exceptions to the cardiac—somatic model
support neither the concept of a universal central linkage
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between somatic and cardiac responses nor even the pri-
macy of somatic responses.

THE NEUROPSYCHOPHYSIOLOGICAL
PERSPECTIVE

Basic reciprocal homeostatic reflexes likely contribute to
the links between psychological processes and autonomic
responses. The allodynamic model and the rostral neu-
roanatomical systems shown in Figure 3, however, suggest
a greater richness in the neurobiological substrates under-
lying psychophysiological relations. An appreciation for
the neurobiology underlying psychophysiology — what we
term the neuropsychophysiological perspective — affords
the basis for a powerful multilevel analysis of the links be-
tween psychological processes and visceral functions. The
value of the neuropsychophysiological perspective lies in
the fact that psychophysiology can both inform and be in-
formed by neurobiological data, constructs, and theories.
This general perspective has led to dramatic developments
in understanding of the central mechanisms of learning,
memory, cognition, and behavior — developments that con-
tributed to a U.S. Congressional declaration of the 1990s
as the “decade of the brain.” The parallels between the
central organization and determinants of behavioral and
autonomic output have not always been fully appreciated,
however, and this has sometimes led to unrealistic expecta-
tions of simple isomorphic relations between psychological
processes and autonomic states.

Hlustrative is the pessimism expressed by Obrist (1981)
over the use of heart rate in the psychophysiological study
of behavioral processes. Commenting on the fact thart at-
tention to environmental events is often associated with
a decrease in heart rate (HR) whereas increased HR is
typically observed in active avoidance, Obrist remarked,
“both types of conditions have an obvious attentional
component. If we assume for the moment that a de-
crease in HR is indicative of the attentional factor, then
it must be overridden by some other aspect of the task
during shock avoidance. It is anything but a parsimo-
nious situation and leads to interpretive difficulties” (1981,
p- 198). But since attentional responses frequently entail
a decrease in behavioral acrivity, it may be instructive to
substitute the term “behavio_f” for “HR” in the preceding
comment. Given our understanding of the multiple deter-
minants of behavior, the imere occurrence of a decrease
in behavior cannot be taken to imply attention; nor can
an increase in behavior be interpreted as a lack of arten-
tion (see Cacioppo & Tassinary 1990). This is insufficient
reason to be disillusioned over the study of behavior or,
for that matter, heart rate. In both cases, a more pro-
ductive strategy would be to define and disentangle the
multiple determinants and processes operative in a given
context and then to clarify the underlying relationships
and mechanisms.

Rostral Descending Influences and the Modes
of Autonomic Control

Rostral neurobehavioral systems can exert relatively di-
rect and selective influences on central autonomic outflows,
and their actions may not adhere to simple principles of
homeostasis and reciprocal control. Rather, descending
systems are capable of evoking a wide range of auto-
nomic modes of control. This is illustrated by a study
of the autonomic origins of cardiac responses to ortho-
static and psychological stressors. The autonomic origins
of the cardiac responses of human subjects to ortho-
static stress (assumption of an upright posture) and to
typical psychological stressors (mental arithmetic, reaction
time, and a speech stress task) were evaluared by phar-
macological blockades that yielded quantitative estimates
of the sympathetic and parasympathetic contributions to
cardiac response (Berntson et al. 1994a; Cacioppo et al.
1994). At the group level, the orthostatic and psychological
stressors yielded an essentially equivalent pattern of heart
rate increase, characterized by sympathetic activation and
parasympathetic withdrawal. For the orthostatic stressor,
the cardiac response reflected a relatively tight reciprocal
central control of the autonomic branches, as evidenced by
the significant negative correlation between the responses
of the autonomic branches across subjects (r = —0.71).
Although the group response to psychological stressors
was similar, there were considerable individual differences
in the pattern of response, and there was no significant
correlation between responses of the autonomic branches
(r = 0.09). The individual modes of autonomic response
were highly reliable across different psychological stressors,
but subjects differed considerably in their pattern of re-
sponse. As illustrated in Figure S, some subjects showed
primarily sympathetic activation, some showed reciprocal
sympathetic activation and parasympathetic withdrawal,
and others showed primarily parasympathetic withdrawal.

