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Abstract

Emotional stress provokes a stereotyped pattern of autonomic and endocrine changes that is highly conserved across diverse mammalian

species. Nearly 50 years ago, a specific region of the hypothalamus, the hypothalamic defense area, was defined by the discovery that

electrical stimulation in this area evoked changes that replicated this pattern. Attention later shifted to the hypothalamic paraventricular

nucleus (PVN) owing to (1) elucidation of its role as the final common pathway mediating activation of the hypothalamic–pituitary–adrenal

(HPA) axis, a defining feature of the stress response and (2) the finding that the PVN was the principal location of hypothalamic neurons that

project directly to spinal autonomic regions. Consequently, a primary role for the PVN as the hypothalamic center integrating the autonomic

and endocrine response to stress was inferred. However, our findings indicate that neurons in the nearby dorsomedial hypothalamus

(DMH)—a region originally included in the hypothalamic defense area—and not in the PVN play a key role in the cardiovascular changes

associated with emotional or exteroceptive stress. Indeed, excitation of neurons in the parvocellular PVN and consequent recruitment of the

HPA axis that occurs in exteroceptive stress is also signaled from the DMH. Thus, the DMH may represent a higher order hypothalamic

center responsible for integrating autonomic, endocrine and even behavioral responses to emotional stress. D 2002 Elsevier Science Inc. All

rights reserved.
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1. Introduction

The physiological response to emotional stress con-

sists of an integrated pattern of endocrine and autonomic

changes that is highly conserved across mammalian

species. Although these changes may be viewed in the

context of enhancing the probability of survival in the

face of a threatening circumstance, they have also been

linked to various disease states in humans, including

hypertension (Folkow, 1987; Henry et al., 1986), cardiac

arrhythmias, sudden cardiac death and myocardial infarc-

tion (Meerson, 1994), gastrointestinal motility disorders

and gastric or duodenal ulcer formation (Fossey and

Lydiard, 1990), and increased susceptibility to infection

(Kiecolt-Glaser and Glaser, 1995). In spite of these

clinically important consequences, the central pathways

and mechanisms responsible for the physiological

changes associated with emotional stress remain unclear.

However, for two decades, attention in this regard has

been focused on the hypothalamic paraventricular nuc-

leus (PVN).

2. The PVN: anatomic crossroad for endocrine and

autonomic function in stress?

Most current thinking regarding the hypothalamus and

autonomic cardiovascular control—especially relating to

the response to stress—assumes a primary integrative role

for the PVN (see Culman and Unger, 1992; Dampney,

1994; Loewy, 1991; Pacak et al., 1995; Swanson, 1991).

This assumption rests on two lines of evidence. First, both

anatomic and functional evidence support a role for neurons

in the PVN as the final common pathway in the CNS

mediating the activation of the adrenal cortex that is

considered a hallmark of the stress response (Sawchenko

et al., 2000; Whitnall, 1993). Stress-induced secretion of
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adrenal glucocorticoids results from the increased release of

adrenal corticotrophic hormone (ACTH) from the adenohy-

pophysis, which in turn is triggered principally by secretion

of corticotrophin releasing hormone (CRH) into the hypo-

thalamic portal system at the median eminence (ME;

Antoni, 1986). Most of the CRH-containing neurons

whose terminals impinge on this portal system are

localized in the PVN; lesions of the PVN reduce tissue

levels of CRH in the ME by more than 85% (Koegler-

Muly et al., 1993; Palkovits et al., 1991), and reduce or

abolish plasma ACTH or corticosterone responses to

stress (Richardson-Morton et al., 1989). More recently,

a host of diverse stressors have been shown to increase

the expression of Fos (Ceccatelli et al., 1989; Chen and

Herbert, 1995; but see Senba et al., 1993) and mRNA for

CRH (Kalin et al., 1994; Makino et al., 1995) in neurons

in the parvocellular PVN, suggesting that these neurons

are, indeed, activated in stress.

In addition to the link with stress-induced activation

of the hypothalamic–pituitary–adrenal (HPA) axis as

described above, a second line of evidence has been taken

to implicate the PVN in autonomic responses to emotional

stress. From its inception, the majority of this evidence has

been neuroanatomic. Direct projections from the PVN to

regions of the spinal cord where sympathetic preganglionic

neurons are located were first demonstrated 20 years ago

(Kuypers and Maiky, 1975; Saper et al., 1976), and reports

of projections to other important autonomic centers fol-

lowed (for review, see Swanson and Sawchenko, 1980,

1983). From these purely anatomic findings, a major

functional role for the PVN in the autonomic responses to

stress was quickly inferred. This logic, wherein a functional

role for the PVN as the location of hypothalamic ‘‘command

neurons’’ for the cardiovascular defense reaction is derived

wholly from anatomic findings, has continued to recent

times (see Jansen et al., 1995).

The most significant functional data in support of such a

role for the PVN derives from the results of studies that have

employed the technique of microinjection in an attempt to

chemically stimulate this region. Thus, microinjection of

either the GABAA receptor antagonist bicuculline methio-

dide (BMI) or the excitatory amino acids kainate (KA) or

N-methyl-D-aspartate (NMDA) into the PVN was reported

to elicit increases in heart rate, increases in blood pressure,

and/or changes in local blood flow (Jin and Rockhold,

1989; Martin and Haywood, 1993; Martin et al., 1991;

Porter, 1993; Rockhold et al., 1987; Haywood et al., 2001;

Schlenker et al., 2001), and these changes resemble those

seen in acute stress. However, interpretation of these

findings—or those of any studies where pharmacologic

interventions have targeted the PVN using local micro-

injections—has generally failed to take into consideration

two key issues: (1) the doses employed, particularly in the

context of spread or diffusion to adjoining areas and (2)

the relative proximity of the PVN to the dorsomedial

hypothalamus (DMH).

3. The DMH: an effector center for the cardiovascular

response to emotional stress

The DMH was considered part of the classical ‘‘hypo-

thalamic defense area’’ based upon the finding that electrical

stimulation of this region provoked the defense reaction, a

pattern of adjustments characterized by behavioral and

autonomic changes typically seen when the organism was

confronted with a threatening stimulus (for review, see

Hilton, 1979). Our search for central sites where GABAA

receptor antagonists might act to increase sympathetic

nervous activity first led us to roughly this same region of

the hypothalamus in the rat. Microinjection of BMI or

picrotoxin into this region elicited marked increases in heart

rate and more modest pressor responses in anesthetized and

conscious rats (DiMicco and Abshire, 1987; DiMicco et al.,

1986; Fig. 1). These changes were accompanied by

increases in sympathetic nerve activity and plasma catechol-

amines (Wible et al., 1988, 1989) and were in fact shown to

be sympathetically mediated (DiMicco et al., 1986). More-

over, although changes in arterial pressure were relatively

modest, examination of regional hemodynamics revealed

opposite effects on visceral blood flow (i.e., splanchnic and

renal arteries) which was greatly reduced, and skeletal

muscle (hindquarter) blood flow which increased by as

much as eight-fold (DiMicco et al., 1992). Similar marked

increases in heart rate accompanied by relatively modest

pressor effects were evoked by microinjection of excitatory

amino acids KA, NMDA or AMPA into the same region of

the DMH (Soltis and DiMicco, 1991a, 1992). Thus, dis-

inhibition or stimulation of neurons in the DMH—an area

usually included in the ‘‘hypothalamic defense area’’—

Fig. 1. Cardiovascular effect of chemical stimulation of the DMH in a

urethane-anesthetized rat. Top: Photomicrograph of neutral red-stained

coronal section of rat brain (contrast enhanced to emphasize regions of high

neuronal density) depicting dye-marked microinjection site in the DMH

(arrow). Bottom: Direct recording of heart rate (HR) and arterial pressure

(AP) illustrating response to microinjection of BMI 20 pmol/50 nl (arrow)

at site in the DMH indicated above.
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evoked a pattern of cardiovascular changes that closely

resembled the classic defense reaction.

