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Serotonin and Dopamine Therapeutics 
 
 

I.  Serotonin Neurotransmission 
 
A.  Serotonin Synthesis:  L-tryptophan is an essential amino acid (i.e., it must be ingested 

and is not made by the body) precursor of serotonin.  Tryptophan hydroxylase is the rate limiting 
enzyme in serotonin production.  It hydroxylates L-tryptophan to 5-hydroxy-L-tryptophan (5-HTP), 
the latter of which is an over the counter nutraceutical commonly used to combat melancholy, though 
it’s 

efficacy is questionable.  Tryptophan hydroxylase is not normally saturated by its substrate.  As such, 
manipulations of dietary tryptophan may modulate serotonin production.  Clinically significant 
changes in serum tryptophan requires manipulation of several different amino acids which compete 
with tryptophan for neutral amino acid transporters that carry tryptophan across the blood brain barrier.  
The ratio of tryptophan to these amino acids in ingested foods is thought to determine brain tryptophan 
levels.  Whole milk and dried prunes, and semi-sweet chocolate rather than turkey have the appropriate 
ratio to boost brain tryptophan levels.  Human studies are being conducted to test the effect of 
beverages containing tryptophan depleting or loading formulations to affect impulsiveness and 
depression.      

 
B.  Serotonin Receptors 

 
Numerous receptors have been identified which have sensitivity to serotonin.  All are G-protein 
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coupled receptors except the 5-HT3 receptor, which is a ligand gated ion channel.  Many of these are 
the target of clinically used therapeutics. The receptors are grouped into families based on their 
signaling mechanisms and homology. 
 
The 5-HT1 family consists of 5-HT1A, 5-HT1B and 5-HT1D.  These receptors are negatively coupled 
to adenylal cyclase and reduce cAMP formation, or activate K+ channels.  5-HT1A receptors are 
found both on pre- and post-synaptic membranes (relative to the serotonin releasing cell).  Pre-
synaptic 5-HT1A are found at the cell soma and dendrites and act as auto receptors to limit action 
potential generation by the serotonin-containing neuron.  The 5-HT1B receptor is found both pre- and 
post-synaptically, but pre-synaptic receptors are found at the serotonin cell axon terminal where they 
negatively regulate serotonin release by inhibiting phosphorylation of voltage-gated calcium 
channels by PKA.  5-HT1D receptor are found post-synaptically, and are also thought to regulate 
release of neuropeptides via a pre-synaptic mechanisms.   
 
5-HT2A, 2B and 2C receptors couple to Gq proteins to stimulate Phospholipase C, and IP3 + DAG 
formation.  They are found exclusively on post-synaptic membranes of target cells. 
 
5-HT3 receptors are found post-synaptically and conduct cation influx when activated by serotonin. 
 
5-HT4 receptors are found post synaptically and are positively coupled to adenylal cyclase through 
Gαs proteins. 
 
5-HT5, 6, 7 and less well understood in terms of physiological function and are not currently 
manipulated for therapeutic benefit.   

 
 

 
 



Pharmacology & Therapeutics  Neuromuscular Relaxants  
February 8, 2018  K. Scrogin, Ph. D. 
 

 3  

 
Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Specific serotonin populations that are targeted by clinically used therapeutics are indicated in Table 1. 
 
 Table 2. 
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Drugs used clinically to target these receptor populations are shown above in Table 2. 
C.  Drugs Affecting Serotonin Neurotransmission 

 
 

