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Autonomic Nervous System 2
Fox Chapter 9 part 2

Pharmacology and Disorders

© T. Houpt, Ph.D.

Examples of Autonomic Nervous System
Pupil dilation & contraction
Sweating
Horner’s Syndrome
Organophosphate Poisoning

Central Regulation of Autonomic Nervous System
brainstem
hypothalamus
example: Thermoregulation & Fever

T

Pupil Dilation & Constriction
Light via optic nerve (II) stimulates parasympathetic nerve (III) to constrict 
pupillary sphincter muscle (ACh muscarinic receptors)
Blocked by atropine -> pupil dilation
Sympathetic nerves cause dilation of pupil by stimulating pupillary dilator muscle 
(NE beta-adrenergic receptors)
Cocaine -> enhanced NE levels -> enhanced dilation

Hidrosis (sweating)
Sympathetic postganglionic neurons synapse onto sweat glands in the skin
Sympathetic neurons release ACh (not NE) to stimulate sweating 
Hyperhidrosis - excessive sweating -- treated with anticholinergics, botulin 
toxin (botox) that blocks ACh release, or sympathectomy (cutting sympathetic 
nerves)

Horner’s Syndrome
Damage to sympathetic nerves on one side of neck
Unilateral (one-sided) constriction of pupil, anhydrosis (lack of sweat), flushing

Organophosphates
insecticides that block cholinesterase enzyme -> enhanced ACh 
neurotransmission at all synapses
Treated with atropine to block effects of elevated ACh

T
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Fox Figure 10.28

NorEpi

ACh

Atropine:
• blocks muscarinic ACh receptors
• so blocks parasympathetic constriction
• so pupil dilates

(cranial nerve 3)

optic nerve (cranial nerve 2)

Cocaine: 
• increases NorEpi levels
• so pupil dilates

(C8-T1
spinal cord)

Primer on the Autonomic Nervous System, p.77

Figure 1.22

Sympathetic 
postganglionic 

neuron
ACh

Note: a sympathetic 
synapse that uses ACh as 
transmitter

Spinal 
preganglionic 

neuron



Hyperhidrosis - Excessive sweating

Botox injections

Sweating and Hyperhidrosis

Horner’s Syndrome
Loss of sympathetic innervation of the eye and face on one 
side (unilateral deficit)

1 Drooping eyelid (Ptosis)
2 Constricted pupil 
3 Reduced sweating on the 

affected facial side

Horner’ syndrome due to grenade 
wound of right side of neck
(Bing’s p. 102)

normaldenervated



Organophosphates block degradation of ACh

Organophosphate pesticides (Malathion) and 
“nerve gas” (Sarin) are AchE inhibitors.  
Poisoning will present with symptoms of 
cholinergic activation.

Activation of nicotinic ACh receptors on 
ganglionic synapses and neuromuscular 
junction.

Activation of muscarinic ACh receptors at 
parasympathetic target synapse

(and activation of sweat glands at cholinergic 
sympathetic synapse).

Organophosphates are powerful (long-lasting) AChE 
inhibitors used as pesticides

inhibition of AChE 
causes increased ACh 
in cholinergic 
synapses,
so bigger, longer 
response

AChE inhibitors boost ACh everywhere
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The BBC quoted a police official last week who said, "It was the high quantity of 
monocrotophos insecticide found in the food which proved fatal for the schoolchildren." The 
incident has been blamed on a bottle of pesticide being used instead of cooking oil to cook the 
free school lunches of rice, lentils, soybeans and potatoes.

The affected children, who were between the ages of 5 and 12, got sick shortly after eating 
lunch Tuesday July 16 at the school in Gandamal village. School authorities stopped serving 
the meal once the children began vomiting. The school's principal, who went into hiding after 
the incident, was arrested Tuesday.

Some states require employers to 
enroll their employees who handle 
such pesticides in a cholinesterase-
monitoring program. Although Florida 
law does not require employers of 
pesticide handlers to monitor these 
employee's cholinesterase levels, 
some employers in Florida — 
including the University of Florida — 
voluntarily enroll their employees 
who handle pesticides in a 
cholinesterase-monitoring program.

