Neurochemistry
Last updated: April 20, 2019

CLASSIFICATION OF NEUROTRANSMITTERS ....cciiiittttteiiieeesssisrsbesesssesssssssssssesssssessssssssssssssssssssssssssssssness 2
CATECHOLAMINES ...ciiiittttittiee et s s iitbbbeeeesee s st s setbbb b areseeesssasb b b e beesseeesssaa bbb aseeseeessssab s b b baseeesesssssbbbbbeneeeeessins 3
NORADRENALINE (S. NOREPINEPHRINE, LEVARTERENOL) .....uceitiauieitiesieaseesieeseeeeesseessesseessesseesseessesssens 4
EPINEPHRINE ... .te ittt iittttee ittt e e s s ieitbbb e e et ee e et s saabb b eeeeeeesssaaa bbb e s aeseeeess s bbb e babeseeesssas st b baaeeeseessssb bbb beeeeeeesssasareres 6
D] = 1= 6
SEROTONIN (S. 5-HYDROXYTRYPTAMINE, 5-HT) ..oeiiiiiiiii et 8
L LIS N = 10
Yo = 4 I o I | NSRS PP 11
AAIMINO ACIDS ©1vuvututuutrurussssssssrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 13
GLUT AMATE, AP AR T ATE ..1ttttttttetiiiiittttetetee st s iiitbbrrereseesssiibbrretseeesssiaibbbaseesseesssiabbbbareseeesssassbbreenesas 13
T-AMINOBUTYRIC ACID (GABA) ..ottt sttt sttt eenne e nbeenbesneenneas 15
(I o1 | ISR 16
INEUROPEPTIDES ..uvututuuututussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 16
(O ]=T10] [0TSR 17
SUBSTANCE P & OTHER TACHYKININS ..vvveiiieiiiiiiitttteeeeeeeessssitsbsrerssesssssssssbesssssessssssssbssesssssesssssssssssensss 18
@7 N NN =] 1T [0 1R OOPRRRR 19
LS =5 20
1 L O TOPOPPRRRR 20
L 20
TRANSMITTERS OF IMOTOR SYSTEM ..uutttiiiiiiiiiiiiiiiiieiiie e e s s isiiibaree s s e s s s s ssababesssssesssssssabbbssesssesssssssssssnssas 20

TRANSMITTERS OF AUTONOMIC NERVOUS SYSTEM — see p. A34

NEUROTRANSMITTER — endogenous chemical agent that relays information from one neuron to
another through synapse; released by presynaptic cell (upon excitation), crosses synapse to stimulate or
inhibit* postsynaptic cell by binding to receptor.
*final result (hyperpolarization or depolarization) is dependent
on both transmitter and its receptor.
to qualify as neurotransmitter, five classic criteria must be demonstrated:
1) presence within neurons
2) synthetic pathways with identified enzymes
3) release mechanisms from neuron into synapse
4) metabolic pathways to effect removal from synapse
5) mimicry of neuronal activity by iatrogenic application of neurochemical.
N.B. few neurotransmitters actually fulfill all criteria within CNS.

o original Dale-Feldberg law: single neuron makes use of the same transmitter at all of its synapses
(i.e. each neuron releases one and only one neurotransmitter).

o reformulated Dale-Feldberg law: single neuron makes use of the same combination of chemical
messengers at all of its synapses.

More than one neurotransmitter may be released at any given synapse!

— one transmitter may predominate (others — COTRANSMITTERS, COMODULATORS) —
classification of neuronal systems.

e tobuléjant tyrimo metodikoms, atrandami vis nauji transmiteriai ir specifiniai traktai.
pvz. dauguma katecholaminerginiy trakty (labai ploni, nemielinizuoti) atrasta tik naudojant fluorescence
microscopy).
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CLASSIFICATION OF NEUROTRANSMITTERS

I.  Monoaminergic — modulating action in CNS (cell bodies in relatively few locations with multiple
branched axons projecting to almost all parts of CNS):
1. Catecholaminergic:
1) DOPAMINE
2) NORADRENALINE
3) ADRENALINE
2. Serotonergic — SEROTONIN
3. Histaminergic — HISTAMINE

I1. Cholinergic — ACETYLCHOLINE — major transmitter in PNS (except postganglionic sympathetic
neurons)

I11. Amino acids — major transmitters in CNS:

A) Excitatory — glutamate, aspartate, cysteic acid, homocysteic acid.
B) Inhibitory —y-aminobutyric acid (GABA), glycine, taurine, g-alanine.

IV. Peptidergic — zinomi 28 peptidai (substance P & other tachykinins, ADH, oxytocin, CRH, TRH,
GnRH, GRH, somatostatin, opioids, CKK, VIP, neurotensin, gastrin, glucagon, motilin, secretin,
calcitonin gene-related peptide, neuropeptide Y, activins, inhibins, angiotensin Il, galanin, ANP,
brain natriuretic peptide, etc.)

e peptidiniy transmiteriy gausa pasizymi hypothalamus.
V. Purines:
1) adenosine (general CNS depressant, coronarodilator; stimulatory effects of caffeine and
theophylline are due to adenosine receptors blockade).
2) ATP
VI. Lipids: anandamide.
VII. Gases — small gaseous molecules: NO, CO.