1. 5-HT1 receptor agonists 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
The FDA has approved 5-HT1A receptor agonists for the treatment of Generalized Anxiety Disorder 
defined as the persistent, excessive, and unrealistic worry about everyday things.  It is also used in 
combination with serotonin reuptake inhibitors (SSRIs) for the treatment of major depression.  5-HT1A 
receptor distribution is wide spread so the 5-HT1A receptor agonists mechanism of action in anxiety is not 
entirely clear, but it is thought to be associated with activation of post-synaptic receptors in the cortex, 
probably expressed by inhibitory interneurons neurons.  Thus they may indirectly activate or “disinhibit” 
cortical neurons.  The onset of antidepressant effects may be delayed 2-3 weeks.  The mechanism for 
delay is also not clear, but it may be related to suppression of endogenous serotonin release by agonist 
action on 5-HT1A autoreceptors expressed by serotonin neurons.  Autoreceptors are thought to be more 
susceptible to desensitization compared to post-synaptic 5-HT1A receptors.  As such, after prolonged use 
of 5-HT1A receptor agonists, endogenous serotonin release should recover while post-synaptic effects 
remain intact with continued use.  Side effects of anxiety during initial therapy may be due to suppression 
of endogenous serotonin neurotransmission prior to autoreceptor desensitization.  Additional side effects 
include drowsiness and nausea.  

 
 
5-HT1D receptor agonists are used for the treatment 
of migraine.  Sumatriptan is the prototype drug.  
There are two proposed mechanisms of action.  5-
HT1D receptor agonists are thought to inhibit release 
of nociceptive and inflammatory neutoransmitters 
from the trigeminal nerve axons.  In addition 5-
HT1D receptors promote cerebrovascular 
vasoconstriction by decreasing cAMP and PKA 
mediated inhibition of MLCK.  Side effects are 
related to this mechanism of action and include 
coronary vasoconstriction.  As such, these drugs are 
contraindicated in patients with coronary artery 
disease.   
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Selective Serotonin reuptake 
inhibitors (SSRI) increase 
availability of serotonin by 
preventing reuptake at the axon 
terminal.  This increases 
serotonin both at post-synaptic 
and pre-synaptic 5-HT1A 
receptors.  Fluoxetine (Prozac®) 
is the prototype and Sertraline 
(Zolotf®) is commonly used 
clinically.  Anti-depressant 
effects are thought to be 
mediated by activation of cortical 5-HT1A receptors which disinhibit cortical activity.    SSRIs are also 
now used for severe anxiety from post-traumatic stress, and in obsessive compulsive disorders.  Side 
effects include sexual dysfunction and insomnia due to increased activation of alternative receptor 
populations (see below).  SSRIs are contraindicated in patients taking monoamine oxidase (MAO) 
inhibitors for depression since serotonin is readily metabolized by MAOs and the combination of SSRIs 
and MAOs can lead to serotonin-syndrome (hyperthermia, muscle tremor, twitching, agitation, 
arrhythmia, seizure).  
 
Serotonin antagonist-reuptake 
inhibitors (SARI) both decrease 
reuptake and block 5-HT2A and 5-
HT2C receptors which may mediate 
some side effects of reuptake 
inhibitors.  Prototype is trazadone.  
Trazadone was approved in the 
80’s for depression.  It is now rarely 
used alone for this indication.  It is 
now sometimes used for anxiety 
and in combination with SSRIs for 
depression.  Trazadone causes 
drowsiness and is now used more 
commonly as an off-label therapy 
for insomnia without depression. Use of the drug has waned since a black box warning for increased 
suicidality among young adults was included on packaging.   
 

2.  

X 
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2.   5-HT3 receptor antagonists:  90% of serotonin in the body is found in the gut in the 
enterochromaffin cells that are found wedged between the gut epithelial cells.  These cells manufacture 
serotonin through the same pathway as serotonin positive neurons.  The enteric nervous system is an 
autonomous network of nerves that regulate secretion and contraction of the gut.  Enterochromaffin cells 
respond to chemical, mechanical and other toxic stimuli to provoke secretions and peristalsis.  Serotonin 

released in response to enterochromaffin cell 
stimulation binds to receptors found on 
neurons that innervate muscle and secretory 
plexi that layer the gut lumen.  Serotonin also 
activates vagal afferents that arise from the 
luminal layer.  Vagal afferents project to 
emetic center and area postrema in the 
brainstem to stimulate nausea and vomiting.  
Serotonin 5-HT3 receptors are expressed on 
the vagal nerve terminals and are activated by 

local serotonin release.  The same nerve release serotonin which activates 
5-HT3 receptors on emetic and area postrema where they mediate nausea 
and vomiting in response to gut stimulation by toxins.  Ondansetron is a 5-HT3 receptor antagonist used 
clinically for nausea and vomiting due to chemotherapy.  This drug has few if any recognized side effects 
and is well tolerated by most patients.    
 