1. Organophosphorus (OP) insecticide poisoning is a major global clinical problem, 
killing an estimated 200,000 people each year.

2. Restricting agricultural use of highly toxic OP insecticides will reduce regional 
suicide rates. However, current agricultural policies make it unlikely that they will 
soon be banned. Effective clinical therapies are required.

3. OP compounds inhibit acetylcholinesterase (AchE), resulting in overstimulation of 
cholinergic synapses. Patients die mostly from respiratory failure and lung injury, 
although there is variability in the clinical syndrome.

4. Treatment involves resuscitation, administration of the muscarinic antagonist 
atropine and an oxime acetylcholinesterase reactivator , such as pralidoxime, 
and assisted ventilation as necessary.

   (Eddleston et al. PLoS Med 6(6): e1000104, 2009) 

Treatment of organophosphate (OP) poisoning involves assisted ventilation, 
blocking muscarinic activation with atropine and attempting to reactivate 
AchE

Be able to compare and contrast sympathetic and 
parasympathetic nervous system

Location of preganglion neurons

Location of ganglia

Neurotransmitters used by pre- and post ganglionic neurons

Role of sympathetic vs. parasympathetic system

Some examples of target organs:

airways, pupil, sweating

T



Application Effect of Vial 1 Effect of Vial 2

onto eye no effect Dilation of pupil

onto adrenal gland epinephrine secretion no effect

onto heart no effect speeds up heart

onto sweat gland no effect decreases sweating

into sympathetic chain ganglion increased sympathetic response no effect

into parasympathetic ganglion increased parasympathetic response no effect

You conclude that vial 1 or 2 contains:
a. acetylcholine 
b. atropine
c. cocaine
d. epinephrine
e. nicotine

T

Stimulates
muscarinic ACh
receptors

Stimulates
Sweat glands

increase
heart rate
& dilate pupil

slow heart rate
& constrict pupil

Figure 9.10
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Application Effect of Vial 1

onto eye no effect

onto adrenal gland epinephrine secretion

onto heart no effect

onto sweat gland no effect

into sympathetic chain ganglion increased sympathetic response

into parasympathetic ganglion increased parasympathetic response

1. You conclude that vial 1 contains:
a. acetylcholine 
b. atropine
c. cocaine
d. epinephrine
e. nicotine

nicotinic ACh receptors

nicotinic ACh receptors

nicotinic ACh receptors

muscarinic ACh receptors

nicotinic ACh receptors
adrenergic receptors

enhance adrenergic receptors
block muscarinic ACh receptors

muscarinic & nicotinic ACh receptors

muscarinic ACh (constriction) vs. 
beta-adrenergic receptors (dilation)

muscarinic ACh (slow) vs. 
beta-adrenergic receptors (speed up)



Application Effect of Vial 2

onto eye Dilation of pupil

onto adrenal gland no effect

onto heart speeds up heart

onto sweat gland decreases sweating

into sympathetic chain ganglion no effect

into parasympathetic ganglion no effect

2. You conclude that vial 2 contains:
a. acetylcholine 
b. atropine
c. cocaine
d. epinephrine
e. nicotine

muscarinic ACh (constriction) vs. 
beta-adrenergic receptors (dilation)

nicotinic ACh receptors

nicotinic ACh receptors

nicotinic ACh receptors

muscarinic ACh receptors

muscarinic ACh (slow) vs. 
beta-adrenergic receptors (speed up)

nicotinic ACh receptors
adrenergic receptors

enhance adrenergic receptors
block muscarinic ACh receptors

muscarinic & nicotinic ACh receptors

Vision
Audition

Somatosensation

Visceral 
Chemoreception

Mechanoreception
Temperature

Rhythms

Thalamus
Sensory 
Cortex

C
og

ni
tio

n Motor
Cortex 

Spinal 
Cord Behavior

Limbic System

Hypothalamus
Physiological,

Behavioral
&

Emotional
Responses

Brainstem

Pituitary

Sympathetic,
Parasympathetic

Nerves

Endocrine Glands

(conscious sensation) (voluntary movement)
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responses)
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Autonomic vs. Somatic Axes

Figure 8.19a

Hypothalamus

Brainstem

Central control of autonomic nervous system:
hypothalamus and brainstem



Hypothalamus as Integrator

To maintain homeostasis, hypothalamus uses two 
control mechanisms:

1. Setpoint
areas of hypothalamus integrate information about a 
physiological variable, and attempt to maintain that 
variable at a particular setpoint. 