In the case of both the GABA receptor antagonists and

the excitatory amino acids, the most responsive sites seemed

to be restricted to a region consisting of the dorsomedial

hypothalamic nucleus itself—particularly at anterior–pos-

terior levels where a clear zona compacta was evident—and

immediately adjoining areas lateral and dorsal to it. Injection

at sites more lateral, dorsal or posterior to this region evoke

progressively smaller cardiovascular changes. However, as

indicated above, microinjection of KA, NMDA or BMI into

the PVN, located less than a millimeter anterior to the

DMH, had been reported to produce marked cardiovascular

changes, the salient feature of which was usually sympath-

etically mediated cardiac stimulation. Such changes seemed

to provide evidence in support of the appealing concept of a

role for the PVN in autonomic function as suggested by

numerous anatomical studies. However, the doses employed

in these studies ranged from 5 to 5000 pmol for KA, 50 to

100 pmol for NMDA and 50 to 200 pmol for BMI. In

contrast, microinjection of the same agents into the DMH

produced similar effects at doses orders of magnitude

lower—only 0.1–5 pmol for KA, 1–10 pmol for NMDA

and 2–10 pmol for BMI (Soltis and DiMicco, 1991a,b,

1992). These findings suggested that microinjection of

excitatory amino acids or BMI into the PVN at the relatively

high doses employed in these studies might produce car-

diovascular effects as a consequence of diffusion to neurons

in the nearby DMH which appeared to be exquisitely

sensitive to these agents.

To examine this issue more closely, we compared the

effects microinjection of relatively low doses of BMI

(10 pmol), KA (0.5 pmol) and NMDA (5 pmol) at sites in

the DMH, in the PVN or in the area between the two regions

in anesthetized and conscious rats (DeNovellis et al., 1995).

For each of the three agents, the same pattern emerged. In

conscious rats, marked and immediate tachycardia accom-

panied by a modest pressor response appeared after injec-

tion into the DMH while lesser effects were observed after

identical injection into the intermediate area (i.e., anterior to

the DMH and closer to the PVN), and the smallest response

was seen after microinjection directly into the region of the

PVN. Furthermore, in anesthetized rats where similar results

were obtained, the exact time at which heart rate began to

increase could be more precisely determined. The latency

from injection to onset of tachycardia was shortest after

injection of BMI into the DMH (5 ± 1 s) and significantly

longer after injection into the PVN (66 ± 18 s)—and inter-

mediate after injection at sites between the two regions

(39 ± 17 s). The longer times to onset are consistent with

additional time required for diffusion of BMI to a single site

of action in the DMH from these progressively anterior

injection sites. Taken together, the findings of this study

provide compelling evidence that the principal site of action

mediating the tachycardia seen after microinjection of

excitatory amino acids or BMI into any of these areas of

the medial hypothalamus is likely to be the DMH and not

the PVN. Accordingly, it seems possible if not likely that the

tachycardia—and even the pressor effects—reported after

injection of GABA antagonists or excitatory amino acids

into the PVN may be attributed in large part to spread or

diffusion of these agents to the DMH.

These cardiovascular changes resulting from chemical

stimulation of the DMH were accompanied in our studies by

other effects characteristic of the defense reaction and

typically seen in stress. Respiratory rate increased in anes-

thetized rats (DiMicco and Abshire, 1987), and in conscious

rats we observed locomotor stimulation suggesting ‘‘escape

behavior’’ (Shekhar and DiMicco, 1987), an effect reported

by others (DiScala et al., 1984; Brandao et al., 1986). This

subjective impression was borne out by subsequent behav-

ioral analysis: Microinjection of BMI selectively augmented

avoidance responding in an approach/avoidance schedule

and produced experimental ‘‘anxiety’’ in a punished

responding paradigm (Shekhar et al., 1987, 1990). Con-

versely, injection of the GABAA receptor agonist muscimol

(see below) produced an ‘‘anxiolytic’’ effect (Shekhar et al.,

1990). The striking similarity between the effects of dis-

inhibition of the DMH in rats and the response to acute

emotional stress in this species led us to speculate that the

same mechanism was involved in both phenomena. Thus,

we hypothesized that the the pattern of physiologic changes

seen in stress resulted from activation of the neurons in the

DMH that were excited by local GABAA receptor blockade

or glutamate ionotropic receptor stimulation in our micro-

injection studies. If so, then we reasoned that inhibition of

neuronal activity in this region would reduce or block stress-

induced cardiovascular changes.

This was, indeed, shown to be the case in studies employ-

ing muscimol, an agent found to be inhibitory to virtually all

mammalian neurons by virtue of its GABAA receptor agonist

properties. Microinjection of muscimol has come to be a

standard technique to achieve acute reversible suppression of

neuronal activity in a discrete region of the brain (for recent

examples, see Hoshi et al., 2000; Waitzman et al., 2000;

Martin et al., 2000; Schieber, 2000; Clayton and Williams,

2000). In our initial experiments, bilateral microinjection of

muscimol (88 pmol/250 nl) at hypothalamic sites where

injection of BMI elicited marked tachycardia under anes-

thesia failed to influence baroreflex-induced tachycardia but

abolished the increases in heart rate normally seen in an air

stress paradigm (Lisa et al., 1989; see Fig. 2). Identical

injection of muscimol in the same rats under unstressed

conditions lowered heart rate by only 30 beats/min at

10 min—a time point in the air stress trial at which heart

rate was elevated by more than 130 beats/min after saline but

only 13 beats/min after muscimol. This modest effect may

have resulted from muscimol-induced suppression of a low

but significant level of activity in the DMH owing to the

minimal stress of the laboratory setting. Most importantly,

however, the small baseline effect cannot account for the

dramatic reduction of the tachycardia seen under conditions
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of air stress. These results suggested that the activity of

neurons somewhere in this region played a critical role in the

sympathetically mediated cardiac stimulation seen in this

stress paradigm.

In a subsequent study that paralleled our experiments

employing chemical stimulation, we better defined the

location of these neurons, particularly with regard to the

DMH versus the PVN (Stotz-Potter et al., 1996a). In

random order and on different days, muscimol 80 pmol/

100 nl and saline vehicle were microinjected bilaterally into

the region of the DMH, the PVN and the area between the

two regions just prior to air stress (Fig. 3). As in our

previous study, injection of muscimol into the DMH nearly

abolished stress-induced increases in both heart rate and

arterial pressure. Identical treatment at sites between the

DMH and the PVN reduced stress-associated cardiovascular

changes by approximately half, while injection into the

immediate vicinity of the PVN had no effect. That such

treatment was sufficient to inhibit neurons in the parvocel-

lular PVN was clear from the results of another study in

which plasma ACTH was also measured (Stotz-Potter et al.,

1996b). Microinjection of muscimol into the PVN markedly

reduced the associated elevation in plasma ACTH (Fig. 4),

indicating that neurons in the parvocellular PVN were

effectively inhibited, but again failed to influence air

stress-induced increases in heart rate or arterial pressure.