3.  5-HT4 receptor agonists:  Peristalsis 
of the GI tract is stimulated by serotonin action 
on submucosal intrinsic primary afferent 
neurons (IPAN) which release acetylcholine in 
the myenteric plexus which, in turn, excites 
projections to neighboring longitudinal and 
circular muscle layers of the gut.  5-HT4 
receptors activate IPANs and stimulate 
peristalsis.  5-HT4 receptor agonists have been 
used clinically in the past for the treatment of 
gastroparesis (slow gut motility).  The 5-HT4 
receptor agonist cisapride has been 
discontinued due to evidence of long QT 
syndrome and potential for ventricular 
arrhythmias.  Mosapride is marketed elsewhere 
in the US.  Metoclopramide is a dopamine 

receptor antagonist with 5-HT4 agonist properties that is used in the US for short term stimulation of 
gastric emptying in diabetic and post-surgical patients with slow gastric emptying.  Side effects associated 
with dopamine agonist effects limit duration of use. 
 

II.  Dopamine Pharmacology:  The central dopaminergic system consists of 4 important pathways 
that include the mesolimbic (ventral tegmentum to limbic) mesocortical (ventral tegmentum to 
prefrontal cortex), tuberoinfundibular pathways (from the arcuate nucleus of the hypothalamus to the 
median eminence of the pituitary) and the chemotrigger zone located in the brainstem and accessed by 
circulating dopamine.  Excess dopamine in limbic regions contributes to psychosis.  Deficits in 
dopamine in prefrontal cortex lead to negative affect, lack of motivation and other negative effects of 
schizophrenia.  Deficits in dopamine innervation of the striatum lead to Parkinson’s Disease.   
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A.  Dopamine Synthesis:  Therapeutic manipulation of the dopamine system is used therapeutically 

in the treatment of Parkinson’s disease.  Parkinson’s disease is due to neurodegeneration of the 
dopaminergic neurons of the substantia nigra pars compacta.  Pharmacological manipulation of the 
dopamine system includes loading of the neurotransmitter precursor L-DOPA.  Dopamine itself cannot 
cross the blood brain barrier.  Therefore receptor agonists are used to increase central dopamine 
neurotransmission, and inhibitors of dopamine breakdown are also used in Parkinson’s Disease.  

 

 
 

B. Dopamine receptors:  There are 5 dopamine 
receptor subtypes that belong to two main families.  
The D1 receptor family includes D1 and D5 

receptors.  These receptors are positively coupled to adenylate cyclase and increase cAMP.  D2 receptors 
are negatively coupled to adenylate cyclase and also increase K+ currents and decreased voltage-gated 
calcium currents to negatively modulate excitability of the neurons.   

 
C. Dopamine modulation of basal ganglia and motor function 

Impulses that generate motor patterns are modulated 
by the basal ganglia to produce smooth movements.  
Signals initiated in the motor cortex activate (green 
arrows) cells of the striatum that in turn inhibit 
(purple arrows) cells of the globaus pallidus and 
substantia nigra pars raticulata.  These regions in 
turn inhibit thalamic cells that send excitatory 
projections back to the cortex.  Thus, the inhibition 
of inhibition results in activation of the cortex via 
the “direct pathway”.  The indirect pathway 
modulates this motor pattern by inhibiting the direct 
pathway.  In the indirect pathway cortical neurons 
excite striatal neurons that in turn inhibit external 
globus pallidus neurons that inhibit subthalamic 
nucleus neurons.  Inhibition of inhibition leads to excitation of subthalamic projections to substantia nigra 
pars reticulata of the direct pathway.  This excitation of the subthalamic nucleus indirectly inhibits the 
motor cortex by activating inhibitory projections to thalamic neurons and thus attenuating the impact of 
the direct pathway.  Striatal inhibitory neurons express D1 receptors (positive modulator) in the direct 

 
 

Dopamine Synthesis

AA precursor

Precursor (used in Parkin  

Active neurotransmitter
(cannot cross BBB)

Rate limiting enzyme

Enzyme inhibitors used in Parkins

 

 

 
 

 



Pharmacology & Therapeutics  Neuromuscular Relaxants  
February 8, 2018  K. Scrogin, Ph. D. 
 