Individual differences in the pattern of autonomic re-
sponse may have special relevance to psychophysiological
relations. Cardiovascular reactivity to acute laboratory
stressors has been reported to predict endocrine and im-
mune responses to stress, with high HR reactors showing
greater changes in cortisol and natural killer (NK) cell ac-
tivity (Bachen et al. 1995; Cacioppo 1994; Cacioppo et al.
1995; Herbert et al. 1994; Manuck et al. 1991; Sgoutas-
Emch et al. 1994). However, as shown in Figure 35, there
can be sizeable individual differences in the autonomic
origins of HR responses to stress, and these distinct auto-
nomic modes of control may have differential implications
for neuroendocrine and immune responses. Based on re-
cent findings, it now appears that it is the sympathetic
component of the heart rate response — rather than the
parasympathetic component or the heart rate response
per se — that is most predictive of neuroendocrine and im-
mune reactions to stress (Cacioppo 1994; Cacioppo et al.
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Figure 5. Individual patterns of response to stress depicted on the au-
tonomic plane. The intersection of the dotted lines in the center of the
graph represents the basal resting state; the arrows depict the individ-
ual response vectors along the sympathetic and parasympathetic axes,
with the peak response at the arrowheads. Vectors were derived from
independent estimates of the contributions of the autonomic branches
under selective pharmacological blockades. Note that some subjects
responded primarily with parasympathetic withdrawal, some primar-
ily with sympathetic activation, and some with reciprocal sympathetic
activation and parasympathetic withdrawal. These individual response
vectors were stable. Three stressors were used (mental arithmetic, a
reaction time task, and a speech stressor). The error bars at the tip
of each response vector illustrate the standard errors of the response
across the three tasks. Units on the axes are milliseconds of heart pe-
riod. Reprinted with permission from Berntson, Sarter, & Cacioppo,
“Anxiety and cardiovascular reactivity: The basal forebrain choliner-
gic link,” Behavioural Brain Research, vol. 94, pp. 225-48. Copyright
1998 Elsevier Science.

1995). This is in keeping with the finding that some im-
mune responses to laboratory stressors can be prevented
by selective sympathetic blockade (Bachen et al. 1995; Ben-
schop et al. 1994).

The importance of multiple modes of autonomic control
in interpreting psychophysiological relations is further illus-
trated by a study of cardiovascular conditioned responses.
Iwata and LeDoux (1988) observed equivalent cardioaccel-
eratory responses to a fear CS in both conditioned and
pseudoconditioned rats. This could lead to the erroneous
conclusion that autonomic cardiac control is not sensitive
to the learning history of the subjects, and it raises ques-
tions concerning the utility of cardiac measures in this par-
adigm. As illustrated in Figure 6, however, the application
of selective pharmacological blockades of the sympathetic
and parasympathetic branches revealed that the similar
cardioacceleratory responses of the two groups arose from
distinct modes of autonomic control. The tachycardia
of pseudoconditioned animals arose largely from selec-
tive sympathetic activation, as it was virtually eliminated
by B-adrenergic blockade and largely unaffected by vagal
blockade with atropine. In contrast, the cardioacceleratory
response of conditioned animals was enhanced by vagal
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Figure 6. Autonomic cardiac response vectors to an auditory CS for
shock in conditioned and pseudoconditioned rats, depicted on the au-
tonomic plane. Solid dot at the center represents basal resting state;
the arrows depict the responses of the autonomic branches to the CS,
with the peak response at the arrowheads. Vectors were derived from
independent estimates of the contributions of the autonomic branches
under selective pharmacological blockades. Response of pseudocon-
ditioned animals (solid arrow) reflected a pattern of sympathetic
activation, whereas conditioned animals (dashed arrow) displayed a
coactivation of both the sympathetic and parasympathetic branches.
Units on the axes are milliseconds of heart period. (Data derived from
Iwata & LeDoux 1988; see also Berntson et al. 1993.) Figure reprinted
with permission from Berntson, Sarter, & Cacioppo, “Anxiety and
cardiovascular reactivity: The basal forebrain cholinergic link,” Be-
havioural Brain Research, vol. 94, pp. 225-48. Copyright 1998 Elsevier
Science.

blockade, being significantly larger than that of pseudocon-
ditioned animals under the identical blockade condition.
This suggests that, in the unblocked state, vagal responses
may have partially opposed the cardiac manifestation of
a greater sympathetic activation in the conditioned an-
imals. Consistent with this interpretation, B-adrenergic
blockade not only eliminated the cardioacceleratory re-
sponse in the conditioned group but also unmasked a
sizeable deceleratory response of apparent vagal origin.
These findings suggest that the sympathetic response of
conditioned animals was in fact appreciably larger but that
the cardiac manifestations were dampened by coactivation
of the parasympathetic branch. The distinct modes of
autonomic control in conditioned and pseudoconditioned
animals were not apparent in the unblocked end-organ re-
sponse, but they were revealed by measures that allowed a
physiologically meaningful mapping of the modes of auto-
nomic control.

Summary. Descending projections of rostral neurobehav-
ioral systems confer a high degree of flexibiliry over parterns
of autonomic outflow and can lead to reciprocal, coac-
tive, or independent changes in the acrivities of the auto-
nomic branches. The allodynamic model incorporates the
central integrative nature of behavioral, neuroendocrine,



ALLODYNAMIC REGULATION

and visceral control, and it affords a more comprehen-
sive framework for psychophysiology than does the more
limited construct of homeostasis. The allodynamic model
also fosters a neuropsychophysiological perspective, which
recognizes that psychophysiology can both inform and be
informed by neurobiological analyses.