2. Feedback loops 
High levels of regulated variable cause hypothalamus to 
downregulate behavior & physiology that drive the 
variable up. negative feedback loop balances positive 
input; no setpoint

T

Feedback Regulation
High levels of regulated variable cause hypothalamus to 
downregulate behavior & physiology that drive the 
variable up.

negative feedback loop balances positive input; no setpoint

Kandel

Setpoint Regulation
areas of hypothalamus integrate temperature information, and 
attempt to maintain temperature at a particular setpoint. 

core body temperature
Kandel
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Figure 1.1

26

Figure 1.2

Figure 1.4

Figure 1.3



Thermoregulatory responses
engaged if:

1) body temp. moves away from setpoint
–> responds to restore body temp
or 

2) the central setpoint changes 
–> bring body temp to new set point

! lowering setpoint –> body responds as if too hot.
! raising setpoint –> body responds as if too cold.

if temperature > setpoint
! too hot, so sweat & vasodilate skin
if temperature < setpoint
! too cold, so shiver & conserve heat
If temperature = setpoint
! feel fine (even if elevated)

Drop in body temperature

Rise in body temperature



Rise in set point = fever

Drop in set point = fever breaking

Compare temperature to set point:

if temperature > setpoint

! too hot, so sweat & vasodilate skin
if temperature < setpoint

! too cold, so shiver & conserve heat

If temperature = setpoint
! feel fine (even if elevated)



Thermoregulatory Inputs

peripheral temperature sensors (e.g. skin)

central temperature sensors (warm and cold 
responsive neurons in hypothalamus)

hypothalamus integrates both peripheral and 
central inputs

T

Rat pressing bar for cold air

Rat bar-pressing for cold air

catheter into 
hypothalamus

Kandel



Rat pressing bar for cold air

infuse hot or cold water 
through catheter loop 

implanted in hypothalamus

Rat bar-pressing for cold air

catheter into 
hypothalamus

Kandel

Thermoregulatory Sites of integration

Kandel

Hypothalamus

Thalamus

Preoptic area
(heat dissipation)

Posterior area
(heat conservation)

Pituitary



Thermoregulatory Sites of integration:
two opposing centers

Preoptic  Area

stimulate lesion

panting,
sweating

hypothermia
(when in cold)

hyperthermia

shiveringPosterior Area

Thermoregulatory Outputs

controlled by mixed but independent circuits 
localized in hypothalamus.

Short-term neural outputs: 

sweating, panting, salivation: evaporative cooling

vasodilation: conduction of heat from core by blood and 
radiation from skin 

shivering: generation of metabolic heat

non-shivering thermogenesis: burn off adipose stores

Behavior! – conscious perception drives voluntary behaviors 
to restore temp to set point. 

T

and Morrison (75) published elsewhere. However, a few points
deserve elaboration.

As shown in Fig. 3, both the BAT and skin vasculature are
controlled by sympathetic ganglia, with the bodies of pregan-
glionic neurons located in the intermediolateral column of the
spinal cord. These spinal neurons receive direct input from
cells located primarily in the raphé/peripyramidal area of the
medulla. These medullary cells are under the control of hypo-
thalamic (dorsomedial and paraventricular nuclei), midbrain
(periaqueductal gray matter, retrorubral field, and ventral teg-
mental area), and possibly pontine (locus coeruleus) neurons
that receive input from warm-sensitive POA cells (8, 18, 84).
Although the efferent pathways for skin vasomotor tone and
nonshivering thermogenesis have some similarities, they are
not identical, and both differ substantially from the pathway
controlling shivering. Within the shivering pathway, ! and "
motoneurons of the ventral horn receive direct and indirect
inputs from the midbrain and brain stem, including the raphé/
peripyramidal area of the medulla (116). Axons of the mid-
brain neurons descend the spinal cord with the reticulospinal
and rubrospinal tracts. These midbrain neurons are under
control of posterior hypothalamic neurons, which, in turn,
receive inhibitory input from warm-sensitive POA cells.