Thus, our results suggest that activity of neurons in the PVN

plays no discernible role in the generation of air stress-

associated tachycardia or pressor responses. They also

clearly demonstrate that the cardiovascular effects of micro-

injecting these agents into the DMH in our studies are not a

consequence of spread or diffusion to the nearby PVN.

Instead, our findings highlight the possibility that interven-

tions that have targeted the PVN and have been shown to

either mimic (see above) or suppress (Callahan et al., 1992;

Morris et al., 1995) stress-induced cardiovascular changes

may have actually done so by affecting the DMH.

Muscimol, when employed in careful microinjection

protocols, represents a powerful pharmacologic tool for

establishing the location of the specific neurons involved

in a particular function by virtue of its ability to inhibit

virtually all neurons. However, for this very reason, the

results of such studies provide little insight into the specific

physiologic mechanisms that may regulate the activity of

the relevant neurons. In our experiments, an important role

for tonic inhibition mediated by endogenous GABA was

clearly implied not by the effect of muscimol but by the

ability of local GABAA receptor blockade to activate this

critical population of neurons. Consistent with this implica-

tion, inhibiting local GABA uptake in the DMH was shown

to elevate extracellular GABA levels in the DMH and

markedly suppress air stress-induced cardiovascular

changes (Anderson and DiMicco, 1990). In addition to

interventions targeting GABAergic mechanisms in the

DMH, we found that microinjection of kynurenate, a non-

selective antagonist of ionotropic glutamate receptors, also

suppressed air stress-induced cardiovascular changes (Soltis

and DiMicco, 1992). Significant suppression was also

Fig. 2. Original recordings of arterial pressure (recorded from the femoral artery) and heart rate in two different rats illustrating typical cardiovascular responses

to air jet stress (applied during period indicated by arrow) after bilateral microinjection of (A) vehicle (100 nl saline) or (B) muscimol (80 pmol/side) into the

DMH. (Reproduced from Morin et al., 2001.)
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apparent after local microinjection of 2-amino-5-phospho-

pentanoic acid (AP5) or 6-cyano-7-nitroquinoxaline-2,

3-dione (CNQX) at doses that were shown to block selec-

tively at NMDA and non-NMDA receptors, respectively

(Soltis and DiMicco, 1992). Thus, our results seemed to

support (a) the existence of a critical population of hypo-

thalamic neurons in the DMH that are responsible for

generating stress-induced tachycardia and (b) important

roles for synaptic activity at local GABAA and glutamate

ionotropic receptors in regulating their activity. While

GABAB and metabotropic glutamate receptors in this region

also have the potential to influence heart rate (DiMicco and

Monroe, 1996, 1998), their roles, if any, in stress-induced

cardiovascular changes have yet to be evaluated.

Until recently, little was known about the efferent path-

ways through which relevant neurons in the DMH might

provoke cardiovascular changes. However, Fontes et al.

(2001) have now demonstrated that the increases in blood

pressure resulting from microinjection of BMI into the

DMH can be blocked by microinjection of muscimol into

the rostral ventrolateral medulla (RVLM). Neurons in the

RVLM are thought to provide tonic excitatory drive to

spinal sympathetic preganglionic neurons responsible for

vasomotor tone (Reis et al., 1989). Accordingly, a ret-

rograde tracer injected into the RVLM labeled numerous

neurons in the region of the DMH, both in the dorsal

aspect of the dorsomedial hypothalamic nucleus and out-

side the boundaries of the nucleus itself, in the adjacent

area dorsal and lateral to it (Fonte et al., 2001). Thus, a

direct projection from neurons in the region of the DMH to

the RVLM seems likely to play a role in the pressor

response seen after chemical stimulation of the DMH—

and perhaps also in the increases in blood pressure seen in

emotional stress.

Interestingly, although microinjection of muscimol into

the RVLM virtually abolished DMH-induced increases in

blood pressure in the study of Fontes et al. (2001), it failed to

influence the associated tachycardia. Thus, while the RVLM

appears to mediate DMH-induced pressor effects, this region

seems to play little part in generating the tachycardia that

represents the salient feature of the cardiovascular response

to both stimulation of the DMH and emotional stress in rats.

Fontes and colleagues instead proposed that a projection

from the DMH to the midbrain periaqueductal grey (PAG)

could mediate these cardiac sympathetic effects. Because the

PAG receives input from the DMH (Ter Horst and Luiten,

1986; Thompson et al., 1996) and has been proposed as a

relay between forebrain centers involved in emotional pro-

cessing and cardiac sympathetic pathways (Farkas et al.,

1998), this is an attractive hypothesis.

Another site of potential interest with regard to the

pathway originating in the DMH that may mediate stress-

induced tachycardia is the raphe pallidus in the brainstem.

We have confirmed and extended the original observations

of Morrison and coworkers (1999) and found that disinhi-

bition of the region of the raphe pallidus by local micro-

injection of BMI provokes marked tachycardia and modest

increases in arterial pressure—a pattern closely resembling

the cardiovascular response elicited by chemical stimu-

lation of the DMH (Samuels et al., 2002). The raphe

Fig. 3. Comparison of cardiovascular responses to air jet stress (left) immediately after bilateral microinjection of muscimol (80 pmol/100 nl/side) or saline

vehicle into the DMH, the PVN or the intermediate area between the two regions. Each rat was subjected to air stress from t = 0–20 min immediately after

treatment with saline and muscimol in staggered order on alternate days. Response after saline injection in all areas was equivalent and so has been pooled for

all 14 rats. Right: Approximate location of all injection sites shown in parasaggital schematic adapted from Paxinos and Watson, 1997. All injection sites were

200–900 mm from the third ventricle. AH, anterior hypothalamus; DA, dorsal hypothalamic area; DMC, dorsomedial hypothalamic nucleus, compact; DMD,

dorsomedial hypothalamic nucleus, diffuse; Do, dorsal hypothalamic nucleus; PH, posterior hypothalamic area; PVN, paraventricular hypothalamic nucleus;

VMH, ventromedial hypothalamic nucleus. (Adapted from Stotz-Potter et al., 1996a; Copyright 1996 by the Society for Neuroscience.)
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pallidus receives direct projections from neurons in the

dorsal hypothalamic area immediately adjacent to the

dorsomedial hypothalamic nucleus (Hosoya et al., 1989;

Hermann et al., 1997) and projects heavily to the specific

levels of the spinal cord known to give rise to cardiac

sympathetic innervation in rats (Miura and Kitamura,

1979) and cats (Miura et al., 1983). More recently, the

raphe pallidus was identified as one of relatively few brain

regions doubly labeled by transsynaptic retrograde infec-

tion from two different pseudorabies viruses placed in the

stellate ganglion and the adrenal gland (Jansen et al.,

1995). Both swim and restraint stress evoked marked

increases in Fos-positive neurons in the raphe pallidus

(Cullinan et al., 1995), and we have recently confirmed

a similar induction in this region in our air stress paradigm

(Zaretskaia and DiMicco, unpublished observations). Thus,

neurons in the raphe pallidus, a region where chemical

stimulation provokes marked sympathetically mediated

tachycardia, project to both of the circuits most closely

associated with the sympathetic response to emotional

stress (i.e., the heart and the adrenal medulla) and are

activated in several experimental stress paradigms.