Neurochemical pathways that bypass thalamus on their way to cerebral cortex:

e NEUROTRANSMITTER — NUCLEUS OF ORIGIN:
1) acetylcholine — nucleus basalis of Meynert, hypothalamus
2) GABA, neuropeptides, histamine — hypothalamus
3) dopamine — substantia nigra, ventral midbrain tegmental nuclei
4) serotonin — raphe nuclei (midbrain)
5) noradrenaline — locus ceruleus

o features:
— tai discrete nuclei (basal forebrain, hypothalamus, midbrain tegmentum).
— direct, diffuse, profuse projections to entire cortex — modulatory action.
— most ending form true synapses; some endings are not true synapses (noradrenerginés
ir serotonergingés skaidulos).

e neurotransmiteriy balansas limbinéje sistemoje nulemia miisy nuotaikas, drives, instinctual
behaviors; todél reikia klausti ne “How are you?”, bet “Which neurochemical system predominates
today — serotonergic, dopaminergic, cholinergic, or peptidergic?”.

e gausiausiai jvairiy transmiteriy randama in circuits of basal motor nuclei:
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FIGURE 14-3. Simplified diagram for the conceptual understanding of the interaction of numerous neuro-
transmitter pathways in the motor circuits. ACh = acetylcholine; ANGIO = angiotensin; DA = dopaminer-
gic pathway; ENKEPH = enkephalin; GABA = gamma-aminobutyric acid; GLY = glycine; NA = noradren-
ergic pathway; SE = serotonergic pathway; ZC = zona compacta of the substantia nigra; ZR = zona
reticularis of the substantia nigra; + = excitatory; — = inhibitory.

CATECHOLAMINES

see 812 p. (BIOCHEMISTRY), 2723 p. (ENDOCRINE SYSTEM)
e sintezuojami i§ Tyrosine.
e NA ir A katabolizuojami j VMA (vanillylmandelic acid); dopamine katabolizuojamas j
homovanillic acid.
N.B. neuronuose katabolizmg vykdo MONOAMINE OXIDASE (MAO)! ekstraceliulinius
katecholaminus ardo CATECHOL-O-METHYLTRANSFERASE (COMT)

MONOAMINE OXIDASE is predominantly intraneuronal enzyme (located in outer membrane of
mitochondria).
e in human brain, at least two forms of MAO have been identified:

type A (specifically inhibited by CLORGYLINE)

type B (specifically inhibited by DEPRENYL)

CNS
e katecholaminerginiy neurony taisyklé:
DOPAMINERGINIAI — in midbrain
NORADRENERGINIAI — in pons
ADRENERGINIAI — in medulla
e catecholaminergic projections (except dopaminergic) are diffuse, having less distinct body
topography — modulate or gate many general functions (e.g. mood, attention).
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NORADRENALINE (s. NOREPINEPHRINE, LEVARTERENOL)

e stored in characteristic small vesicles with dense core (granulated vesicles); transport into vesicles
is blocked by RESERPINE, TETRABENAZINE.

e RELEASE INTO SYNAPSE is blocked by GUANETHIDINE, BRETYLIUM.

e REUPTAKE is major mechanism of NA removal from synaptic cleft;

— noradrenergic neuron damage — no reuptake — more NA from other sources is
available to stimulate receptors (DENERVATION HYPERSENSITIVITY).

— reuptake is blocked by tricyclic antidepressants, COCAINE.

— reuptaken NA is oxidized by monoamine oxidase (MAQO); deaminated derivatives (3,4-
dihydroxy-mandellic acid, 3,4-dihydroxy-phenylglycol) enter circulation and are O-
methylated in liver by catechol-O-methyltransferase (COMT).

o secreted extracellular NA is O-methylated by COMT, then normetanephrine is oxidized by MAO
in liver.
e end product of catabolism (by either way) is vanillylmandelic acid (VMA) — secreted into urine.

NORADREMERGIC
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Release of NE is modulated by NE itself (acting on presynaptic a2-autoreceptors), and by ACh,
angiotensin I1:
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Noradrenerginiai neuronai in CNS tesiasi nuo medulla iki basal forebrain, but most concentrate in
pons:

1) nucleus locus ceruleus:
— pagrindinés aferentés — dorsal raphe nucleus of midbrain (serotonerginis); $iaip
aferentés labai placios.
— eferentés j visas CNS struktiiras (branduolys su placiausiomis projekcijomis!) —
aksonai Sakojasi tiikstancius karty.
— normal function of locus ceruleus system remains mystery (may be related to
behavioral vigilance — orientation to unexpected external sensory stimuli).
— degeneruoja sergant parkinsonizmu (Salia substantia nigra degeneracijos).
2) other tegmental pontine nuclei (of RF) — projekcijos ne tokios placios.

e noradrenerginés skaidulos keliauja:
a) periventricular pathway (dorsal longitudinal fasciculus of Schiitz, etc.)
b) central tegmental tract
c) ventral tegmental-medial forebrain bundle tract

e 7Zieve¢je noradrenerginés skaidulos nesudaro aiskiy sinapsiy.

e noradrenergic axons have tendency to regenerate! (at least in lower animals)

e noradrenergic system| may cause depression, and T may cause mania (now this

catecholaminergic theory of mood disorders is questioned).

In PNS - most postganglionic sympathetic endings.
N.B. EPINEPHRINE is not mediator at postganglionic sympathetic endings!

RECEPTORS

e serpentine receptors coupled via Gsiiiq proteins to adenylyl cyclase, K* channels, phospholipase C.

Receptor Type Second Messenger Net Channel Effects
Ol1A, OB, 01D 1 IP3 & DAG K"
02A, 02B, 02C | cAMP T K*, | Ca?*
B1 1 cAMP
B2 1 cAMP
B3 1 cAMP
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Receptor Agonist activity e NA has greater affinity to o receptors; A —to p receptors.
o NA > A > isoproterenol | e @ receptors are sensitive to both NA and A; B receptors are
w A > NA > isoproterenol sensitive to A but relatively insensitive to NA.
- e ISOPROTERENOL IS strongest p receptor agonist.
Pe isoproterenol > A = NA N.B. EPINEPHRINE is single most active endogenous
B2 isoproterenol > A >> NA amine on both a and p receptors!
also see A34, A35 p.

EPINEPHRINE

o cell bodies in medulla; project to hypothalamus (function is uncertain), thalamus, periaqueductal
gray, and spinal cord.

DOPAMINE
pharmacology — see A35 p.

CATABOLISM

~ as in NA (i.e. reuptake, MAO, COMT); end product — homovanillic acid (HVA).