The efferent pathways described are to a large extent inhib-
itory. Consequently, thermoeffector activation involves disin-
hibition of tonically inhibited neurons. Importantly, thermoef-
fectors are controlled relatively independently of each other
(69, 78), and certain portions of the pathways may be recruited
in a thermoregulatory response in a stimulus-specific fashion.
The latter speculation is supported by findings that the para-
ventricular nucleus (16, 47, 67) and locus coeruleus (3) seem to
mediate a thermogenic response to bacterial lipopolysaccharide
or prostaglandin E2 but not cold-induced thermogenesis or a
nocturnal Tb rise in rodents. In the present Call for Papers,
neural circuitries of autonomic thermoeffector responses have
been subjects of original articles by Nakamura and Morrison
(79), Ootsuka and McAllen (85), Tanaka and McAllen (115)

and editorial foci by DiMicco and Zaretsky (33) and McAllen
(68a).

Behavioral effectors. Evidence (mostly from stimulation
experiments) suggests that different thermoregulatory behav-
iors in the rat (e.g., relaxed postural extension, thermoregula-
tory grooming, and locomotion) use distinct neural circuitries
(92). However, the neuroanatomic substrate of no thermoreg-
ulatory behavior has been studied extensively, and little is
known about the neuroanatomy of behavioral thermoregulation
(78). This situation is likely to change, as behavioral thermo-
regulation is becoming a subject of keen attention (1, 2, 59, 60,
68). In the present issue, Konishi et al. (59) report that neurons
in the median preoptic nucleus are involved in the intensifica-
tion of an operant thermoregulatory behavior (moving to a
reward zone during heat exposure to trigger a breeze of cold
air) caused by hypertonic saline. For a different behavioral
response (moving to a cold environment during bacterial li-
popolysaccharide-induced shock), two other substrates have
been recently identified by Almeida et al. (2): neurons of the
dorsomedial hypothalamic nucleus and fibers passing through
the paraventricular hypothalamic nucleus. By studying
warmth- and cold-seeking behaviors of rats in six different
tests, Almeida et al. (2) also showed that these behaviors do not
require an intact POA, whereas autonomic thermoregulatory
responses do.

FUNCTIONAL ARCHITECTURE OF THE
THERMOREGULATORY SYSTEM

“Think simple” as my old master used to say—meaning
reduce the whole of its parts into the simplest terms, getting
back to first principles.

—Frank Lloyd Wright (1868–1959)
“The ability to simplify means to eliminate the unnecessary

so that the necessary may speak.”
—Hans Hofmann (1880–1966)

Fig. 3. Efferent neuronal pathways for con-
trol of skin vasomotor tone, nonshivering
thermogenesis in brown adipose tissue, and
shivering in the rat. The concept was taken
from Nagashima et al. (78); the figure was
substantially modified and published in Ro-
manovsky (93) by permission from Elsevier.
The Romanovsky (93) version is reproduced
here with a minor modification and by per-
mission from both Elsevier and Blackwell
Publishing. DMH, dorsomedial hypothala-
mus; IML, intermediolateral column; PAG,
periaqueductal gray matter; cPAG, caudal
PAG; rPAG, rostral PAG; PH, posterior hy-
pothalamus; PVN, paraventricular nucleus;
RF, reticular formation; RPA, raphé/peripy-
ramidal area; RRF, retrorubral field; SG,
sympathetic ganglia; VH, ventral horn;
VMH, ventromedial hypothalamus; VTA,
ventral tegmental area.

In Focus
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Thermoregulatory Outputs

Romanovsky, Am J Physiol Regul Integr Comp Physiol 292: R37–R46, 2007.



Decrease Core Temp
(eat ice)

skin °C

sweat

cranial °C

ice ice

Increase cranial temp
(microwave neck)

sweat

cranial °C

Increase cranial temp
(microwave neck)

sweat

skin °C



Long-Term Thermoregulatory Outputs

secretion of thyroid releasing hormone (TRH) to 
increase thyroid hormone (TH) to increase 
metabolism

increased feeding to match metabolic heat 
generation

(autonomic system can only change metabolic rate by 
4x, so need behavior to compensate for big environ-
mental shifts).