Ascending Influences and the Role of Visceral
Afference in Behavior

As illustrated in Figure 3, there are ample routes by
which autonomic tone and associated visceral afference
can modulate the activity of rostral neurobehavioral sub-
strates. Over a century ago, William James (1884) proposed
that the perception of visceral afferent information may
constitute an important component of emotional experi-
ence (for a more recent consideration of this issue, see
Cacioppo, Berntson, & Klein 1992a). In addition to its
potential contribution to emotional experience, a role for
visceral afference in cognitive processes was suggested by
work of Sokolov (1963) and the Laceys (Lacey 1959; Lacey
et al. 1963). The orienting response (OR) and the defen-
sive response (DR) were formulated by Sokolov (1963) as
biobehavioral phenomena that subserved perception and
learning by amplifying or reducing the effects of stimula-
tion. The generalized autonomic components of the OR
and DR were posited to act directly on sense receptors and
indirectly via feedback to central mechanisms that control
perceptual sensitivity. For Sokolov, the OR served as an
information regulator or filter to foster attention to im-
portant stimuli and habituation to unimportant stimuli,
whereas the DR served the complementary role of sentry
or protective filter to foster retrear and protection from
provocative stimuli. Paralleling these developments, the
Laceys proposed that autonomic feedback to the central
nervous system, especially from baroreceptors, can amplify
or reduce the effects of environmental inputs. The Laceys
proposed that cardiac deceleration during psychological
tasks was not only associated with attentional processes
but could also foster sensory intake, whereas cardiac accel-
eration was associated with and fostered sensory rejection.

Research on human subjects with high spinal transec-
tions (quadriplegia or tetraplegia) has not yielded strong
support for the necessary involvement of visceral activity
and associated visceral afferefice in emotion (Chwalisz, Di-
ener, & Gallagher 1988). AltRough these transections inter-
rupt descending central influences on sympathetic outflow
and associated afferent consequences, they do not eliminate
emotional reactivity. This of course does not rule out an
important modulatory role of visceral afference in emotion
(see Cacioppo et al. 1992a). Moreover, high spinal-cord
transections disrupt descending control of sympathetic out-
flow but eliminate neither parasympathetic responses nor
vagally mediated visceral afference. Further, given the
modulatory role of norepinephrine and acetylcholine on
cortical activation and reactivity, the ascending pathways
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of Figure 3 would be expected to enhance cortical/limbic
processing generally. Hence, ascending visceral afference
may be more likely to prime or bias, rather than strictly
determine, affective states. Affective and autonomic reac-
tivity may derive from a cognitive top-down activation (e.g.,
affective imagery) of the descending system depicted in Fig-
ure 3, and the resulting autonomic reactivity may further
bias rostral systems toward the processing of affective stim-
uli via ascending pathways. Alternatively, visceral afference
may yield a bottom-up priming of cognitive/affective pro-
cessing even in the absence of an affective context.

The early study of Schachter and Singer (1962) on emo-
tional priming by epinephrine was consistent with this
model, although serious questions have been raised over
the generality of these results (Cacioppo et al. 1992a;
Reisenzein 1983). More recent work in animals offers sub-
stantial support to the view that visceral afference can
modulate higher cognitive/emotional processing. Systemic
administration of epinephrine or substance P has been re-
ported to potentiate “emotional” memories in rats, and
these effects can be blocked or attenuated by subdiaphrag-
matic vagotomy, by inactivation of the NTS, or by direct
infusions of beta blockers into the amygdala {McGaugh,
Cahill, & Roozendaal 1996; Nogueira, Tomaz, & Williams
1994; Williams & McGaugh 1993). Visceral afference also
appears to play an important role in the allodynamic regu-
lation of body temperature, since the fever associated with
behavioral stress or exogenous mitogens has also been re-
ported to be blocked by vagotomy (see Maier, Watkins, &
Fleshner 1994; Watkins, Maier, & Goehler 1995). Further
work is clearly needed in this area, but the existing data
are in accord with the bidirectional interaction among ros-
tral and caudal neural substrates in the control of affective
and autonomic reactivity.

Summary. Both ascending and descending neural sys-
tems appear to participate in affective states and auto-
nomic control. Although the contributions of descending
pathways have been more fully studied, ascending visceral
information may prove to be equally important in biasing
psychological processes and mediating psychophysiological
relations. This has been a particularly difficult issue to ad-
dress in human studies, but physiological data from animal
subjects clearly indicates an important role of ascending
systems in cognitive/affective processes and allodynamic
regulation. This is an issue where a neuropsychophysiolog-
ical approach might be especially useful.