1) small intensely fluorescent (SIF) cells in autonomic ganglia
2) CNS
3) adrenomedullary cells

Regions of CNS lacking dopaminergic perikarya:
1. Spinal cord
2. Nuclei of cranial nerves
3. Thalamus
4. Cerebral cortex & cerebellar cortex

Location of dopaminergic perikarya and axonal distribution

|. TELENCEPHALON:
1. Olfactory bulb (periglomerular cells) — have no axons at all (amacrine interneurons)*
2. Septal area

I1. DIENCEPHALON:
1. Retina — have no axons at all (amacrine interneurons)*
2. Zonaincerta — have short axons
3. Hypothalamus (arcuate and periventricular nuclei) — have short axons -
tuberoinfundibular tract (secretes dopamine into portal hypophysial vessels to inhibit
prolactin secretion).

*inhibit lateral transfer of excitatory activity (signal-to-noise ratio?)
I11. MIDBRAIN TEGMENTUM:
1. Substantia nigra (pars compacta — pigmented dorsal part) — axons of medium length run
rostrally to:
— corpus striatum (nigrostriatal tract) — main projection!; highly organized
according to body topography!
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— thalamic motor nuclei, nucleus subthalamicus, hypothalamus
(nigrodiencephalic fibers).

— motor cortex (nigrocortical fibers).

N.B. in normal humans there is steady loss of dopamine receptors in basal ganglia

with age (men > women)

2. Ventral tegmental nuclei — send long axons — rysiai platesni negu substantia nigra:
a) kaudaliai (1) pasiekia spinal cord.
b) rostraliai projektuojasi j:
entire cortex (mesocortical tract);
limbic structures (mesolimbic tract) - role in ADDICTION TO DRUGS,
SCHIZOPHRENIA.

Receptor Type Second Messenger Net Channel Effects
D4, Ds 1 cAMP
D, | cAMP T K*, | Ca%*
D3, Dy | cAMP

serpentine receptors coupled to G proteins.

D1, D2 receptors are present in striatum - control extrapyramidal system; D1 also relaxes renal
vascular smooth muscle.

D3, Da, Ds receptors are present in limbic system.

D3 and Dg play role in thought control (limit negative symptoms of schizophrenic processes); Da
receptors have greater affinity for "atypical” antipsychotic drug CLOZAPINE - effective in
schizophrenia (number of D4 receptors is increased sixfold in schizophrenia).

MODULATION OF DOPAMINE ACTIVITY

Dopamine activity can be INCREASED by four mechanisms: see Mov10 p. for pharmacology

1)

2)

3)

4)

increased synthesis - by giving LEVODOPA, s. L-DOPA - it is product beyond rate-limiting enzyme

(tyrosine hydroxylase) + there is abundant amount of next enzyme (aromatic amino acid
decarboxylase) in CNS;

— if DOPA is combined with peripherally active DOPA decarboxylase inhibitor CARBIDOPA,
more DOPA is delivered across BBB.
— LEVODOPA + CARBIDOPA action is enhanced by COMT inhibitor ToLcAPONE. see Mov10 p.

increased release — by drugs forcing release of presynaptic catecholamines (AMPHETAMINE,
COCAINE, METHYLPHENIDATE).

prolongation of activity:
a) by blocking re-uptake (AMANTADINE — also stimulates dopamine release).
b) by blocking catabolism - with MAO B inhibitors (DEPRENYL, S. SELEGILINE)

receptor stimulation - by direct agonists at receptor level (BROMOCRIPTINE, PERGOLIDE,
PRAMIPEXOLE, ROPINIROLE).
N.B. orally administered dopamine cannot cross blood-brain barrier!

Dopamine function can be ANTAGONIZED by three mechanisms:

1)
2)

decreased synthesis - a-METHYL PARA-TYROSINE inhibits tyrosine hydroxylase.

decreased release (dopamine depleters) - RESERPINE and TETRABENAZINE (block vesicular
packaging of dopamine).
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3) D receptor blockade - neuroleptics.

CLINICAL EFFECTS:
dopamine| — extrapyramidal movement disorders (dopamine D> receptor blockade).
dopaminet — psychomotor activation, aggravation of psychoses.

DYSFUNCTION OF DOPAMINERGIC SYSTEMSHJfISEUNR[Vek

a) DOPAMINE kiekio
b) RECEPTORIU jautrumo
jei 1 - involuntary movements
jei | - bradykinesia, akinesia (parkinsonism)

Schizophrenia — overactive limbic dopaminergic system;
— dopamine antagonists pagerina bukle, taciau sukelia PARKINSONIZMA;
— ilgai gydant dopamine antagonists, padidéja dopamino receptoriy jautrumas — hyperkinesias
(TARDIVE DYSKINESIA).

SEROTONIN (s. 5-HYDROXYTRYPTAMINE, 5-HT)

sintezuojamas i§ Tryptophan : Serotonergic
1) rate-limiting step (regulated by availability of neuron
substrate and cofactors; not influenced by 5-HT
concentration!) - hydroxylation by tryptophan 5-HTP
hydroxylase to form 5-hydroxytryptophan (5-

L-Tryptophan

HTP). l / 5-HIAA
2) decarbo_xylation by amino acid decarboxylase to L L, SHT /’
serotonin.
e transportg j sinaptines pisleles blokuoja RESERPINE, & Feupiake
TETRABENAZINE. S
e Kkatabolizuojamas (after reuptake) su MAO (primarily L
MAO-A) i 5-hydroxyindoleacetic acid (5-HIAA)
see 813 p. (BIOCHEMISTRY) | Postsynaptic |
tissue

e urinary 5-HIAA is index of serotonin metabolism rate.

e MELATONIN is N-acetylated derivative of serotonin;
N-methylated and N-formylated derivatives are also
formed in brain (may be related to psychosis).

Highest 5-HT concentrations are in platelets and Gl tract (90% of body’s serotonin; enterochromaffin
cells, myenteric plexus).
e carcinoid tumors synthesize large quantities of serotonin.