4. The DMH and stress-induced neuroendocrine changes

Activation of the HPA axis represents a defining feature

of the response to stress in mammals. As discussed above,

the rationale for the notion that the PVN represents the

principal hypothalamic site for integration of the autonomic

and endocrine response to stress has its historical origin in

the acknowledged role of neurons in this nucleus in the

mobilization of adrenal corticosteroids. However, several

lines of evidence point to the possibility that neurons in the

DMH play a crucial role in activation of the neurons in the

PVN that are responsible for recruitment of the HPA axis in

some forms of stress. According to PHA-L anterograde

tracing studies (Ter Horst and Luiten, 1986, 1987; Thomp-

son et al., 1996), the PVN represents a primary target for

DMH efferents. In vitro studies in a hypothalamic slice

Fig. 4. Effect of microinjection of muscimol into the DMH versus the PVN on air stress-induced increases in heart rate, blood pressure and plasma ACTH.

Left: Mean changes ( ± S.E.M.) from baseline heart rate and blood pressure (averaged over 10 min of air stress), and from baseline plasma ACTH levels (from

sample taken after 10 min of air stress) after bilateral microinjection of muscimol (80 pmol/100 nl/side) or saline vehicle into the region of the DMH (n= 5) or

the PVN (n= 5). * Significantly different from response after injection of saline by paired t test ( P < .05). + Significantly different from response after injection

of muscimol in PVN by two-way ANOVA ( P < .05). Right: Schematic parasagittal section of mediobasal diencephalon (see inset) adapted from the atlas of

Paxinos and Watson (1986) illustrating bilateral injection sites corresponding to data at left. All injection sites within 900 mm of third ventricle. For

abbreviations, see legend, Fig. 3. (Reprinted from Stotz-Potter et al., Effect of microinjection of muscimol into the dorsomedial or paraventricular

hypothalamic nucleus on air stress-induced neuroendocrine and cardiovascular changes in rats, Brain Res 742, pp. 219–224, copyright 1996, with permission

from Excerpta Medica.)
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preparation identified the DMH as a region that provides

glutamate-mediated excitatory input to neurons in the par-

vocellular PVN (Boudaba et al., 1997). Accordingly, micro-

injection of BMI into the DMH—but not into the PVN—

increased plasma ACTH and corticosterone in pentobar-

bital-anesthetized rats (Keim and Shekhar, 1996).

Our recent results have confirmed that activation of

neurons in the DMH elevates circulating levels of ACTH

in conscious rats (Bailey and DiMicco, 2001). Microinjec-

tion of BMI 10 pmol or KA 1 or 3 pmol into the DMH

provoked marked increases in plasma ACTH that accom-

panied and were correlated with the usual tachycardia as

described above. In contrast, similar treatment in the PVN

caused no significant increase in ACTH. This latter finding

was somewhat surprising, given that: (1) KA, owing to its

ability to stimulate ionotropic glutamate receptors, is gen-

erally considered to be excitatory to all mammalian neurons

including those in the PVN (van den Pol et al., 1990), (2)

neurons in the hypophysiotropic subregion of the PVN,

including those containing CRH, appear to express relatively

high levels of ionotropic glutamate receptors (Aubry et al.,

1996; van den Pol et al., 1994; Herman et al., 2000) and (3)

microinjection of glutamate itself into the PVN has been

reported to increase plasma levels of ACTH in anesthetized

rats (Darlington et al., 1989). One possible explanation for

our negative finding is that microinjection of KA excited

local GABAergic interneurons resulting in GABAA recep-

tor-mediated inhibition of parvocellular hypophysiotropic

neurons in the PVN (Roland and Sawchenko, 1993). How-

ever, plasma ACTH was also unaffected when the GABA

antagonist BMI was coinjected into the PVN along with KA

in pilot experiments (Bailey and DiMicco, unpublished

observations). A second possibility that should be considered

whenever microinjection of excitatory amino acids yields

unexpected negative findings is that of depolarizing block-

ade (Lipski et al., 1988). However, the relatively low dose of

KA employed makes this possibility unlikely. Whatever the

explanation, these results argue against the PVN as the site of

action for the activation of the HPA axis seen after micro-

injection of both BMI and KA into the DMH in these

experiments. Thus, our findings supported the earlier results

of Keim and Shekhar (1996) and, together with the work of

others, indicate that activation of neurons in the region of the

DMH can excite the HPA axis through a direct projection to

the parvocellular PVN.

A role for this pathway in the generation of stress-

induced increases in plasma ACTH was suggested by two

different double-labeling studies employing a retrograde

tracer applied to the PVN and Fos expression as an indicator

for neuronal excitation (Cullinan et al., 1996; Li and

Sawchenko, 1998). In both studies, the DMH was identified

as a major source of afferent input to the PVN that was

activated in stress. Interestingly, however, opposite roles for

the DMH in stress-induced HPA activation were inferred

from these essentially similar results. Cullinan and col-

leagues (1996) speculated that the projection was inhibitory

because their data suggested that the majority of these

neurons contained glutamic acid decarboxylase (GAD),

the enzyme responsible for the biosynthesis of the inhibitory

neurotransmitter GABA in GABA-releasing neurons. Thus,

they believed that the apparent activation of this pathway in

stress noted in their study represented negative feedback

modulation of HPA function. In contrast, Li and Sawchenko

(1998) theorized that the projection originating in the DMH

could represent a primary pathway through which neurons

in the PVN might be activated under conditions of stress.

We assessed the role of neuronal activity in the DMH

with respect to stress-induced activation of the HPA axis by

microinjecting muscimol into the DMH or the PVN prior to

air stress and examining plasma ACTH as well as cardio-

vascular function (Stotz-Potter et al., 1996b; Fig. 4). Once

again, bilateral microinjection of muscimol (80 pmol/100 nl/

side) into the DMH greatly attenuated the increases in heart

rate and arterial pressure whereas similar treatment in the

PVN had no discernible effect. As we had anticipated, air

stress provoked marked increases in plasma ACTH, and

these increases were significantly reduced by prior injection

of muscimol into the PVN. This indicated that treatment

with muscimol had, indeed, effectively inhibited neurons in

the parvocellular PVN at the same time that stress-induced

tachycardia and pressor responses were unaffected—an

observation that further undermined a role for neurons in

the PVN in air stress-induced cardiovascular changes.

However, microinjection of muscimol into the DMH also

suppressed the increases in plasma ACTH as well as the

increases in heart rate and arterial pressure. Thus, neuronal

activity in the DMH appears to play a crucial role in the

activation of the HPA axis seen in this experimental para-

digm for stress.

Functional neuroanatomical data using stress-induced

Fos expression as an indicator also support the idea that

activation of neurons in the PVN occurs in air stress and is

signaled by excitation from the DMH (Morin et al., 2001).