T

Disregulation of Body Temperature
Postsurgical shivering:  
anesthesia depresses normal thermoregulatory 
response, body starts to cool to RT; as anesthesia 
wears off, hypothalamus regains function and induces 
shivering.

Hot flashes: 
lack of estrogen causes occasional lowering of setpoint 
(i.e. hypothalamus decides its too hot, so tries to lower 
body temperature) -> sweating, perception of heat.

Fever induced by infection and pyrogens
Chemical components of bacteria activate immune 
system to produce prostaglandins (PGs). PGs stimulate 
brain to change set-point (induced fever) and “sickness 
syndrome”. T

Cytokines, Fever, and Sickness Syndrome

increased sleep, anorexia, adipsia, stress response, 
fever

the behavioral & physiological alterations that 
develop during infection are NOT the consequence of 
reduced bodily functions, 

but are a set of coordinated responses to infection 
and inflammation mediated by the hypothalamus

T



active fragment of endotoxin from gram-negative bacteria

LPS induces synthesis and release of proinflammatory 
cytokines from activated immune system cells (monocytes and 
macrophages):

cytokines:!

interleukin 1a (IL-1a)

! interleukin 1b (IL-1b)

 ! tumor necrosis factor-alpha (TNFa)

Lipopolysaccharide (LPS) & Cytokines

two pathways of activation

visceral infection 
peritoneum, lung 
–> cytokine receptors on vagus nerve
–> brainstem and hypothalamus

blood borne infection
LPS, cytokines 
–> endothelium of brain capillaries
–> activation of cyclooxygenase (COX2)
–> synthesis of prostaglandin E2 (PGE2)
–> diffuse to glial cells
–> activation of EP3 receptors
–> release of cAMP -> hypothalamic areas

T



Elmquist 1997, PMID 9416669

568 TINS Vol. 20, No. 12, 1997

nucleus of the amygdala, paraventricular hypothal-
amic nucleus (PVH; Fig. 1E,F), arcuate nucleus of the
hypothalamus, subfornical organ, OVLT, ventro-
medial preoptic area (VMPO; Fig. 1A–D), parabrachial
nucleus, nucleus of the solitary tract, area postrema,
and the rostral and caudal levels of the ventrolateral
medulla17,23,32,34,35,57–59,65,66. However, these animals can
be quite ill, manifesting hypotension, diarrhea, and
other symptoms that themselves might produce sen-
sory activation that can affect the CNS pattern of Fos
expression. In addition, some of the pathways acti-
vated might represent antipyretic responses that are

initiated by fever, including acti-
vation of neurons that contain
αMSH and arginine vasopressin68–71.
By contrast, doses of LPS or IL-1β at
the threshold for causing fever or
corticotropin responses activate a
more restricted set of structures,
including the PVH, VMPO, nucleus
of the solitary tract and ventro-
lateral medulla. In the PVH, the
parvicellular neurons are activated
by low doses of IL-1β and LPS
whereas the magnocellular vaso-
pressin and oxytocin cells are acti-
vated only at higher doses. This
pattern of activation suggests that
the PVH, which is involved in both
neuroendocrine and autonomic
control, might be a key site for me-
diating CNS responses to immune
stimulation. 

Evidence from investigation of
neuronal responses to prostaglandin
administration appears to support

this conclusion. Although it is widely agreed that the
production of prostaglandins in the hypothalamus is
an obligate step in producing fever2,38,40,72–74, the site of
action has never been defined. This problem has
recently been addressed in experiments (Fig. 3) that
allow the placement of extremely small (< 25 nl) 
injections into the hypothalamus with stereotaxic
accuracy and the subsequent observation of awake,
unrestrained animals to determine the effects on body
temperature75. Injection of threshold doses of PGE2
(1 ng) into the anteroventral preoptic area, including
the VMPO and the adjacent median preoptic nucleus

and OVLT, reliably produced fevers
of >1°C, whereas injections as 
close as 500 !m away did not. Con-
versely, microinjections of the water-
soluble COX inhibitor ketorolac
into the same region reliably at-
tenuated fever due to i.v. LPS 
(T.E. Scammell, J.D. Griffin, J.K.
Elmquist and C.B. Saper, unpub-
lished observations), whereas injec-
tions further than a millimeter away
were considerably less effective. The
zone in which PGE2 acts to cause a
fever corresponds precisely to the
region that contains the highest
concentrations of PGE2-binding
sites76,77.