In CNS esti tik 2% viso organizmo serotonino - serotonerginiai neuronai susitelke in (para)median
plane of brain stem tegmentum — RAPHE nuclei (nucl. raphes dorsalis, nucl. raphes medianus, nucl.
raphes magnus, nucl. raphes pallidus, etc.).
— raphe nuclei degeneruoja (— brain dysfunction) in Alzheimer disease (nucleus
raphe dorsalis), chronic alcoholism.
e serotonerginiai neuronai turi primitive, large, relatively unbranched dendrites (isodendritic).
e dendritai sudaro persipinancius pluostelius, kurie artimai kontaktuoja su blood vessels ir
ventricular surfaces — chemical sampling of blood and CSF.
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e serotonerginés projekcijos (kaip ir noradrenerginés) j visas CNS struktiiras — augmenting and
modulating role.
— largest and most dense innervation to cerebral cortex (of known neurochemical
systems) — diffusely and profusely!
— neaiSku, kiek serotonerginiy skaiduly sudaro tikras sinapses zievéje — serotonergic
terminals form baskets around cortical neurons.

Serotonin — INHIBITORY neurotransmitter ‘

— inhibicinés sinapsés ant pregangliniy simpatiniy neurony nugaros smegenyse
(cardiovascular control).

— inhibicinés sinapsés in substantia gelatinosa (increase pain threshold); stimulation of
periaqueductal gray matter — skausmas.

— trikstant serotonino (i$ serotonino sintezuojamas melatoninas!) — INSOMNIA,
DEPRESIA.

— serotonino perteklius — MANIA (serotonin may be involved in pathogenesis of
OBSESSIVE-COMPULSIVE DISORDER), INSOMNIA, Gl & ORGASMIC DISTURBANCES.

— tricyclic antidepressants, COCAINE block reuptake — nuotaika?t; naujausi
antidepresantai — selective serotonin reuptake inhibitors (SSRI); ECSTASY causes

serotonin release (euphoria) — serotonin depletion (depression).

— hyperserotonemia gali saglygoti AUTIZMA.

— discharge in serotonergic neurons in dorsal raphe nucleus causes MIGRAINE.

— certain methylated serotonin derivatives (formed in brain as errors in metabolism)
may cause PSYCHOSIS.

Serotonino funkcijos nepilnai istirtos; jtakoja:
1) homeostasis (water balance, appetite, blood circulation*, temperature control, respiration, etc.)
*directly serotonin constricts splanchnic and renal vessels, and dilates skeletal
muscle vessels; positive chronotropic & inotropic effects

2) behavior:
— activity level, aggression.
— sexual
— self-stimulation.

3) pain responses.

4) regulation of circadian rhythms (prominent serotonergic innervation of suprachiasmatic nuclei of
hypothalamus)

5) sleep (serotonergic neurons discharge rapidly in awake state, slowly during drowsiness, more
slowly with bursts during sleep, and not at all during REM sleep).

RECEPTORS
Receptor Second Net
T pe Messenger | Channel Agonists Antagonists
yp Effects

BUSPIRONE, ERGOTS

?rlz_il-lr}l;nudei AMP K (ERGOTAMINE,

hip%ocampus’) b f DIHYDROERGOTAMINE,
METHYSERGIDE)

5HT1s | cAMP -TRIPTANS
(striatum)
5HT1c
(choroid
plexus)
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5HT1p — | cCAMP | K* -TRIPTANS

similar to

5HT1B

5HT2a 11Ps & LK HALLUCINOGENS (LSD, | METHYSERGIDE,

(neocortex, DAG PSILOCIN, MESCALINE, | CYPROHEPTADINE,

h:gfe?gtasr)”pus' DOM, DMT) KETANSERIN,

p HYPNOTICS
(EPLIVANSERIN,
PIMAVANSERIN,
PRUVANSERIN,
VOLINANSERIN)

SHT2c 11P3 &

DAG

5HT3 - 1 Na* -SETRONS

5HT4 1 cAMP

5HTsa,

5HTse

5HTs

5HT>

serpentine receptors coupled via G proteins to adenylyl cyclase, phospholipase C.
5HT2a mediate behavioral effects of serotonin.

5HTsare ligand-gated ion channels; 5HT3 receptors are present in Gl tract and area postrema -
related to vomiting.

e 5HTj receptors have high affinity for antidepressant drugs.

HISTAMINE

SYNTHESIS & CATABOLISM

o formed by decarboxylation of Histidine.
e catabolized:
a) to methylhistamine — methylimidazoleacetic acid by MAO.
b) to imidazoleacetic acid (less important in humans) by diamine oxidase (histaminase).

LOCATION & FUNCTION

e posterior hypothalamus (tuberomammillary nucleus).

e axons project to all CNS parts.

o function is uncertain, but histamine has been related to arousal, sexual behavior, regulation of some
anterior pituitary hormones secretion, blood pressure, drinking, pain thresholds.

Receptor Type Second Messenger Effects
Hi 1 IP3 & DAG allergy mediator (nasal and bronchial mucus
production, contraction of bronchioles, pruritus, pain)
H 1 cAMP gastric acid secretionf
Hz (presynaptic)
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o all three receptor types are found in peripheral tissues and brain.

ACETYLCHOLINE

choline + acetyl-CoA

0 | CHOLINE ACETYLTRANSFERASE (CAT)

I .
CHy—C-0-CH,CHy~NCH, ACETYLCHOLINE (acetyl ester of choline; quaternary
N ammonium)

CH CH
3 3 | ACETYLCHOLINESTERASE

choline + acetate
active choline uptake into presynaptic neuron

e choline is not synthesized in CNS; it is transported into brain.
e choline transport (cotransport with Na*) into neuron can be blocked by HEMICHOLINIUM.

