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Two broad categories of receptors: ionotropic & metabotropic
A B

Transmitter Receptor

Transmitter
/

Adenylyl cyclase

Extracellular

lonotropic (directly gated) metabotropic (indirectly-
receptor gated) receptor

Metabotropic receptor binding can control multiple intracellular
processes, including ion flow through CNG channels.



(A) LIGAND-GATED ION CHANNELS

Inside cell

NCE, Fourth Edition, Figure 5.23 (Part 1)



(B) G-PROTEIN-COUPLED RECEPTORS

'OSCIENCE, Fourth Edition, Figure 5.23 (Part 2) ©2008 Sinaver /



Types of neurotransmitters

ACh Peptides Amino Acids

Glutamate
Purines Aspartate

GABA
Glycine

Biogenic Amines

Dopamine - catecholamines

Norephinephrine

Epinephrine 7

Serotonin - Indole amine

Histamine - Imidizole amine



SMALL-MOLECULE NEUROTRANSMITTERS

O
Acetylcholine (CHy);N— CH,— CH,—0O— C— CH

NEUROSCIENCE, Fourth Edition, Figure 6.1 (Part 1) ©2008 Sinauer Associates, Inc.



SMALL-MOLECULE NEUROTRANSMITTERS

NEUROSCIENCE, Fourth Edition, Figure 6.1 (Part 2) ©2008 Sinauer Associates, Inc.




PEPTIDE NEUROTRANSMITTERS (more than 100 peptides, usually 3-30 amino acids long)

NEUROSCIENCE, Fourth Edition, Figure 6.1 (Part 3) ©2008 Sinauer Associates, Inc.



There are multiple types of receptor for each neurotransmitter.

So the effect of a neurotransmitter is completely controlled by
the post-synaptic cell -- by what type of receptor it makes.

A neurotransmitter can be excitatory when released onto one
neuron and the same neurotransmitter inhibitory when
released onto a second neuron.

“Exceptions”

At the n.m.]. there are only excitatory receptors.

No excitatory receptor for GABA has yet been found.



we’'ll start with ACh...

The ionotropic AChR - found at the n.m.. and
many brain neurons.

(Myasthenia gravis — autoimmune disease — start making abs to this receptor)



Each of the subunits of the receptor has four membrane-spanning domains

The domains form -helices



The five subunits self-assemble in the membrane to form a central pore.



Other than ACh, what binds to the ionotropic ACh receptor?

Agonized with nicotine ————>
nicotinic AChR

Antagonized with
-bungarotoxin —_—
conotoxins
Atropa belladona

|

Deadly
nightshade
makes Atropine



ne nicotinic cholinergic synaptic efficacy can
so be modified by presynaptic events and
nanges in degradation of neurotransmitter.




pyruvate

vesamicol The nACh synapse
-
|

OH = _

N VAChT = Vesicle ACh

Citrate lyase Transporter

Blocks ACh
transport into Acetyl CoA + OAA

icl :
VesICles ChOllne\C{holine acetyl transferase

ACh

Inhibited by organophosphate

/ insecticides, nerve gas (sarin)



Synthesis of acetylcholine

Acetyl CoA Choline
O CH,
Il |
CH;—C—-S—CoA + HO—CHZ—CHZ—I\II—CH3
CH,
Choline acetyl transferase
(ChAT)
The vesicle transporter (VAChT)
coding sequence is contained ®)
within the first intron of the ChAT Il
CH, —I\II —CH,

So they are coordinately
up/down regulated. Acetylcholine CH,



There are also metabotropic ACh receptors. They are
agonized by the alkaloid muscarine from the mushroom
Amanita muscaria. Hence these are known as muscarinic
AChR, or mMAChR

CH,
N
HaC™) o. CHs
H4C

OH

muscarine



The mAChR activates a GPCR



Varieties of mMAChR

R Activate Adenylate | Close Ca?* | Smooth Incrgland |C | P
phospholipase cyclase channels muscle secretion |N | N
C IP3, DAG inhibition (heart) contract., e.g. |e.g., S |s
incr Ca?* decr cAMP | decr rate bronchioles salivary