Inferential Context

The homeostatic model emerged from the early physiolog-
ical literature, and it continues as a pervasive organizing
construct in both physiology and psychophysiology. There
is considerable appeal to the elegant simplicity of the
homeostatic construct and the associated reciprocal model



472

of autonomic control. These models do not provide a
comprehensive view. of autonomic control in behavioral
contexts, however, because higher neural systems can mod-
ulate or bypass homeostatic mechanisms and reciprocally
organized brainstem systems. Deviations from the recipro-
cal homeostatic model were recognized in the early physi-
ological literature, but it has been the variance observed in
psychophysiological studies that has imparted the strongest
momentum against these restrictive constructs. The allo-
dynamic model subsumes homeostatic processes and offers
a more comprehensive framework for psychophysiology.
The neuropsychophysiological perspective is particularly
relevant within the allodynamic framework, as allodynamic
systems quintessentially entail central integrative processes.
Neuropsychophysiology does not represent a novel per-
spective and rather is intended to capture the ongoing
evolution of the discipline. Fundamentally, psychophysi-
ology entails a multilevel approach to the study of the
mind-body problem and the relations between psycho-
logical and physiological processes. Psychophysiological
theories and data can both inform and be informed by
neurobiology. Psychophysiological data provide the ulti-
mate subject matter for neurobehavioral studies as well as
the means for validating neurobiological models. At the
same time, knowledge of underlying neural mechanisms
can inform and constrain psychophysiological theories and
also facilitate interpretation of psychophysiological data.

NEUROPSYCHOPHYSIOLOGY: PERIPHERAL
MAPPINGS, MEASUREMENT, AND
QUANTIFICATION

That the autonomic branches can be separably con-
trolled has substantial implications for psychophysiological
theory and measurement. The autonomic space model of
Figure 4 suggests that the most meaningful psychophysi-
ological measures of dually innervated organs require at-
tention to the specific autonomic origins of the end-organ
state. Although heart rate measures may continue to have
utility in psychophysiology, there is an inherent source of
variance that is not appropriately parsed by measures of
heart rate alone. This variance is relegated to error and
tends to obscure lawful psychophysiological relationships.

An additional feature of the model of Figure 4 is the
relative linearity between parasympathetic activity and the
chronotropic state of the heart, when the latter is expressed
in terms of heart period. When expressed as the reciprocal
(heart rate), this relationship becomes distinctively nonlin-
ear (hyperbolic). The latter form can exaggerate apparent
baseline dependencies and bias estimates of chronotropic
level and response (Berntson, Cacioppo, & Quigley 1995).
Consequently, heart period is generally preferable as a
metric for chronotropic state,! especially when the com-
parisons of interest are quantitative and across subjects or
conditions.
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The importance of neurophysiologically” meaningful
measurement of psychophysiological signals is not lim-
ited to the heart. Other dually innervated organs (e.g., the
iris of the eye) are subject to similar considerations. Pupil-
lary diameter is a joint function of parasympathetically
innervated sphincter (pupillary constrictor! muscle and
sympathetically innervated radial (dilator) muscle (Loewy
1990; see also Chapter 6 of this volume). Although there
is a degree of reciprocity among_the autonomic controls of
the iris, changes in pupillary diameter can arise from dis-
tinct central systems and can be differentially influenced
by the autonomic branches (Loewy 1990). Parasympathetic
control, for example, is predominant in accommodation
and light reflexes, whereas vdriation in sympathetic activ-
ity is the primary determinant of pupillary responses in
behavioral and stress contexts.

Even for singly innervated tissues, peripheral psy-
chophysiological mappings are important in deriving mean-
ingful relations with central behavioral states. In periph-
eral mappings, any unnecessary complexities introduced by
methods of measurement or quantification may cloud or
obscure psychophysiological relationships. It was this con-
sideration that led to the general recommendation of skin
conductance over skin resistance as a metric for electroder-
mal responses (see Chapter 8). Skin conductance is more
linearly related to the number of active sweat glands and’
their rate of secretion; it hence displays less baseline de-
pendency than resistance measures? (Chapter 8; Montagu
& Coles 1966; Venables & Christie 1980). Psychophysio-
logical relationships are often complex, and there are many
theoretical and empirical challenges in elucidating these re-
lations. Any extraneous variance such as that related to
complex or poorly defined peripheral mappings between
autonomic outflows and end-organ responses can only fur-
ther obscure lawful relations.

Careful elucidation of peripheral autonomic-end-organ
mappings is important from the perspective of measure-
ment. Equally important are the implications of peripheral
mappings for conceptual models and psychophysiological
theories. The autonomic space of Figure 4 is not a mere
measurement model; it has substantial implications for
psychophysiological concepts. In an early vet influential
theory, Eppinger and Hess (1915) proposed a classification
of people as vagally dominant (vagotonic) or sympathet-
ically dominant (sympathicotonic). This view entailed a
bipolar concept of autonomic control together with a
dichotomous individual differences model of autonomic
balance. The subsequent studies of Wenger (1941) sug-
gested thar “autonomic balance” is, ar best, continuous
rather than dichotomous. More recent studies (outlined in
the “Psychological Context™ section) reveal thar the pat-
tern of autonomic response cannot be characterized along
a single continuum but instead requires a bivariate model
of autonomic control. These findings mandate a more
comprehensive conceptualization of the relations between
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psychological progésses, the modes of autonomic control,
and potential dispositional biases in psychophysiological
disorders.