Cholinergic Acch transport into vesicles (refill of recycled membrane vesicles):
e — vesicle membrane has H*-ATPase;
— energy contained in H* gradient is used to pump Acch into

Acetyl-CoA . .
3 vesicle (secondary active transport).
Choline — each vesicle contains 5000-10000 Acch molecules (Acch
l quantum).
ACh J
/ _/  CHOLINESTERASES
choiine  ® Acch rapidly dissociates from receptor and must be rapidly removed
ACh T if repolarization is to occur.
l T~ e removal occurs by hydrolysis by ACETYLCHOLINESTERASE (S. true
. ASE or specific cholinesterase);
AR — clustered in postsynaptic membrane and in synaptic cleft; some
Postsynaptic . . .
fissue | is found in glia.
— greatest affinity for Acch, but also hydrolyzes other choline
ASE, acetylcholinesterase; esters.
X, receptor e PSEUDOCHOLINESTERASE (s. nonspecific cholinesterase) - found in

plasma (synthesized in liver); also capable of hydrolyzing Acch.

N.B. cholinergic synapse is unique — transmitter is inactivated by enzymatic destruction (vs. in other
synapses — by transmitter diffusion / active reuptake from synaptic cleft).

FUNCTION & LOCATION

\ Acetylcholine — EXCITATORY neurotransmitter. \

Most significant functions of Acch — movement and memory-cognition.

Major transmitter of PNS:
1) myoneural junction
2) preganglionic autonomic endings
3) postganglionic autonomic endings:
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— parasympathetic
— sympathetic to sweat gland, and muscle vasodilator

In CNS cholinerginius neuronus galima lokalizuoti tik netiesiogiai — aptinkant CHOLINE
ACETYLTRANSFERASE arba ACETYLCHOLINESTERASE:

1. Striatum — intrinsic neurons.

2. Basal forebrain — nucleus basalis of Meynert in gigantocellular complex of basal forebrain
(projects diffusely to hippocampus and entire cortex - involved in motivation, perception,
and cognition); degenerates in Alzheimer disease.

3. RF (nucleus pedunculopontinus, nucleus laterodorsalis) — project strongly to intralaminar
nuclei (dalis ARAS sistemos); ponto-geniculo-occipital spike system responsible for REM
sleep is cholinergic.

4. Some amacrine cells in retina.

e distribution of cholinergic neurons resembles that of monoaminergic systems (cholinergic neurons
project diffusely to much of brain) but differs in that there are also cholinergic interneurons and
short cholinergic systems throughout CNS.

RECEPTORS

Nicotinic (N) cholinergic receptors
e |ocated in:
1) neuromuscular junctions (muscle type N receptors)
2) autonomic ganglia (neuronal type N receptors) also see A34, A35 p.
3) CNS (some N receptors are located presynaptically on GLUTAMINE-Secreting axon
terminals - facilitate glutamate release)

‘ palengvinimas — N receptoriai esti pirmosiose sinapsése uz CNS riby ‘

e ligand-gated ion channels - activated receptor permits passage of Na* (and other cations*)
through central channel in receptor molecule.
* neuronal type N receptors have high permeability to Ca?*
(role in synaptic facilitation and learning);
muscular type N receptors also permit K* efflux, but Na* influx is much greater
(due to greater electrochemical gradient) — depolarization.
e receptor is made of 5 subunits (a, a, B, d, ¥); both a subunits must bind 1 Acch molecule each to
activate whole receptor (i.e. open ion channel).

Muscarinic (M) cholinergic receptors

e located in:
1) parasympathetic postaganglionic synapses (smooth muscle, heart, glands).  see A34, A35 p.
2) CNS (e.g. in striatum).

e serpentine receptors coupled via G proteins to adenylyl cyclase, K™ channels, phospholipase C.

Second Net Channel . .

Receptor Type Messenger Effects Agonists Antagonists
N1 (neuronal type + 1 Na*, Ca** NICOTINE HEXAMETHONIUM

adrenal medulla) B (initialy

+ it stimulates but 0-BUNGAROTOXIN

Nz (muscle type) T Na’, K then blocks) (snake venom), CURARE
M (brain, gastric 24 ATROPINE,
parietal cells) 11Ps & DAG | 1Ca gﬁ(ﬁﬁ%RLNE SCOPOLAMINE,
Mz (cardiac cells, | CAMP T K* toadstololsl selective M3 antagonists
smooth muscle) (hyperpolarization) ’ (TOLTERODINE,
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M3 (salivary glands, Amanita DARIFENACIN,
smooth muscle*, | cAMP muscaria) SOLIFENACIN)
iris)

M (glands, smooth + IPs & DAG

muscle)

Ms 1 1P3 & DAG

*Gl, urinary bladder

M receptors affinities: MUSCARINE > Acch > nicotine
N receptors affinities: NICOTINE > Acch > muscarine

DISORDERS

Acetylcholine|:
— BOTULINUM TOXINS — Acch sekrecijos inhibicija mioneuralinéje sinapséje;

— LAMBERT-EATON MYASTHENIC SYNDROME — Acch sekrecijos inhibicija mioneuralingje
sinapséje (antibodies to presynaptic Ca®* channels);

— AMINOGLYCOSIDES — Acch sekrecijos inhibicija mioneuralinéje sinapséje (inhibited presynaptic
Ca?* channels);

— MYASTHENIA GRAVIS — Acch receptoriy autoimuning inaktyvacija;

— 0-BUNGAROTOXIN, CURARE — Acch receptoriy blokada mioneuralingje sinaps¢je.

Acetylcholine?:

— BLACK WIDOW SPIDER VENOM — masyvi Acch sekrecija.

— ORGANOPHOSPHATES, CARBAMATES, Amanita muscaria — acetilcholinesterazés inhibitoriai.

— Inocybe, Clitocybe mushrooms (toadstools) — contain muscarine (stimulation of M receptors).

AMINO ACIDS

GLUTAMATE, ASPARTATE

e GLUTAMATE is formed by reductive amination of Krebs cycle intermediate a-ketoglutarate.
e ASPARTATE is formed by transamination of Krebs cycle intermediate oxaloacetate.
e both reactions are reversible, and catabolism occurs via Krebs cycle.