M1
X X X | X

M2
X X X | X

M3
X X X X | X

M4
X X | X

M5

X X

Note that the parasympathetic nervous system releases ACh on mAChR

Antagonists: M1 — pirenzepine, M2 — methotramine, M3 - gallamine




Competitive antagonists of ACh

ACh

Atropine and Scopolomine found in
Datura stramonium (Jimsonweed),
Mandragora officinarum (Mandrake),
and Henbane. (Atropa, from Greek
Atropos, the goddess who cuts the
thread of life)

CH,

Atropine
CH

CH

Intestinal anti-spasmodic, incr heart
rate, hallucinogenic when binds to
MAChHhR.

Mostly affects CNS, sedative in low
doses, hallucinogen in higher
doses.




So... ACh has muscarinic as well as ionotropic
receptors, and there are a variety of subtypes.

What about receptors for other neurotransmitters?
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Now let’s look at the glutamergic synapse



As expected, both presynaptic and glial cell reuptake pathways

(EATT = excitatory aa transporter)



The real fun is with the different types of Glu receptors.

There are three types of ionotropic receptors, and
metabotropic receptors too.



The simpler ionotropic Glu receptor.
This Is one subunit.

Note that it is a 3 ¥2 TM protein!

Kainate is a
naturally-
occurring
agonist of
Glutamate — this
receptor Is thus
known as a
kainate receptor



RN

The Glu kainate receptor
IS “non-standard” in having
4 rather than 5 subunits,
and not having 4
transmembrane domains.

Enlarged region of the
part of the subunit
contributing to the pore
(1/4 of the pore).



The AMPA and
Kainate receptors
are similar. Both
permit FAST ion
flow when Glu
binds.

Note that the subunit
has a binding site. In
fact, each subunit
can by itself form a
poor pore! The
tetramer works much
better.

From: http://www.jbc.org/content/280/42/35469/F1.large.jpqg




Each Kainate or AMPA tetramer is composed of GIuR-1, 2, 3 and 4.
Xenopus expression studies — mix and match subunits...

GIluR1 alone  decent current
GluR3 along decent current
GIluR2 alone little current
GIuR1+GIluR2 linear I/V plot
GIluR2+GIuR3 linear I/V plot
GluR1+GIuR3 Inward rectifier

GluR1 and/or GIuR3  Ca?* can flow through pore
GluR2 alone or with any other subunit  no Ca?* can flow.

(In general, the tetramer is non-selective for cations)

So... the combination of subunits gives the receptor its properties of
rectification and ion selectivity.




The NMDA Glu receptor is different and more complicated:
1.Mg?*-based voltage-dependent channel block.
2.Must bind Glycine as well as Glu for channel to open.

3.Ca?* permeability in the natural configuration.















More strange than the odd behavior of the NMDA receptor
IS that some neurons have both NMDA and non-NMDA
receptors at the same post-synaptic membrane.



Human brain showing the hippocampus

The HC is composed of repeating subunits — can make a thin
slice and have a complete functional neural circuit. All inputs are
excitatory, and all use Glu.



The “slice preparation” was invented in the 1980’s. Record
from one neuron while stimulating another. In particular,
record from pyramidal cells of region CAL. They receive

synaptic input from the Schaffer collateral axons from
region CAS.



If you stimulate the CA3 neuron at a slow rate, the action
potentials generated cause regular epsps in the CA1 neuron.

All are about the same size.

If you tetanize the CA3 neuron, now a single regular slow train
of CA3 shocks causes larger epsps. The larger epsps persist

iIndefinitely!

This is called long-term potentiation (LTP).



The increased epsp On the other hand, pairing a
amplitude is synapse- weak and strong stimulus

specific, not neuron- strengthens both synapses.
specific!



With tetanization, sufficient
depol. at ending removes Mg?*
block.

With a low rate of presynaptic
action potentials

T



Only with NMDA current
does Ca?* flow.

The incr [Ca?*] activates
Intracellular signaling
pathways

synthesis and insertion
of more AMPA receptors

permanent
strengthening of the
synapse.