Rats implanted with guide cannulae in the DMH and arterial

lines for monitoring heart rate and blood pressure received

bilateral microinjections of either muscimol (80 pmol/

100 nl/side) or saline (100 nl/side) just prior to being

subjected to air stress for 20 min. Ninety minutes later, rats

were sacrificed and the brains processed for Fos immuno-

histochemistry. Fos-positive neurons in the parvocellular

and magnocellular subregions of the PVN were quantitated

in each rat and found to be markedly increased relative to

the number seen in control animals (Fig. 5). Treatment in

the DMH with muscimol—in a manner shown previously

to suppress air stress-induced increases in plasma ACTH

(Stotz-Potter et al., 1996b)—dramatically reduced the num-

ber of Fos positive neurons in both subregions of the PVN.

Similar injection of muscimol at sites anterior to the DMH

and closer to the PVN failed to influence either the

tachycardia or the increased Fos expression resulting from

air stress, excluding the possibility that the effect of micro-

injection of muscimol into the DMH was a consequence of
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spread or diffusion to the PVN itself. The data indicate that,

like the sympathetically mediated tachycardia, activation of

the PVN that occurs in air stress can be suppressed by

inhibition of the DMH.

An intriguing aspect of this study involved parallel

experiments in which the stressor employed was hemor-

rhage rather than air stress. Neurons in the PVN represent

the final common pathway for activation of the HPA axis

that occurs in response to a wide range of stressors.

However, the concept that different afferent pathways to

the PVN may mediate its activation in response to different

modes of stress has become a subject of considerable

interest (see Emmert and Herman, 1999; Sawchenko et

al., 2000; Thivrikraman et al., 2000). A primary distinction

has been proposed between emotional or neurogenic stres-

sors, which have been termed exteroceptive, and stressors

primarily of a physiological nature, referred to as intero-

ceptive stressors. The air stress paradigm employed in our

studies thus represents a classic exteroceptive or neurogenic

stressor. Hemorrhage, on the other hand, is an interoceptive

stressor known to provoke activation of CRH—and vaso-

pressin-releasing neurons in the PVN and thus powerful

induction of Fos in this nucleus (Darlington et al., 1992;

Schreihofer et al., 1997; Thivrikraman et al., 2000). The

ability of hemorrhage to provoke marked induction of Fos in

the PVN was confirmed in our study. However, in stark

contrast to its effect on air stress-induced Fos expression,

microinjection of muscimol at identical sites in the DMH

had no effect whatsoever on hemorrhage-induced Fos

induction in the PVN in our study (Morin et al., 2001;

Fig. 5). This failure to influence the similar changes evoked

by hemorrhage suggests that neuronal activity in the DMH

is not responsible for the activation of the PVN that occurs

in this setting. Our findings are complemented by the

previous results of Thivrikraman et al. (2000) who found

that air puff startle provoked marked increase in Fos

expression in the DMH, as has been reported previously

in other pradigms for exteroceptive stress (Beck and Fibiger,

1995; Cullinan et al., 1996; Li and Sawchenko, 1998), while

hemorrhage did not. Thus, neurons in the DMH are acti-

vated by exteroceptive stressors but not by the interoceptive

stress of hemorrhage, and this activation appears to play a

crucial role in recruitment of the HPA axis seen in the

former paradigms but not the latter state.

5. Afferent pathways to the DMH

While evidence exists that points to efferent pathways

mediating the increases in plasma ACTH and the tachycar-

Fig. 5. Effect of prior bilateral microinjection of muscimol (80 pmol/100 nl) into the region of the DMH on increases in Fos expression in the PVN induced by

air stress or hemorrhage. Left: Schematic coronal sections adapted from the atlas of Paxinos and Watson (1997) depicting approximate location of all injection

sites for which data represented. Shown are paired bilateral injection sites located in the hypothalamus at sites anterior to the DMH (A; indicated by ‘‘other’’ at

right) and at the level of the DMH (B and C). Rats were injected with either saline vehicle (circles) or muscimol (triangles) and then subjected to air stress

(A or B) or hemorrhage (C). Right: Cell counts of Fos-positive neurons in main body of PVN expressed as total number and as number in parvocellular and

magnocellular subregions of the nucleus in rats representing all treatment groups (sal = saline-treated; mus =muscimol-treated) and three control (unstressed/

untreated) rats. Data plotted represent means ( ± S.E.M.) of total number of Fos-positive neurons in six alternate coronal sections representing the main body of

the PVN for each individual rat. * Significantly different from corresponding values in saline-treated rats and in rats in which muscimol was microinjected at

sites anterior to the DMH by one-way ANOVA and Dunnett’s test, P < .05. (Reproduced from Morin et al., 2001.
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dia as described above, much less is known about the

afferent pathways to the DMH that might activate the

neurons in this region that are relevant to these changes.

The DMH receives input from a host of forebrain regions

that might play such a role (Thompson and Swanson, 1998).

Interestingly, while the PVN represents a major target for

efferents from the region, neurons in the most anterior

subregion of the PVN also project heavily to the DMH

(Ter Horst and Luiten, 1987; Thompson and Swanson,

1998). In contrast to those in other subregions of the

PVN, nothing is known about the potential role of these

neurons in any facet of the response to stress. However, two

other forebrain regions worthy of consideration with regard

to afferent regulation of neurons in the DMH in stress are

the amygdala and the median preoptic area.

The amygdala has a long history connected with stress

and anxiety (for reviews, see Davis, 1997; Buijs and Van

Eden, 2000). Chemical stimulation of the central amygda-

loid nucleus with glutamate (Iwata et al., 1987) or the

basolateral amygdala by local microinjection of BMI

(Sanders and Shekhar, 1991) provokes marked increases

in heart rate and moderate pressor responses resembling

those seen in emotional stress. Most importantly, these

cardiovascular effects of amygdalar stimulation with BMI

are virtually abolished by prior injection of glutamate

ionotropic receptor antagonists into the DMH (Soltis et

al., 1998). This result suggests that these amygdalar-induced

cardiovascular changes are mediated through glutamatergic

excitation of neurons in the latter region and parallels our

finding discussed above that similar blockade of ionotropic

glutamate receptors in the DMH suppresses air stress-

induced tachycardia (Soltis and DiMicco, 1992). Neurons

in the amygdala appear to send few if any projections

directly to the DMH (Thompson and Swanson, 1998), but

project extensively to the adjacent lateral hypothalamus

(Gray et al., 1989). Thus, cardiovascular changes generated

from the amygdala, a structure closely linked with fear and

anxiety, may be mediated by glutamatergic excitation of

neurons in the DMH relayed via the lateral hypothalamus.

Most recently, an intriguing connection has been forged

between the DMH and human panic disorder, and this

work now points to the mPOA as a potential source of

excitatory input to the DMH (Shekhar and Keim, 1997;

Shekhar et al., 1996). The effects of GABAA receptor

blockade in the DMH in rats closely resembles the clinical

picture of panic disorder in patients. While little is under-

stood about the specific neural substrates that play a role in

panic disorder, a standard technique employed in its

diagnosis has for many years been intravenous infusion

of sodium lactate. This procedure provokes panic attacks

characterized by intense anxiety as well as such typical

autonomic effects as tachycardia in susceptible patients

(but not in normal individuals) through mechanisms that

remain unknown (see Cowley and Arana, 1990). Interest-

ingly, infusion of sodium lactate evokes a similar

response—including marked tachycardia—in rats in which

GABAergic function in the DMH has been impaired

pharmacologically by chronic inhibition of local GABA

synthesis, but not in control rats (Shekhar and Keim, 1997;

Shekhar et al., 1996). Thus, neurons in the DMH appear to

be responsible both for air stress-induced behavioral and

autonomic changes and for the similar effects seen in

lactate-induced ‘‘panic attacks’’ in these rats.