LOCATION & FUNCTIONS

Principal EXCITATORY transmitters of CNS! (as acetylcholine in PNS).
¢ depolarize many different mammalian neurons when delivered directly on their cell membranes.
GLUTAMATE is responsible for 75% excitatory transmission in brain.
ASPARTATE is transmitter in pyramidal cells, spiny stellate cells in visual cortex.
GLUTAMATE is excitotoxin - can Kill cells by overstimulating them (huge Ca?* influx);
— GLUTAMATE reuptake (into neurons and glia) is important to prevent this.
— during ischemia, anoxia, trauma, GLUTAMATE reuptake is inhibited — cascade of events that
leads to cell death

RECEPTORS

GLUTAMATE Receptor Type Second Messenger Net Channel Effects
METABOTROPIC (11 subtypes) | | cAMP or 1 IP3 & DAG | Ca?*t
IONOTROPIC:
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AMPA, kainate 1 Na*
NMDA 1 Na*, Ca®*

METABOTROPIC receptors are serpentine G protein-coupled receptors — activate phospholipase C;
e widely distributed in brain.
e involved in synaptic plasticity (particularly in hippocampus and cerebellum) — slow prolonged
changes of cellular excitability.

IONOTROPIC receptors are ligand-gated ion channels.
e serve for fast neurotransmission.
o three general types, each named for glutamate congeners to which they respond in maximum
fashion:
1) kainate receptors (kainate is acid isolated from seaweed)
2) AMPA receptors (for a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate)
3) NMDA receptors (for N-methyl-p-aspartate).

NMDA receptors:

— permits passage of relatively large amounts of Ca?*.

— GLYCINE binds to it and is essential for its normal response to0 GLUTAMATE.

— at normal membrane potentials, channel is blocked by Mg?*; block is removed only when
neuron is partially depolarized by activation of AMPA or other channels.

— glutamate increases NO synthesis.

— high concentration in hippocampus (receptor blockade prevents long-term potentiation) -
NMDA receptors are generally assumed to be associated with learning and memory.

— NMDA receptoriai gausiausi srityse, jautriausiose hipoksijai (cortex, striatum, hippocampus,
cerebellum); insulto, hipoksijos, epilepsijos gydymui bandoma taikyti NMDA receptor
antagonists, Ca?* channel blockers, glycine.

— manoma, kad INHALIACINIAI ANESTETIKAI veikia per NMDA receptorius.

— NMDA antagonists PHENCYCLIDINE and KETAMINE (which produce amnesia and feeling of
dissociation from environment) bind to site inside channel.

— NMDA antagonist MEMANTINE — FDA approved for advanced Alzheimer disease.

— NMDA antagonist are investigated as neuroprotective agents in ischemic stroke. see Vas5 p.

B Ca2* lonotropic

\ receptors

o

4 ® 0 _— 2
Presynaptic terminal ° o / ~————» Ca**

" \/’
3
N
SER

Metabotropic
receptors

9| Glutamate
o

i PIP,

Postsynaptic cell

Glutamate

l ATP

Glutamine

Aslrocyte process

Synaptic actions of glutamate are terminated mainly by uptake through Na*-dependent glutamate
transporters (GT) on glia.
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— 60% ALS (amyotrophic lateral sclerosis) patients have large decrease in glutamate transport
activity.

— RILUZOLE (glutamate antagonist) — FDA approved for ALS.

— ACAMPROSATE (glutamate antagonist) — alcoholism treatment.

e inastrocyte, glutamate is converted into glutamine (by GLUTAMINE SYNTHETASE).
e glutamine can be shuttled back to neurons for reconversion into glutamate.

v-AMINOBUTYRIC ACID (GABA)

formed by decarboxylation of glutamate by GLUTAMATE DECARBOXYLASE (GAD)*.
catabolized (by transamination) to succinic semialdehyde by GABA TRANSAMINASE (GABA-T)*
— succinate — citric acid cycle.

*reikalingas kofaktorius vit.Be

there is in addition active GABA reuptake.

LOCALIZATION & FUNCTIONS

e localization of GABAergic systems is based on concentrations of:
a) GABA
b) GAD - preferred, nes:
— glial cells also take up GABA;
— glutamate (GABA precursor) itself acts as transmitter;
— GABA often coexists with other transmitters.

GABAEerginiai neuronai esti tik CNS
e GABA —principal INHIBITORY transmitter of CNS!

GABA vyrauja galvos smegenyse, vykdo presynaptic inhibition. see A4 p.
GLYCINE Vvyrauja nugaros smegenyse, vykdo postsynaptic inhibition.

— GABA agonistai naudojami epilepsijai gydyti;
— GABA activity| — anxiety.
e GABA is present in 20-60% CNS synapses.
e GABA is 200-1000 times more abundant than dopamine or NE.
o Zievéje GABAerginiai neuronai pasiskirste tolygiai, bet negausiai (only 30% cortical
interneurons use GABA as primary transmitter).
e GABAerginiai neuronai (Golgi Il type) pagrinde sudaro SHORT INTERNEURONAL CIRCUITS Of
entire CNS!
e Some INTERMEDIATE LENGTH GABAergic tracts:

1) most intrinsic neurons of cerebellum (esp. Purkinje cells)
2) substantia nigra (pars reticulata) 5 striatum 5 interneurons

substantia nigra  pallidum

Huntington disease — loss of small striatum interneurons (— GABA | in striatum) —
hyperkinesias (dél dopamine overactivity), tatiau GABAmimetic drugs are ineffective!

Autoantibodies to GAD (— GABA deficiency) causes stiff-man syndrome (SMS).