—

NMDA-only “silent” synapses become active with LTP



How do you turn it off? Can’t strengthen everything forever!

Slow Ca?* entry into the postsynaptic cell under just the

right conditions:

1 Hz stimulation for long periods
also opens some NMDA channels.
Instead of a large burst of Ca?*
entry, the persistent low amount of
Ca?* activates protein phosphatases
disassembly of AMPA receptors.









Acetylcholine and Glutamate are the two
neurotransmitters most associated with excitation.

What about inhibition?

The two common “inhibitory” neurotransmitters are:

« GABA
e Glycine



Note that glycine is
NOT a specialized
molecule for

neurotransmission!

It works because of
the privacy of the
synapse.

VIATT = vesicular
Inhibitory aa transporter



GABA is a specialized
molecule as a
neurotransmitter.

GAT = GABA Transporter

O
HoN RV/\\“’)LUH



The ionotropic GABA
receptor/channel — is
complex with many
binding sites.... for
Interesting
substances!

Channel is a pentamer (one subunit cut-away)

20 different genes (rodents) code for
subunits: 6 subfamilies based on

100’s of possible combinations. Only
20-30 receptor variants found so far.

GABA, — ionotropic
GABAj - metabotropic



Binding GABA  opens channel CI flows into the cell
making it harder to depolarize.

Main turn-down system for central nervous system, i.e.,
GABA is an endogenous depressant.

Most CNS GABA receptors use the ,, ,,and ,subunitsin
this configuration: 2 +2 +1

As increase binding to GABA receptor...

Normal anxiety relief  disinhibition  sedation
hypnosis/sleep  general anesthesia coma  death



Benzodiazepines: Anxiolytics
(tranquilizers) -or- Sedative-

hypnotics
H )J\\
N

bromazepam N
chlordiazepoxide Q
clonazepam
clorazepate O
diazepam (valium)
lorazepam
medazepam
nordazepam 0

oxazepam
prazepam

alprazolam

barbituric aeid

Barbiturates : Sedative-

HNJJL‘NH

gmobarbital - for severe

hypnotics/anesthetics

Amytal
Nembutal
Pentothal
pentobarbital

imtractable insamnia

Bicuculine, picrotoxin: antagonists

CH=

pentobarbital -
a sedative hypnotic



Barbiturates

Barbiturates: probably increase the affinity of the
binding site for GABA. Alter channel-open kinetics to
Increase the average open time  larger ipsp.

Why so many varieties of barbiturates made? OY
Vary in time to act and duration of effect. o

Phenobarbital 1st available in 1912. Has T 12 of 36
hours!

Amytal is the most commonly abused (bluebirds,
downers). Amytal is more lipid soluble, and so faster
acting.



In general, increased lipid solubility increases speed and potency

From: Julien, A Primer of Drug Action



Benzodiazepines

Alprazolam (Xanax)
Chlordiazepoxide (librium)
Diazepam (Vallium)
Lorazepam (Ativan)

Like barbiturates, probably increase affinity of GABA for
binding site... but some benzodiazepines have been

reported to also increase the amplitude of the channel
conductance.



3 common modes of Increase:
1. Increase channel open time
2. Increase conductance of channel to ion flow

3. Increase amount of neurotransmitter binding to channel

Only 1 & 2 work for GABA receptors:

Receptors are hyper-sensitive — saturate at 30 uM, but 1 GABA
vesicle will cause at local synaptic concentation of 1 mM!!



SL— 20 u M §4’ll7/\/mm
MLC)C,,/,)@A recoptor

Fast SFM)\’\
Sw 1‘\‘0\/\“/‘3

ﬂ@ﬁ] (N
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From: Fain, Molecular and Cellular Physiology of Neu




More GABA channel binders —

Zolpidem (Ambien) — 2nd generation non-benzodiazepine
binds to GABA, receptor.

Propofol (Diprovan) & Etomidate (Amidate) — short acting
Injectible barbiturate general anesthetics.

-hydroxybutyrate (GABA derivative) --

Also a general anesthetic, competitive

agonist of GABA. In the right dose _hydroxybutyrate
causes euphoria, then memory loss,
before loss of consciousness. O
H N\/\)L
? OH

Classic date-rape drug, although

. . GABA
benzodiazepines work too.