A key anatomical substrate mediating the effect of

sodium lactate in this model appears to be a particular

region of the anteriorly located median preoptic area

(mPOA). Retrograde tracing studies show that neurons in

the mPOA adjacent to the organum vasculosum lamina

terminalis (OVLT) represent the greatest single source of

afferent input to the DMH (Thompson and Swanson, 1998;

Cavanagh and DiMicco, unpublished observations). The

OVLT, one of the few areas of the central nervous system

unprotected by a blood–brain barrier, is a site at which a

circulating substance such as sodium lactate might gain

access to and influence activity in the brain, particularly in

adjoining areas of the mPOA. Accordingly, (1) microinjec-

tion of tetrodotoxin into this area blocks the ability of

systemic lactate to provoke tachycardia and panic-like

behavior while injections placed dorsolaterally in more

distal locations in the preoptic area failed to block these

effects and (2) microinjection of sodium lactate directly into

this area elicited increases in heart rate and behavioral

changes similar to those seen after systemic infusion of

doses more than 6000 times greater (Shekhar and Keim,

1997). These findings have obvious implications for both

panic disorder and the mechanism for its diagnostic pro-

vocation by sodium lactate infusion in humans. However,

they are also important in suggesting that the dense projec-

tion to the DMH from the mPOA adjacent to the OVLT has

the potential to recruit those neurons in the DMH capable of

generating the autonomically mediated changes seen in

stress such as tachycardia.

Little information is available with regard to a potential

role for the mPOA in the response to stress. However,

increased Fos expression has been reported in the mPOA

in response to a variety of stressors including foot shock, leg

pinch, immobilization/restraint, swim stress and intraperito-

neal injection of hypertonic saline (Senba et al., 1993;

Larsen and Mikkelsen, 1995; Cullinan et al., 1995, Li and

Sawchenko, 1998), suggesting that neurons in this region

are excited in these diverse stress paradigms in rats. Chem-

ical stimulation of the mPOA by local micronjection of a

wide variety of agents has been reported to produce a

pattern of cardiovascular changes that replicates that seen

in exteroceptive stress in rats (Feuerstein et al., 1982; Diz

and Jacobowitz, 1984a,b; Siren and Feuerstein, 1991;

Osborne and Kurosawa, 1994; Szabo et al., 1998). Thus,

chemical stimulation of the mPOA, a region that projects

heavily to the DMH, produces marked increases in heart rate

accompanied by modest elevations in arterial pressure and

increases in plasma ACTH—the same pattern of changes

seen after chemical stimulation of the DMH or in air stress
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in our studies. The role of this pathway in the response to

stress would seem to be a promising area for future study.

6. Summary and conclusion

Our work over the past decade provides compelling

evidence that neurons in the region of the DMH, a region

included in the ‘‘hypothalamic defense area’’ nearly thirty

years ago, are responsible for coordination and integration of

multiple physiological and behavioral responses to emo-

tional or exteroceptive stressors. Support for this hypothesis

derives from the results of studies that have effectively

employed both careful microinjection protocols and com-

plementary functional neuroanatomic techniques. Of particu-

lar importance, our data have ruled out the possibility that the

effects observed might be attributable to spread or diffusion

of injected agents to the PVN, long held to represent a logical

site for integration of endocrine and autonomic responses to

stress (Swanson and Sawchenko, 1980). Instead, spread or

diffusion to the nearby DMH could account for some of the

changes seen upon microinjection of neuroactive substances

into the PVN. The challenges that lie ahead include (1) the

identification of the specific neurons in the DMH that

mediate these effects, a task that lies beyond the limits of

resolution of current microinjection techniques, and (2) elu-

cidation of the source and nature of afferent inputs that may

trigger activation of these key neurons in the DMH under

conditions of exteroceptive stress and the efferent ‘‘down-

stream’’ pathways involved in the generation of specific

autonomic, endocrine and behavioral changes.
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Boston: Birkhäuser, 1992. pp. 52–79.

DiScala G, Schmitt P, Karli P. Flight induced by infusion of bicuculline

methiodide into periventricular structures. Brain Res 1984;309:

199–208.

Diz DI, Jacobowitz DM. Cardiovascular effects produced by injections of

thyrotropin-releasing hormone in specific preoptic and hypothalamic

nuclei in the rat. Peptides 1984a;5:801–8.

J.A. DiMicco et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 469–480478



Diz DI, Jacobowitz DM. Cardiovascular effects of discrete intrahypothala-

mic and preoptic injections of bradykinin. Brain Res Bull 1984b;12:

409–17.

Emmert MH, Herman JP. Differential forebrain c-fos mRNA induction by

ether inhalation and novelty: evidence for distinctive stress pathways.

Brain Res 1999;845:60–7.

Farkas E, Jansen AS, Loewy AD. Periaqueductal gray matter input to

cardiac-related sympathetic premotor neurons. Brain Res 1998;792:

179–92.

Feuerstein G, Adelberg SA, Kopin IJ, Jacobowitz DM. Hypothalamic sites

for cardiovascular and sympathetic regulation by prostaglandin E2.

Brain Res 1982;231:335–42.

Folkow B. Psychosocial and central nervous influences in primary hyper-

tension. Circular 1987;76:110–9.

Fontes MAP, Tagawa T, Polson JW, Cavanagh S-J, Dampney, RAL.

Descending pathways mediating cardiovascular response from dorso-

medial hypothalamic nucleus. Am J Physiol 2001;280:H2891–2901.

Fossey MD, Lydiard RB. Anxiety and the gastrointestinal system. Psychiat

Med 1990;8:175–86.

Gray TS, Carney ME, Magnuson DJ. Direct projections from the central

amygdaloid nucleus to the hypothalamic paraventricular nucleus: pos-

sible role in stress-induced adrenocorticotropin release. Neuroendocri-

nology 1989;50:433–46.

Haywood JR, Mifflin SW, Craig T, Calderon A, Hensler JG, Hinojosa-

Laborde C. Gamma-aminobutyric acid (GABA)—a function and bind-

ing in the paraventricular nucleus of the hypothalamus in chronic renal-

wrap hypertension. Hypertension 2001;37:614–8.

Henry JP, Stephens PM, Ely DL. Psychosocial hypertension and the de-

fense and defeat reactions. J Hypertens 1986;4:687–97.

Hermann DM, Luppi PH, Peyron C, Hinckel P, Jouvet M. Afferent projec-

tions to the rat nuclei raphe magnus, raphe pallidus and reticularis

gigantocellularis pars alpha demonstrated by iontophoretic application

of choleratoxin (subunit b). J Chem Neuroanat 1997;13:1–21.

Herman JP, Eyigor O, Ziegler DR, Jennes L. Expression of ionotropic

glutamate receptor subunit mRNAs in the hypothalamic paraventricular

nucleus of the rat. J Comp Neurol 2000;422:352–62.

Hilton SM. The defense reaction as a paradigm for cardiovascular control.

In: Brooks CMcC, Koizumi K, Sato A, editors. Integrative functions of

the autonomic nervous system. Tokyo: University of Tokyo Press and

Elsevier Japan, 1979. pp. 444–9.