RECEPTORS & PHARMACOLOGY

Receptor Type Second Messenger Net Channel Effects
GABAA T CI
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GABAB 1 1P3 & DAG 1K, | Ca®

GABAC (only in retina) 1 CI

e GABAAa & GABAc are ligand-gated ion channels; GABAg is G protein-coupled.
e GABAAa is coupled to CI" channels (increases Cl- conductance).
e GABAE is coupled (via G protein) to K* channels (increases K* conductance).

e GABAA is located postsynaptically (induction of IPSP), whereas GABAG is located presynaptically

(inhibits release of excitatory neurotransmitter).

GABAA agonists:
1) benzodiazepines - increase frequency of openings of CI” channels

2) barbiturates - increase duration of openings of CI” channels
3) newer anticonvulsants (€.g. LAMOTRIGINE, TOPIRAMATE).

4) alcohol, progesterone & deoxycorticosterone metabolites, muscimol (poison of
Amanita muscaria).

GABAR agonist - BACLOFEN (spasticity treatment).

GABA receptor blockers:
1) TETANUS TOXIN
2) PICROTOXIN, BICUCULLINE (convulsant).

GLYCINE
FUNCTIONS & RECEPTORS

A) EXCITATORY effect (by action on NMDA receptors).

B) postsynaptic INHIBITION (primarily in brain stem & spinal cord)
e glycine receptor is ligand-gated CI- channel.
e action is antagonized by STRYCHNINE (— convulsions and muscular hyperactivity).
e glycine receptor mutation (glycine-gated channel defect) — hyperactive startle reflexes
(startle disease, s. hyperexplexia); H: valproate, clonazepam.
e TETANUS TOXIN (TETANOSPASMIN) blocks glycine receptors.

Three kinds of neurons responsible for direct inhibition in spinal cord:
1) neurons that secrete glycine
2) neurons that secrete GABA
3) neurons that secrete both (glycine and GABA in the same vesicles).

NEUROPEPTIDES

e peptidai, gausiai randami nervy sistemoje (iSsk. cerebellum!!!); taip pat randama ir kitur (e.g. VIP).
e gaminami ribosomose ant MRNA matricos (in perikarya, dendrites, but not in axons!); proteolytic

enzymes cleave neuropeptides from precursor proteins.

e supakuoti j vesicles, keliauja | axon terminal.

e CNS ir PNS kotransmiteriai (excitatory, inhibitory) — modify action of primary transmitters!

o traktai, kurie naudoja tg patj primary transmitter, gali naudoti skirtingus neuropeptides, i.e.
pathways are neuropeptide-coded (“neuropeptide signature”).

e manoma, kad ontogenezéje neuronai gali keisti savo neuropeptiding transmisijg — neurony
plastiSkumo mechanizmas? (salyginiai refleksai, learning, memory)


http://www.neurosurgeryresident.net/

| Neuropeptidy klasifikacija |

A. Hormones (neurohypophyseal neuropeptides) — oxytocin, ADH.

B. Releasing and inhibitory factors for hormones (adenohypophyseal releasing neuropeptides)
— produced in hypothalamus.

C. Neurotransmitters (neuromodulators)*:
1. OPIOID (e.g. endorphins, enkephalins).

2. NONOPIOID (e.g. substance P, VIP, kai kurie adenohipofizés hormonai ir releasing-
faktoriai).

*N.B. it seems that all of neuropeptides may function as neurotransmitters!

OPIOIDS

FUNCTION & PHARMACOLOGY - see S20, S21 p.
PRO-OPIOMELANOCORTIN (POMC) — common precursor for:
ACTH, B-LPH, MSH, B-endorphin, Met-enkephalin
e skirtinguose neuronuose, veikiant skirtingiems skaldantiems enzimams, gaunami skirtingi POMC
produktai.
e POMC gausiai randamas hipofizéje, hypothalamus ir kitose CNS dalyse, o taip pat plauciuose, Gl
trakte, placentoje.

Opioid peptides (substances that bind to opioid receptors):
1. Enkephalins (LEu-enkephalin, MeT-enkephalin)
2. B-Endorphin
3. Dynorphins
4. Neoendorphins (o and )
5. Endomorphins (1 and 2)
e opioid peptides have number of different precursors; each has prepro form and pro form from
which signal peptide has been cleaved.

OPIOID RECEPTORS

Ju1-2 receptor (site of morphine action): Endomorphins
supraspinal analgesia (u1), euphoria

(physical dependence), sedation, ngmphlns B-Endorphin Enkephalms
respiratory depression (p2), Gl
motility|, miosis, GH and prolactin
secretiont.

K1-3 receptor: spinal analgesia, dysphoria, %@E’ th
sedation, diuresis, miosis. AT ’E‘““”‘”"

012 receptor: analgesia. U

o all three are serpentine receptors coupled to Gq protein (| cAMP).
n receptors increase K* conductance (— hyperpolarization).
k and & receptors close Ca?* channels (— transmitter release]).

o receptor: dysphoria, psychotomimetic effects (hallucinations), pupil dilation, respiratory &
vasomotor stimulation.

o less specific — also binds nonopioids (e.g. phencyclidine).
€ receptor: catatonia.
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Receptor distribution:

A. CNS (p receptors in brain, k receptors in spinal cord):

limbic system (esp. amygdala): emotional behavior;

hypothalamus: neuroendocrine secretion;

medial thalamus: deep pain (poorly localized, emotionally influenced);

brain stem: respiration, cough, nausea & vomiting (without unpleasant sensation), BP
maintenance, pupillary diameter, stomach secretion control,

substantia gelatinosa: attenuation of afferent painful stimuli.

B. PNS (0 receptors): attenuation of painful stimuli.
C. GI tract: motility|
D. Immune cells

ENDOGENOUS OPIOIDS

ENDORPHINS (“endogenous morphins”)

e neuropeptides that bind to same receptors that bind exogenous opiates.
e found in many parts of body.

ENKEPHALINS — pentapeptide endorphins.

e found in many parts of brain and Gl tract.
¢ bind to pain-related receptors (nonaddicting analgesics) — presynaptically inhibit pain
transmission by substance P.
e pagal amino ragstj 5-0je pozicijoje:
a) LEu-enkephalin
b) MEeT-enkephalin

DYNORPHINS - group of seven peptides with similar amino acid sequences.

e geographically coexist with enkephalins.