Biogenic amines

Dopamine

Norepinephrine (nor-adrenalin)
Epinephrine (adrenalin)

Histamine

Serotonin (5-OH-tryptamine, 5-HT)



Neurons that make epinephrine must have the biosynthetic machinery for the other
neurotransmitters too! To make a new neurotransmitter, just make a simple
substitution to an existing neurotransmitter!






The neurons that use these neurotransmitters are
the broad modulatory systems of the CNS.

1. Locus coeruleus (NE neurons)
2. Raphe nuclel (serotonin)
3. Substantia nigra & ventral tegmentum (dopamine)

4. Basal forebrain & brain stem (cholinergic)






Nucleus
accumbens






Typical of all these systems — small number of neurons,
compact nucleus, axons branch everywhere.

Example: locus coeruleus — 12,000 neurons (tiny), but
one neuron can make 250,000 synapses to cortex &
cerebellum.

Modulatory functions:

® Arousal ®*Mood

® Attentiveness, vigilance ®Reward system (DA
neurons in tegmentum,

®Sleep/wake substantia nigra — meso-

cortico-limbic dopamine
. L
Anxiety system)



*A
rousal
l.c. & raphe nuclel

® Attentiveness, vigilance mostly — form
*ascending reticular
®Sleep/wake activating system”.

Agonists of serotonergic neurons in
the raphe nuclei: LSD, psilocybin —

Destroy neurons that filter sensory input —
decrease gating so the familiar becomes novel
and you get sensory overload.



Agonists of biogenic amines act as stimulants or anti-

depressants

Behavioral Stimulant

Anti-depressant
(clinical)

Caffeine
Nicotene

Incr NE, DA Cocaine
Amphetamines
Methylphenidate (ritalin)

Block NE reuptake —> Imipramine

MAOQO inhibitor > Tranylcypromine (parnate)
Block 5HT reuptake —— Fluoxetine (Prozac)

Block adenosine receptors
Agonize ACh receptors



Psychedelic agonists of catecholaminergic neurons

T
NE HO (|3—(|3—H
H

/7N
H H
(l) NH
Mescaline (from 2
Mescaleros
Apaches) 0
O\

Peyote cactus button



NH,
/Q/\/ dopamine
. HO
Amphetamines

OH

amphetamine

General mechanism — cause release of newly synthesized
catecholamine vesicles (mostly DA, NE less).

-- Stimulate respiration
-- Insomnic / prevent fatique (used for this purpose during WWII)
-- SuUppress appetite



Methlyphenidate (Ritalin) — amphetamine

derivative -- activates dopaminergic N
systems in forebrain. Improves focus,
attention & thus learning ability in kids
correctly diagnosed with ADD or ADHD. methylphenidate
. |
Chinese herb O NH,
Ephedra trifarca
OH 0
| N
“CH,

amphetamine

Ephedrine — similar to epinephrine — sympathomimetic, used
as bronchodilator. Also used to synthesize methamphetamine



Synthetic amphetamine derivatives

DOM or STP (serenity, tranquility, peace )

MDA

MMDA (ecstacy) uncontrolled 5HT release
depletes vesicles in forebrain neurons  cytotoxic
TMA

DMA

MDMA

Myristin (nutmeq)

Elemicin (mace)

NH

OH

dopamine amphetamine



cocaine

An alkaloid toxin from the S. American
tree Erythroxylon coca.

First shows up in coca-cola ca 1885

CH-

: . a0 —N. )‘G
Dilute hydrochloride salt  snort & get 20-50 mg ? /O
)ﬂ | \| S

Try to smoke heat decomposes it.

Alter to base form & concentrate with ether extraction (free base), or boil in
baking soda until water evaporates (crack). This vaporizes at low temperature
get 250 mg/dose

Cocaine binds to presynaptic reuptake transporter for DA
(DAT) & blocks reuptake.

Mildly addictive, but strong reinforcer. Still misclassified in
U.S. as a narcotic!