NEUROPSYCHOPHYSIOLOGY: CENTRAL
MAPPINGS AND THE RELATION BETWEEN
PSYCHOLOGICAL PROCESSES AND BRAIN
SYSTEMS

The homeostatic framework does not offer a compre-
hensive account of physiological regulation. A fever associ-
ated with illness may be adaptive, but it can not be viewed
as a homeostatic response because it represents an actively
defended allostatic elevation of body temperature set point.
Similarly, the autonomic and neuroendocrine responses as-
sociated with psychological stressors do not appear to
represent simple homeostatic adjustments. As outlined
previously, the stress-induced elevation of heart rate and
blood pressure reflects an active inhibition of baroreceptor
reflexes and results in a deviation from pressor homeosta-
sis. Although metabolic signals may also contribute to
cardiovascular homeostasis and partially override the ef-
fects of baroreceptor activity, cardiovascular responses in
stress contexts not only deviate from pressor homeostasis
but also exceed those required for metabolic homeosta-
sis (Obrist 1981; Turner 1994). These responses may have
adaptive value, but they are difficult to envision within a
simple homeostatic schema.

The evidence outlined here indicates that rostral neu-
ral systems can modulate autonomic control in a fashion
that is not easily reconciled with a simple homeostatic
model. As illustrated in Figure 3, there are multiple de-
scending neurobehavioral systems that serve to orchestrate
and integrate behavioral, auronomic, and neuroendocrine
responses. A greater appreciation of the functional contri-
butions of these systems (i.e., a clarification of the map-
pings between psychological and neural processes) is likely
to contribute to the understanding of complex psychophys-
iological relations. Although neurobehavioral mechanisms
are only beginning to be understood, joint studies of psy-
chological and neural functions can be mutually informa-
tive. This is illustrated by the utility of brain event-related
potentials in clarifying the nature of psychological processes
underlying language (see Chhpter 21), attention {Hillyard
et al. 1995), and evaluative ptocesses (Cacioppo, Crites, &
Gardner 1996). Additional developments in brain imaging
promise important breakthroughs in understanding the na-
ture and mechanisms of psychological operations and the
underlying neural systems and processes that give rise to
these operations.

An example of the mutual benefits of an integrative
approach across levels of analysis comes from the litera-
ture on arousal. Arousal has been an important concept
in physiology, psychology, and psychophysiology over the
past five decades. Much of the impetus for arousal theories
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and for concepts of the role of general arousal in behavior
came from work in the 1940s and 1950s on the brainstem
reticular formation (for a review see Magoun 1963). His-
torically, the reticular formation was viewed as a relatively
undifferentiated, highly interconnected set of neurons that
exerted relatively nonspecific activational effects on rostral
neural systems. Results of early stimulation, lesion, and
recording studies of the reticular formation led to the con-
struct of an ascending reticular activating system (ARAS),
which was believed to regulate the state of arousal of cor-
tical and neurobehavioral systems (Magoun 1963). The
ARAS model resonated with psychologists because it was
recognized that, apart from associative or structural deter-
minants of behavior, there were important motivational or
activational (arousal) contributions (for an extensive review
of the early literature, see Cofer & Appley 1964). More-
over, it was noted that arousal associated with one state or
condition could energize behaviors more generally (Duffy
1957; Hebb 1955).

The construct of general arousal has an inherent ap-
peal of simplicity and parsimony, which is likely one
reason it has been so resilient in the face of contradictory
evidence. Even early studies revealed that the effects of
“arousal” were not truly generalized and that behavioral
and cortical arousal could be dissociated (Bradley & Elkes
1958; Feldman & Waller 1962). Moreover, psychophysi-
ological measures commonly purported to be indices of
arousal (e.g., heart rate, electrodermal responses) often
do not covary — with each other or with behavioral per-
formance — in a fashion consistent with a generalized
arousal process (see e.g. Lacey 1959, 1967). Developments
in neuroscience paralleled the emerging recognition of the
limitations of the construct of general arousal in psychol-
ogy and psychophysiology. These developments included a
growing appreciation that the reticular formation was not
as nonspecific as originally conceived. More refined neu-
roanatomical methods and neurochemical markers revealed
a great deal of specificity within what was classically con-
sidered an undifferentiated system. It is now apparent that
there are multiple ascending activating systems, each hav-
ing differential patterns of afferent input, dissimilar projec-
tion fields, and distinct neurochemical mediators (Robbins
& Everitt, 1995). These include ascending noradrenergic,
dopaminergic, cholinergic, and serotonergic systems (the
locus coeruleus noradrenergic system and the basal fore-
brain cholinergic system are depicted in Figure 3). The
precise roles of these ascending systems in behavior and
autonomic control remain to be fully elucidated, but their
functions are differentiated. The mesolimbic dopaminer-
gic system has been implicated in reward, incentive, and
behavioral activation (Gray & McNaughton 1996; Robbins
& Everitt 1995); the locus coeruleus noradrenergic system
in cortical and motivational arousal (Aston-Jones et al.
1996); the cholinergic system in cortical/cognitive process-
ing (Robbins & Everitt 1995; Sarter & Bruno 1997), and



_ 474 - -

the serotonergic system in attention and behavioral inhibi-
tion (Gray & McNaughton 1996; Robbins & Everitt 1995).
In contrast to the early work on the ARAS, data from psy-
chology, psychophysiology, and neurobiology concur that
arousal is not a unitary process.