In animals that produced fevers
after receiving threshold doses of
PGE2 into the preoptic region, the
only cell groups in the entire brain
that showed consistent Fos acti-
vation were the VMPO and the 
parvicellular component of the
PVH. Thus, if the minimal stimulus 
necessary to induce fever is provided,
the range of cell groups that demon-
strate Fos activation is reduced to 
a small group of key regions that
are involved in driving the thermo-
regulatory response to i.v. LPS.

J.K. Elmquist et al. – Neuro-immune interactionsRE V I E W

Fig. 3. Coronal diagrams illustrating the preoptic sites at which prostaglandin E2 (PGE2) produces fever and a
cyclooxygenase inhibitor blunts lipopolysaccharide (LPS)-induced fever. Injection of 1 ng PGE2 into anteroventral pre-
optic regions (red hatching) rapidly produces fevers greater than 1°C. This region includes the ventromedial preoptic
nucleus (VMPO), anteroventral periventricular nucleus (AVPV), the median preoptic nucleus (MnPO), the organum vas-
culosum of the lamina terminalis (OVLT), and the meningeal strand of the preoptic recess. Injection of ketorolac, a non-
specific cyclooxygenase inhibitor, into these regions (blue hatching) attenuates the fever produced by intravenous LPS.
These observations suggest that prostaglandins are produced and act within the preoptic area to produce fever.
Abbreviations: ac, anterior commissure; LV, lateral ventricle; ox, optic chiasm.

Fig. 4. A model of CNS activation in the rat brain following intravenous (i.v.) or intraperitoneal (i.p.) adminis-
tration of lipopolysaccharide (LPS) or cytokines. This model predicts many portals of communication of i.v. immune
signals with the CNS. Circulating LPS or cytokines might interact directly with endothelial cells and perivascular
microglia along blood vessels and with meningeal macrophages to cause production of diffusible mediators such as
prostaglandins (PGs) that cross the blood–brain barrier to initiate the CNS-mediated components of the acute-phase
response. Furthermore, localized infections such as peritonitis or pneumonia might activate local sensory nerves such as
the vagus nerve via a PG-dependent mechanism. Both modes lead to activation of central neuronal systems that 
control the varied behavioral, endocrine and autonomic changes characteristic of immune system activation.
Abbreviations: NTS, nucleus of the solitary tract; VLM, ventral lateral medulla.

Model: intravenous LPS and cytokines

septicemia/endotoxemia

and endothelial cells

Meningeal macrophages,
Nodose ganglia

Vagus nerve

Model: intraperitoneal LPS and cytokines

local infections (e.g. peritonitis, pneumonia)

PGs

PGs

Hepatic and lung macrophages

Fever

PGs
PGs

Anorexia

Confusion, malaise, headache

ACTH response
PGs NTS

VLM

Sickness behavior

perivascular microglia,

infection induces COX2 enzymes to produce prostaglandins (PGs)
PGs act as signal to brain to respond to infection

COX2 enzyme
aspirin et al.

LPS injection induces polyphasic fever in mice

saline

LPS 56 mg/kg

injection

Rudaya et al, 2005, PMID: 16081879



COX 2 knockout mice

wildtype mice

LPS injection does not induce fever in mice without 
the COX 2 enzyme

Steiner et al, 2005, PMID: 16081878 

Thermoregulation Conclusions
Temperature is regulated around a setpoint

Thermoregulation uses both peripheral and central 
sensors
Fever is a pathological change in setpoint

Infection causes “sickness” by indirectly affecting the 
hypothalamus through humoral and nervous signaling.

cytokines and prostaglandins signal the presence of 
infection

T