Cocaine Is an agonist for the
endogenous neural pathways
associated with reward. Neurons
In the ventral tegmentum are
driven by natural reinforcers
(pleasurable food, drink, etc).

The V.T. neurons are
dopaminergic and synapse
onto neurons in the nucleus
accumbens (ventral
forebrain).

Nucleus
accumbens






While dopamine more involved with reward, pleasure...

Serotonin more involved with happiness & depression.

Serotonergic systems implicated in major depressive
disorder & bipolar disorder

(but not schizophrenia, which is a “thought disorder” not a
“mood disorder”)

Old (too simplistic) theory:
Depression due to too little release of 5-HT and NE



Yet, all anti-depressant drugs increase 5-HT levels!

Drug Effect
Iproniazid MAOQ Inhibitor
Imipramine Tricyclic NE, 5HT reuptake blocker

Bupropion & relatives |“2"d generation” reuptake blockers

Fluoxetine (Prozac) SSR

Sertraline (Zoloft) SSRI (4-5X more potent than prozac)

Paroxetine (Paxil) SSR




Where the drugs act...

SSRI impedes serotonin
transporter (SERT); slows
recovery of 5-HT in cleft.
Thus there is more binding
of 5-HT to post-synaptic
receptors.

MAO Iinhibitor impedes degradative enzyme:
more 5-HT packaged into vesicles.



Two popular mood elevators

HN I Sertraline (Zoloft)
O CL
Cl Fluoxetine (Prozac)

These drugs cause immediate block of SERT, but therapeutic
effect takes weeks. Thought to be due to establishment of
compensatory mechanisms:

Nl

CFa

-- post-synaptic receptor population regulation
-- pre-synaptic receptor population regulation
-- serotonin synthesis rate

-- SERT expression rate



Making too little serotonin may be the story for some conditions.

Found in people with some anxiety-related traits

/
\

Normal allele makes this

Long story short: The serotonin transporter in emotion regulation and social cognition.
Turhan Canli & Klaus-Peter Lesch
Nature Neuroscience 10, 1103 - 1109 (2007) 28 August 2007



Eat lotsa carbs  insulin spike  aa
transport to muscle. Tryptophan is least well

transported.
Trp 1
Before meal:. —— = — = 10
2 20 5%
1 Blood concentration

reduced after meal
So effective [Trp] > 5%

Brain glial cells selectively transport all aa, (at blood
brain barrier) but with a higher Trp ratio, more Trp is

transported into the CNS.
Competing mechanisms:

More Trp  more 5-HT  perky

|

HN HN CHs More Trp  more 5-HT  conversion of 5-HT to

\"/ melatonin in pineal  drowsy

melatonin
O



Other psychostimulants:

Adenosine neuromodulatory system leads to general
depression of CNS activity ( clinical depression!)

P1 (A1A) adenosine receptor
(GPCRs)

Adenosine is created extra-
cellularly at neurons by
enzymatic modification of ATP.
The extracellular enzymes for
this are activated by ATP binding
to ATP receptors P2X, P2Y.

The extracellular ATP comes from synaptic vesicles, all of
which contain it.



P2 ATP receptors

P2X receptor: 7TM ligand-gated
lon channel. Ligand is ATP. Na*
and Ca?* flow through channel.

P2Y receptor: GPCR, ligand is
ATP.

Fields et al. Nature Reviews Neuroscience 7, 423—-436
(June 2006) | doi:10.1038/nrn1928



Autocoid regulation of DA vesicle release

/\ = DA
o = ATP
) = adenosine



Transgenic mice lacking one type of P1 receptor in basal
ganglia neurons increased aggressive behavior.
Presumably due to lack of turn-down by binding

adenosine.

Many P1 adenosine receptors
on DA neurons!

The other way to block the
adenosine turn-down of DA neurons
IS to Inhibit the adenosine receptor. caffeine

Xanthines -- caffeine (coffee), theophylline (tea),
theobromine (chocolate) are inhibitors  general

CNS stimulant.



We will cover peptide neurotransmitters later...

So skipping that stuff in chapter 7.



Cannabinoid (pot) receptor localization
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