Research on arousal systems illustrates the mutual ben-
efit of multilevel analyses. Psychological, psychophysiolog-
ical, and physiological perspectives were each essential for
progress in this area. Although psychological concepts of
generalized arousal antedated the emergence of the ARAS
construct, it required neurophysiological studies on the
reticular formation to crystallize this construct and em-
body it within a neuroanatomical substrate. In the light of
current understandings, the ARAS model may seem prim-
itive, but it represented an important conceptual advance
at the time. For example, the ARAS offered the first vi-
able psychobiological account for why an organism did not
simply lie inert in the absence of evocative environmental
stimuli (Hebb 1955). It also warrants comment that even
as psychological and psychophysiological data posed the
strongest challenges to the concept of general arousal, it
was ultimately data from these same disciplines that spear-
headed efforts to refine the ARAS construct. Psychological
and psychophysiological studies continue to be central to
the efforts to define the funcrional role of ascending acti-
vating systems.

NEUROPSYCHOPHYSIOLOGY OF
STRESS-RELATED DISORDERS

Psychophysiological disorders have often been viewed
as homeostatic dysfunctions (e.g. Cannon 1932; Holmes
& Ripley 1955; Selye 1956), and stress has been defined
by some researchers as a state of threatened homeostasis
(Johnson er al. 1992). The homeostatic construct, however,
has been applied so broadly and across such a diverse range
of phenomena that its status as an explanatory construct
warrants re-examination and refinement. The homeostatic
model, for example, has been extended beyond the organ-
ism level as a guiding principle of social relations, and the
construct of “risk homeostasis” has been suggested to ac-
count for the purported increase in driver carelessness with
the deployment of airbags and antilock brakes (van Hooff
& Filipo 1994; Wilde 1994).

It has long been recognized that psychological factors
are associated with the vulnerability to disease, but corre-
lational data cannot establish causal links. Theories have
ranged from generalized models of the stress reaction to
specific individual differences in constitutional disposition
to maladaptive patterns of autonomic response. All these
views may be consistent with homeostatic imbalances, but
more recent attention has shifted to the potential health im-
plications of allostatic or allodynamic regulation. It is im-
portant to recognize that the mere labelling of a condition

as a homeostatic or allodynamic dysfunction contributes
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little to scientific understanding. For meaningful progress,
the origins, mechanisms and implications of dysfunctions
must be clarified. The significance of the constructs of
homeostasis, allostasis, and allodynamic regulation lies in
the strategic guidance they offer for research efforts as well
as in the directions and potential mechanisms upon which
they focus.

Psychophysiological Disorders as Specific

Homeostatic Dysfunctions

Some researchers have considered psychophysiological
disorders as manifestations of constitutional dispositions
toward specific patterns of aptonomic response to stress.
An historical example is the Eppinger and Hess (1915)
constitutional model, discussed previously. According
to this view, exaggerated activity in one of the auto-
nomic branches can bias toward specific disorders such
as asthma (parasympathetic) or Raynaud’s disease (sym-
pathetic). Also consistent with this notion of a disposi-
tional bias were reports by Moos and Engel (1962) and
Malmo (1975) of exaggerated psychophysiological reactiv-
ity appearing specifically in organ systems that evidenced
psychosomatic dysfunctions. Hypertensive patients, for ex-
ample, were reported to respond to stress with exaggerated
cardiovascular responses, whereas arthritic patients were
more likely to show EMG (electromyographic) abnormal-
ities around affected joints. Although these patterns of
psychophysiological response could represent consequences
of the specific disorders rather than markers of inherent
dispositions, some prospective studies are consistent with
the dispositional model. The normotensive offspring of
hypertensive parents are at risk for the subsequent devel-
opment of hypertension, and several studies have reported
exaggerated cardiovascular reactivity in these individuals
even prior to the development of hypertension (Fredrickson
& Matthews 1990; Turner 1994).

Additional support for constitutional contributions to
hypertension comes from animal models. The sponta-
neously hypertensive rat (SHR) and the borderline hyper-
tensive rat (BHR) represent potentially important genetic
models of hypertension. It has been shown that SHR and
BHR animals display exaggerated cardiovascular reactions
to challenge stimuli (Kirby et al. 1989); a regimen of be-
havioral stress can transform a normotensive BHR into a
permanently hypertensive animal (Sanders, Knardahl, &
Johnson 1989; Sanders & Lawler 1992); and sympathetic
activity appears to contribute importantly to the conditions
leading to hypertension in these animals (Korner 1995a).
These findings are consistent with a dispositional bias in-
teracting within a stress context. Note that SHR rats (and
some hypertensive humans) show a lowered sensitivity of
baroreceptor reflexes, which could be interpreted to reflect
an underlying homeostaric deficit (Head 1994, 1995; Korner
1995¢; Watkins, Grossman, & Sherwood 1996). This is in-
triguing in view of the fact that behavioral stress, which is
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known to suppress baroreflexes and increase sympathetic
outflow, is able to exacerbate the hypertensive condition
in the BHR rat. Although this model of homeostatic dys-
function has appeal, it is incorrect — or at least grossly
oversimplified. Baroreflexes can buffer short-term changes
in blood pressure, but they do not contribute appreciably
to long-term pressor regulation. Consequently, a simple
deficit in baroreflex control could well be expected to result
in short-term blood pressure variability and lability, but not
necessarily hypertension. Baroreceptor damage in humans
or sino-aortic denervation in animals manifests primarily
in labile rather than chronic hypertension; in fact, basal
hypotension may be apparent (Franchini & Krieger 1992;
Robertson et al. 1993). Moreover, hypertension-related
changes in baroreflex sensitivity may be restored with nor-
malization of blood pressure (Head 1995; Moreira, Ida, &
Krieger 1990).