Hoshi E, Shima K, Tanji J. Neuronal activity in the primate prefrontal

cortex in the process of motor selection based on two behavioral rules.

J Neurophysiol 2000;83:2355–73.

Hosoya Y, Sugiura Y, Zhang F-Z, Ito R, Kohno K. Direct projections from

the dorsal hypothalamic area to the nucleus raphe pallidus: a study

using anterograde transport with Phaseolus vulgaris leucoagglutinin in

the rat. Exp Brain Res 1989;75:40–6.

Iwata J, Chida K, LeDoux JE. Cardiovascular responses elicited by stim-

ulation of neurons in the central amygdaloid nucleus in awake but not

anesthetized rats resemble conditioned emotional responses. Brain Res

1987;418:183–8.

Jansen AS, Nguyen XV, Karpitsky V, Mettenleiter TC, Loewy AD. Central

command neurons of the sympathetic nervous system: basis of the fight-

or-flight response. Science 1995;270:644–6.

Jin C, Rockhold RW. Effects of paraventricular hypothalamic microinjec-

tions of kainic acid on cardiovascular and renal excretory function in

conscious rats. J Pharmacol Exp Ther 1989;251:969–75.

Kalin NH, Takahashi LK, Chen FL. Restraint stress increases corticotropin-

releasing hormone mRNA content in the amygdala and paraventricular

nucleus. Brain Res 1994;656:182–6.

Keim SR, Shekhar A. The effect of GABAA receptor blockade in the

dorsomedial hypothalamic nucleus on corticotrophin (ACTH) and cor-

ticosterone secretion in male rats. Brain Res 1996;739:46–51.

Kiecolt-Glaser JK, Glaser R. Psychoneuroimmunology and health conse-

quences: data and shared mechanisms. Psychosom Med 1995;57:

269–74.

Koegler-Muly SM, Owens SJ, Ervin GN, Kilts CD, Nemeroff CB. Potential

corticotropin releasing factor pathways in the rat brain as determined by

bilateral electrolytic lesions of the central amygdaloid nucleus and the

paraventricular nucleus of the hypothalamus. J Neuoendocrinol 1993;

5:95–8.

Kuypers HGJM, Maiky VA. Retrograde axonal transport of horseradish

peroxidase from spinal cord to brain stem cell groups in the cat. Neuro-

sci Lett 1975;1:9–14.

Larsen PJ, Mikkelsen JD. Functional identification of central afferent pro-

jections conveying information of acute ‘‘stress’’ to the hypothalamic

paraventricular nucleus. J Neurosci 1995;15:2609–27.

Li H-Y, Sawchenko PE. Hypothalamic effector neurons and extended cir-

cuitries activated in ‘‘neurogenic’’ stress: a comparison of footshock

effects exerted acutely, chronically and in animals with controlled glu-

cocorticoid levels. J Comp Neurol 1998;393:244–66.

Lipski J, Bellingham MC, West MJ, Pilowsky J. Limitations of the techni-

que of pressure microinjection of excitatory amino acids for evoking

responses from localized regions of the CNS. J Neurosci Methods

1988;126:169–76.

Lisa M, Marmo E, Wible JH, DiMicco JA. Injection of muscimol into

posterior hypothalamus blocks stress-induced tachycardia. Am J Phys-

iol 1989;257:R246–51.

Loewy AD. Forebrain nuclei involved in autonomic control. Prog Brain

Res 1991;87:253–68.

Makino S, Smith MA, Gold PW. Increased expression of corticotropin

releasing hormone and vasopressin messenger ribonucleic acid (mRNA)

in the hypothalamic paraventricular nucleus during repeated stress: as-

sociation with reduction in glucocorticoid receptor mRNA levels. En-

docrinology 1995;136:3299–309.

Martin DS, Haywood JR. Hemodynamic responses to paraventricular nu-

cleus disinhibition with bicuculline in conscious rats. Am J Physiol

1993;265:H1727–33.

Martin DS, Segura T, Haywood JR. Cardiovascular responses to bicucul-

line in the paraventricular nucleus of the rat. Hypertension 1991;18:

48–55.

Martin JH, Cooper SE, Hacking A, Ghez C. Differential effects of deep

cerebellar nuclei inactivation on reaching and adaptive control. J Neuro-

physiol 2000;83:1886–99.

Meerson FZ. Stress-induced arrhythmic disease of the heart (Parts I and II).

Clin Cardiol 1994;17:362–71, 422–6.

Miura M, Kitamura T. Supraspinal nuclei projecting to the spinal cardioac-

celeratory center. In: Ito M, Tsukahara N, Kubota K, Yagi K, editors.

Integrative control functions of the brain, vol. 2. Tokyo: Kodansha,

1979. pp. 207–17.

Miura M, Onai T, Takayama K. Projections of upper structure to the spinal

cardioacceleratory center in cats: an HRP study using a new micro-

injection method. J Auton Nerv Syst 1983;7:119–39.

Morin SM, Stotz-Potter EH, DiMicco JA. Injection of muscimol into dor-

somedial hypothalamus and stress-induced Fos expression in paraven-

tricular nucleus. Am J Physiol 2001;280:R1276–1284.

Morris M, Callahan MF, Li P, Lucion AB. Central oxytocin mediates stress-

induced tachycardia. J Neuroendocrinol 1995;7:455–9.

Morrison SF, Sved AF, Passerin AM. GABA-mediated inhibition of raphe

pallidus neurons regulates sympathetic outflow to brown adipose tissue.

Am J Physiol 1999;276:R290–7.

Osborne PG, Kurosawa M. Perfusion of the preoptic area with muscimol or

prostaglandin E2 stimulates cardiovascular function in anesthetized rats.

J Auton Nerv Syst 1994;46:199–205.

Pacak K, Plakovits M, Kopin IJ, Goldstein DS. Stress-induced norepinephr-

ine release in the hypothalamic paraventricular nucleus and pituitary–

adrenocortical and sympathoadrenal activity: in vivo microdialysis

study. Front Neuroendocrinol 1995;16:89–150.

Palkovits M, Kovacs K, Makara GB. Corticotropin-releasing hormone-con-

taining neurons in the hypothalamo–hypophyseal system in rats six

weeks after bilateral lesions of the paraventricular nucleus. Neuro-

science 1991;42:841–51.

Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 3rd ed. New

York: Academic Press, 1997.

J.A. DiMicco et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 469–480 479



Porter JP. Contribution of spinal N-methyl-D-aspartic acid receptors to

control of sympathetic outflow by the paraventricular nucleus. Brain

Res Bull 1993;32:653–60.

Reis DJ, Ruggiero DA, Morrison SF. The C1 area of the rostral ventro-

lateral medulla oblongata. A critical brainstem region for control of

resting and reflex integration of arterial pressure. Am J Hypertens

1989;2(12 Pt. 2):363S–74S.

Richardson-Morton KD, Van de Kar LD, Brownfield MS, Bethea CL.

Neuronal cell bodies in the hypothalamic paraventricular nucleus medi-

ate stress-induced renin and corticosterone secretion. Neuroendocrinol-

ogy 1989;50:73–80.

Rockhold RW, Jin C, Huang H-M, Farley JM. Acute tachycardia and press-

or effects following injections of kainic acid into the anterodorsal me-

dial hypothalamus. Neuropharmacology 1987;26:567–73.