SUBSTANCE P & other tachykinins

TACHYKININS (differ at amino terminal end but have in common carboxyl terminal sequence of

Phe-X-Gly-Leu-Met-NH., where X is Val, His, Lys, or Phe):

Gene Polypeptide tachykinin Receptors
Substance P Substance P (NK-1)
Neurokinin A
SP/NKA (substance P/neurokinin A) | Neuropeptide K Neuropeptide K (NK-2)

Neuropeptide a
Neurokinin A (3-10)

NKB (neurokinin B) Neurokinin B Neurokinin B (NK-3)

Substance P

substance P receptor is G protein-coupled (1 IP3 and DAG).
substance P is primary transmitter for PAIN in dorsal roots (i.e. first synapse in pathway for slow

pain):
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e enkephalins vykdo PRESINAPTINE INHIBICIJA — blokuoja substance P i$siskyrimg ir skausmo
perdavima.

e kaip veikia serotonerginiai bulbospinaliniai skausma slopinantys aksonai nezinoma (inhibicinés
sinapsé€s in substantia gelatinosa?).

e substance P randama ir Zarnyne bei uzdegimo zidiniuose — viena i$ stipriausiai lygiuosius
raumenis veikianéiy medfiagy (dilation of blood vessels, contraction of intestine).

e substance P is probable mediator of local axon reflex (upon injection into skin, it causes redness
and swelling) — neurogenic inflammation.

FOSAPREPITANT (Emend®) — when administered 1V is rapidly converted to APREPITANT -
selective high-affinity antagonist of human substance P/neurokinin 1 (NKj1) receptors — strong
antiemetic.
— crosses BBB (effective in central emesis).
— augments antiemetic activity of ondansetron and dexamethasone.
— indicated in combination with other antiemetic agents for prevention of acute and delayed
nausea and vomiting associated with initial and repeat courses of highly emetogenic cancer
chemotherapy (incl. high-dose cisplatin).

CANNABINOIDS

e two receptors (CB1, CB>) have high affinity for exogenous A°-tetrahydrocannabinol (THC,
dronabinol) - psychoactive ingredient in marijuana (derived from hemp plant, Cannabis sativa).
— hashish is made from plant resin - contains more psychoactive cannabinoids.

e THC accumulates in body fat, metabolized in liver.

e mild tolerance and mild psychologic dependence occur with continued frequent use. see Psy23 p.

CB1 _receptor

e endogenous ligand for receptor is ANANDAMIDE (derivative of arachidonic acid):
o

- — WIE-.IWDH

CBg2 receptor
e endogenous ligand palmitoylethanolamide (PEA); physiologic role of this compound is unsettled
(acts peripherally to augment analgesic effects of anandamide).

Marijuana effects (immediately after smoking; maximal effects take about 20 minutes; effects largely
disappear by 3 hours):
1) euphoria, relaxation (high) — drowsiness, calmness, sexual arousalt, dream states,
analgesia.
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2) enhancement of sensory activity, distortion of time and space.
3) decreased muscle strength, impaired short-term memory, mental activity, coordination and
highly skilled motor activity (such as driving car).
4) appetitet, xerostomia, reddening of conjunctiva! (no change in pupils!)
5) tachycardia, postural hypotension.
6) high doses — toxic psychosis with hallucinations, delusions (e.g. schizophrenia
exacerbation).
N.B. seizures do not occur!!!
some report increased suspiciousness, paranoia, and aggressiveness; others become quite
withdrawn socially.
fatal overdose has not been documented!
treatment of intoxication: reassurance in quiet setting (!!!), bIAzEPAM; for acute psychotic state —

HALOPERIDOL.

Medical use: severe emesis caused by chemotherapy, appetite enhancement in AIDS patients.

GASES

act by DIFFUSION (rather than being secreted in packets at synapses and binding to receptor sites on
membranes).

relax smooth muscles.

involved in memory.

NO

Not to be confused with "laughing gas" nitrous oxide (N20O)!!!
sintezuojamas i§ Arg by NO synthase, type 1. see 1317 p. (CARDIOVASCULAR)
not stored — i.e. synthesized when needed.
retrograde neurotransmitter — released from postsynaptic cells, activates presynaptic potentials.
crosses cell membranes with ease and binds directly to guanylyl cyclase — ¢cGMP1.
very short-lived: NO — nitrite — nitrate — urine.
NO is (e.g. in enteric NS, pulmonary vasculature).
Klinikinis pritaikymas: nésciyjy toksikozés gydymas, plautinés hipertenzijos gydymas.

CO

susidaro hemo katabolizmo metu. see 822 p. (BIOCHEMISTRY)
like NO, activates guanylyl cyclase.

TRANSMITTERS OF MOTOR SYSTEM

LMN (lower motor neuron) in spinal cord uses ACETYLCHOLINE.
internuncial pool of inhibitory neurons in spinal cord use GABA and GLYCINE (Renshaw cell).
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e UMN (upper motor neurons) of cerebral cortex use GLUTAMATE (this includes all motor outputs
from cerebral cortex — corticospinal, corticobulbar tracts, inputs to rubrospinal and tectospinal
systems, etc).

e output neurons in basal ganglia and cerebellum use GABA.

basal ganglia transmitters — see A102 (2) p.

BIBLIOGRAPHY for ch. “Neuron, Synapsis, Neurochemistry” — follow this
NMS Neuroanatomy 1998,

Ganong “Review of Medical Physiology”, 2002

Lippincott’s Pharmacology Review, 2" ed., 2000

“The Merck Manual”, 17" ed., 1999

“Stedman’s Medical Dictionary”, 27t ed., 2000

Goetz “Textbook of Clinical Neurology”, 1% ed., 1999 (241-243 p.)
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