These findings do not rule out the possibility that home-
ostatic deficits contribute to hypertension. However, the
origins of hypertension are complex and diverse, and they
include renal, cardiac, vascular, neural, and hormonal fac-
tors (Cowley et al. 1992; Korner 1995a,b; Korner & Angus
1992; Marche, Hermbert, & Zhu 1995; Pang, Benishin, &
Lewanczuk 1991; Pang et al. 1994; Rettig 1993; Sanders et
al. 1989; Yamori 1991). As research continues to unravel
the mechanisms and interactions underlying clinical hyper-
tension, homeostatic dysfunctions may well be uncovered.
The complexity and interactions of the determinants of
hypertension are, however, more in keeping with a model
of allodynamic regulation.

Generalized Features of Stress: Allostatic
Load

In addition to the multitude of specific regulatory deficits
that may underlie stress-related disorders, more generalized
features of stress have been recognized. For Cannon (1932)
these were related to the generalized activation of the sym-
pathetic nervous system. Selye (1956) further developed the
generalized model of stress response, but he shifted the fo-
cus from the autonomic nervous system to the pituitary
adrenocortical system. In addition to potential specific re-
actions to stressors, Selye (1956) argued that the stressors in
general elevate adrenocorticasteroid hormones, a compo-
nent of what was termed the? general adaptation syndrome
(GAS). Selye recognized distinct stages in the response to
stress, but these were considéred to reflect differences in the
magnitude and/or duration rather than in the nature of the
stress reaction. In Selye’s view, autonomic activation con-
tributes to the initial reaction to stress (the alarm stage),
but he viewed the adrenocorticosteroid response as repre-
senting the generalized and persistent effect of stress (the
resistance stage). Adrenocorticosteroids have widespread
effects on insulin release and metabolic processes, mus-
cle contractile strength, psychological states, and immune
functions. The corticosteroid response was seen as an

adaptive mobilization to counter stress challenges through:
(a) syntoxic actions, such as anti-inflammatory effects, that
minimize tissue damage; and (b) catatoxic actions that en-
hance bodily defenses. In the GAS model, if the stress is
not adequately resolved then defensive resources are ulti-
mately depleted and the individual becomes increasingly
susceptible to disease (exhaustion phase).

The generalized consequences of stressors continue to
attract attention. Although the negative effects of stress are
often the focus of psychophysiological studies, it is impor-
tant to recognize that stress reactions can confer positive
benefits in dealing with adaptive challenges — they can
protect and restore vital functions. The adaptive utility
of stress reactions were inherent in Selye’s (1973) syntoxic
and catatoxic features of the stress response. Moderate
early stress has been shown to enhance development and
improve vigor of the organism, and under some condi-
tions exposure to moderate stress may immunize against
subsequent stress effects (Gandelman 1992; Meaney et al.
1996). Severe and prolonged stress, however, can have neg-
ative consequences. McEwen and Steller (1993) argued that
specific patterns of stress response may vary considerably
across individuals and contexts but also show common
allostatic features. In contrast to simple homeostatic sys-
tems, which are focused on a single dimension (e.g., blood
gasses) and regulated around a fixed set point, allostatic
systems entail multiple dimensions and are integrated and
orchestrated by central, autonomic, and endocrine pro-
cesses. Within allostatic systems, functional set points are
subject to change, and disturbances in one dimension may
lead to compensatory fluctuations in another. McEwen
and Stellar (1993) proposed that repeated or prolonged al-
lostatic fluctuations extract a physiological cost, a sort
of “wear and tear” that they term allostatic load. This
allostatic load is seen to be cumulative and to dispose to-
ward stress pathology. One example is the consequences
of prolonged stress-related elevations in cortisol and result-
ing increase in insulin secretion, both of which accelerate
atherosclerosis and contribute to hypertension (McEwen &
Stellar 1993).