Roland BL, Sawchenko PE. Local origins of some GABAergic projections

to the paraventricular and supraoptic nuclei in the rat. J Comp Neurol

1993;332:123–43.

Samuel BC, Zaretsky DV, DiMicco JA. Tachycardia evoked by disinhibi-

tion of the dorsomedial hypothalamus in rats is mediated through

medullary raphe. J Physiol (London) 2002 (in press).

Sanders SK, Shekhar A. Blockade of GABAA receptors in the region of the

anterior basolateral amygdala of rats elicits increases in heart rate and

blood pressure. Brain Res 1991;567:101–10.

Saper CB, Loewy AD, Swanson LW, Cowan WM. Direct hypothalamo–

autonomic connections. Brain Res 1976;117:305–12.

Sawchenko PE, Li HY, Ericsson A. Circuits and mechanisms governing

hypothalamic responses to stress: a tale of two paradigms. Prog Brain

Res 2000;122:61–78.

Schieber MH. Inactivation of the ventral premotor cortex biases the later-

ality of motoric choices. Exp Brain Res 2000;130:497–507.

Schlenker E, Barnes L, Hansen S, Martin D. Cardiorespiratory and metabolic

responses to injection of bicuculline into the hypothalamic paraventric-

ular nucleus (PVN) of conscious rats. Brain Res 2001;895:33–40.

Schreihofer AM, Hoffman GE, Sved AF. The kidneys stimulate vasopressin

release during hemorrhage in rats with chronic NTS lesions. Am J

Physiol 1997;272:R1540–1515.

Senba E, Matsunaga K, Tohyama M, Noguchi K. Stress-induced c-fos

expression in the rat brain: activation mechanism of sympathetic path-

way. Brain Res Bull 1993;31:329–44.

Shekhar A, DiMicco JA. Defense reaction elicited by injection of GABA

antagonists and synthesis inhibitors into the posterior hypothalamus in

rats. Neuropharmacology 1987;26:407–17.

Shekhar A, Keim S. The circumventricular organs form a potential neural

pathway for lactate sensitivity: implications for panic disorder. J Neuro-

sci 1997;17:9726–35.

Shekhar A, Hingtgen JN, DiMicco JA. Selective enhancement of shock

avoidance responding elicited by GABA blockade in the posterior

hypothalamus of rats. Brain Res 1987;420:118–28.

Shekhar A, Hingtgen JN, DiMicco JA. GABA receptors in the posterior

hypothalamus regulate experimental anxiety in rats. Brain Res 1990;

512:81–8.

Shekhar A, Keim SR, Simon JR, McBride WJ. Dorsomedial hypothalamic

GABA dysfunction produces physiological arousal following sodium

lactate infusions. Pharmacol, Biochem Behav 1996;55:249–56.

Siren AL, Feuerstein G. Hypothalamic opioid mu-receptors regulate dis-

crete hemodynamic functions in the conscious rat. Neuropharmacology

1991;30:143–52.

Soltis RP, DiMicco JA. GABAA and excitatory amino acid receptors in

dorsomedial hypothalamus and heart rate in rats. Am J Physiol

1991a;260:R13–20.

Soltis RP, DiMicco JA. Interaction of hypothalamic GABAA and excitatory

amino acid receptors controlling heart rate in rats. Am J Physiol

1991b;261:R427–33.

Soltis RP, DiMicco JA. Hypothalamic excitatory amino acid receptors me-

diate stress-induced tachycardia. Am J Physiol 1992;262:R689–97.

Soltis RP, Cook JC, Gregg AE, Stratton JM, Flickinger KA. Excitatory

amino acid receptors in the dorsomedial hypothalamic area mediate

the cardiovascular response to activation of the amygdala. Am J Physiol

1998;275:R624–31.

Stotz-Potter EH, Willis LR, DiMicco JA. Muscimol acts in dorsomedial and

not paraventricular hypothalamic nucleus to suppress cardiovascular

effects of stress. J Neurosci 1996a;16:1173–9.

Stotz-Potter EH, Morin SM, DiMicco JA. Effect of microinjection of mus-

cimol into dorsomedial or paraventricular hypothalamic nucleus on

stress-induced neuroendocrine and cardiovascular changes in rats. Brain

Res 1996b;742:219–24.

Swanson LW. Biochemical switching in hypothalamic circuits mediating

responses to stress. Prog Brain Res 1991;87:181–200.

Swanson LW, Sawchenko PE. Paraventricular nucleus: a site for the inte-

gration of neuroendocrine and autonomic mechanisms. Neuroendocri-

nology 1980;31:410–7.

Swanson LW, Sawchenko PE. Hypothalamic integration: organization of

the paraventricular and supraoptic nuclei. Ann Rev Neurosci 1983;

6:269–324.

Szabo A, Butz BL, Alper RH. Further characterization of forebrain seroto-

nin receptors mediating tachycardia in conscious rats. Brain Res Bull

1998;45:583–8.

Ter Horst GJ, Luiten PGM. The projections of the dorsomedial hypothala-

mic nucleus in the rat. Brain Res Bull 1986;16:231–48.

Ter Horst GJ, Luiten PGM. Phaseolus vulgaris leuco-agglutinin tracing of

intrahypothalamic connections of the lateral, ventromedial, dorsomedial

and paraventricular hypothalamic nuclei in the rat. Brain Res Bull

1987;18:191–203.

Thivrikraman KV, Nemeroff CB, Plotsky PM. Sensitivity to glucocorticoid-

mediated fast-feedback regulation of the hypothalamic–pituitary–adre-

nal axis is dependent upon stressor specific neurocircuitry. Brain Res

2000;870:87–101.

Thompson RH, Swanson LW. Organization of inputs to the dorsomedial

nucleus of the hypothalamus: a reexamination with fluorogold and

PHAL in the rat. Brain Res Rev 1998;27:89–118.

Thompson RH, Canteras NS, Swanson LW. Organization of projections

from the dorsomedial nucleus of the hypothalamus: a PHA-L study in

the rat. J Comp Neurol 1996;376:143–73.

van den Pol AN, Wuarin JP, Dudek FE. Glutamate, the dominant excitatory

transmitter in neuroendocrine regulation. Science 1990;250:1276–8.

van den Pol A, Hermans-Borgmeyer I, Hofer M, Ghosh P, Heinemann S.

Ionotropic glutamate-receptor gene expression in hypothalamus:locali-

zation of AMPA, kainate, and NMDA receptor RNAwith in situ hybrid-

ization. J Comp Neurol 1994;343:428–44.

Waitzman DM, Silakov VL, DePalma-Bowles S, Ayers AS. Effects of

reversible inactivation of the primate mesencephalic reticular formation:

II. Hypometric vertical saccades. J Neurophysiol 2000;83:2285–99.

Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hor-

mone neurosecretory system. Prog Neurobiol 1993;40:573–629.

Wible JH, Luft FC, DiMicco JA. Hypothalamic GABA suppresses sympa-

thetic outflow to the cardiovascular system. Am J Physiol 1988;254:

R680–7.

Wible JH, DiMicco JA, Luft FC. Hypothalamic GABA and sympathetic

regulation in spontaneously hypertensive rats. Hypertension 1989;

14:623–8.

J.A. DiMicco et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 469–480480