Because glucocorticoids represent a common manifesta-
tion of stress, and because they modulate a wide range of
funcrions, they assume special importance in the general
consequences of stressors and in allostatic load. Adrenal
steroid secretion is under the control of pituitary ACTH,
which in turn is regulated by hypothalamic corticotropin
releasing hormone (CRH). In addition to its role in adreno-
cortical control, CRH has been implicated as a trigger of
the central stress response (Davis, Walker, & Lee 1997;
Dunn & Berridge 1990; Gray 1993; Gray & Bingaman
1996). This entire circuit is regulated by an inhibitory glu-
cocorticoid feedback signal that modulates CRH release.
One of the consequences of stress is to allostatically al-
ter the operating level of this system, yielding higher basal
levels of CRH and glucocorticoid secretion (for reviews



476 .

~ _see McEwen 1998; Schulkin, McEwen, & Gold 1994). The

hippocampus is an important target site of the glucocorti-
coids, where binding serves to dampen or shut off stress-
related CRH release from the hypothalamus. But repeated
stress can trigger atrophy of pyramidal dendrites in the
hippocampus (via conjoint actions of glucocorticoids and
excitatory amino’ acids), and severe and prolonged stress
can lead to loss of hippocampal neurons (McEwen 1998;
Uno et al. 1989). This could lead to higher than normal
levels of glucocorticoids during stress (Jacobson & Sapol-
sky 1991) and impose an increased allostatic load due to
impaired feedback regulation; this may further contribute
to stress pathology. It has been suggested, for instance,
thar stress-related hippocampal damage may enhance age-
related cognitive decline and underlie posttraumatic stress
disorder, both of which are associated with hippocampal
atrophy (see McEwen 1998).

Summary. Stress reactions may entail both specific and
generalized features arising from homeostatic and allody-
namic processes. Consequently, stress-related pathology
may not be conceptualized adequately within a restricted
homeostatic framework. Stress disorders arising from al-
lodynamic disturbances may have multiple origins in com-
plex interacting systems; disturbances in one domain may
manifest in another; and compensatory responses can be
orchestrated across several functional domains. Conse-
quently, treatment strategies directed to a single perturbed
target dimension (e.g., blood pressure) may not be optimal,
since they may simply result in compensatory changes in
another dimension that could perpetuate the disturbance.
An important issue for future research is the extent to
which allostatic “load” represents a truly generalized con-
sequence of stress (e.g., from glucocorticoids) and to what
extent it may manifest differentially based on the individ-
ual and the stress context.

THE ALLODYNAMIC PERSPECTIVE

Homeostatic processes contribute importantly to adap-
tive function, but the simple feedback controlled homeo-
static model — with its fixed operating set point — does
not adequately represent the complexity of psychophysio-
logical regulation. Organ systems are complexly controlled
and allodynamically regulated by integrative neural, auro-
nomic, and endocrine systems. Regulatory levels and other
operating characteristics are not rigidly fixed; they can be
adaptively varied to face existing or anticipated demands.
Consequently, the allodynamic model affords a more com-
prehensive framework for psychophysiology than does the
homeostatic construct. As we have considered here, the
allodynamic .model has substantive implications for psy-
chophysiological measurement, constructs of physiological
response, theories of psychophysiological relationships, and
strategies of clinical intervention.

BERNTSON & CACIOPPO

The neuropsychophysiological perspective is particularly
important in studies of allodynamic regulation and dys-
regulation, since the links between psychological processes
and physiological outcomes may be highly complex and
dependent on central integrative systems. Studies of these
intervening systems can both inform and be informed by
psychophysiological relations. Because mappings between
terms and concepts among closely related levels of analysis
are likely to be simpler than those berween more remote
levels, the neuropsychophysiological perspective offers a
viable bridging strategy for clarifying psychophysiological
relations. This perspective doés not challenge the impor-
tance of contributions from research limited to the psycho-
logical, psychophysiological, for neural levels of analysis;
rigorous independent research at each of these levels is
crucial. On the other hand, the ultimate development of
psychophysiology will be substantially enhanced by mean-
ingful interdisciplinary multilevel analyses.

NOTES

1. Although there are nonlinearities in sympathetic effects
expressed either in heart rate or heart period, a linear
function provides a reasonably good fit for either metric
over typical operating ranges. The much broader dy-
namic range of the parasympathetic branch can result in
far greater biases when chronotropic state is expressed in
heart rate (Berntson et al. 1995).

2. Individual sweat glands represent parallel resistance paths
across the dermis. Ohm’s law and Kirchhoff’s rules stip-
ulate that parallel resistances add as to the reciprocal,
which is to say that the reciprocals (conductances) add
linearly. Thus, a given change in resistance of a set of
parallel resistors is linearly related to the overall change
in conductance but nonlinearly related to the net change
in resistance. Related to nonlinear summation of paral-
lel resistances, resistance measures show greater baseline
dependencies than do the conductance measures. An ad-
ditional consideration is the quantitative relation between
the level of sympathetic activity and its effect on sweat
gland activity. Lidberg and Wallin (1981) showed a rea-
sonably linear relation berween sympathetic activity and
skin resistance (r = 0.77). Although they did not directly
compare resistance to conductance measures, it appears
(based on the data presented) that the degree of linearity
is approximately equivalent for resistance and conductance
measures.
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