 8  

pathway and D2 receptors (negative modulator) in the indirect pathway.  Thus, dopamine increases the 
direct pathway and inhibits the indirect pathway leading to activation of the cortex.  In the absence of 
dopamine the direct pathway is less excited and the indirect pathway is less inhibited resulting in more 
inhibition of the motor cortex and the bradykinesia that is a classic symptom of Parkinson’s disease.  The 
goal of pharmacological therapy in Parkinson’s Disease is to re-establish dopaminergic tone in the 
striatum, both through increased dopamine production, decreased dopamine metabolism and suppression 
of the indirect pathway through D2/D3 receptor activation. 
 

D. Clinically utilized therapeutics that manipulate dopamine neurotransmission. 
  
L-DOPA is the precursor of dopamine and is a primary treatment of Parkinson’s Disease.  It is used to 
target D1 and D2 receptors in the striatum to regulate motor movement.  It is administered orally and can 
reach a significant concentrations in the systemic circulation.  As such, it has the potential to be taken up 
by sympathetic neurons where it can be used to synthesize excess dopamine, norepinephrine or 
epinephrine and lead to arrhythmia, anxiety and nausea.  L-DOPA is also transported across the blood 
brain barrier where it is taken up into dopaminergic cells.  Excess 
dopamine in the CNS can also stimulate hallucinations (limbic targets).  
Long term use of L-DOPA can lead to dyskinesia in a subset of patients 
(most commonly young patients).  Dyskinesia is characterized by smooth 
exaggerations of voluntary movements.  Reduced doses can help alleviate 
side effects.  As such, cocktails of drugs that effect multiple sights of 
dopamine neurotransmission are now being used to produce the greatest 
benefit with the least side effects.  To combat side effects associated with 
L-DOPA-mediated systemic production of dopamine, norepinephrine and 
epinephrine, the aromatic L-amino acid decarboxylase inhibitor, 
carbidopa, is co-administered with L-DOPA.  Unlike L-DOPA, 
carbidopa cannot cross the blood brain barrier.  As such, it reduces the 
production of peripheral dopamine and reduces nausea.  With Carbidopa 
almost 10% of the dose of L-DOPA crosses into the brain. Whereas 
without carbidopa most of the drug would be metabolized in the gut, or 
make its way into the systemic circulation where it can cause toxicity. 
 
Pramipexole and Rapimirole are a D3 and D2 receptor agonists that activate these receptors located 
within the striatum of the indirect motor control pathway of the basal ganglia.  As described above, loss 
of central dopamine results in loss of the disinhibition of the direct pathway and inhibition of the indirect 
pathway which causes bradykinesia.   Activation of D2/3 receptors in the striatum restores the suppression 
of the inhibitory indirect pathway permitting initiation of motor movement.  D2/3 agonists are also thought 
to increase free radical scavenging which may reduce the oxidative damage that kills dopamine cells.  As 
such, it produces the best result when used early in the course of the disease.  Side effects include valvular 
fibrosis with long-term use.  In a small percentage of patients (5%) D2 receptor agonists may to contribute 
to decreased impulse control which can be expressed by risky behaviors that are atypical for the patient, 
e.g., gambling, hypersexuality, excess food intake.  
 
Selegiline is a monoamine oxidase-B inhibitor used in the treatment of Parkinson ’s disease (low dose) 
and depression (high dose).  Because it is selective for the monoamine oxidase B it does not require the 
same strict dietary restrictions as non-selective monoamine oxidase inhibitors when used at lower doses.  
However, caution should be used since at higher doses or in susceptible individuals diet may have potential 
to interact with drug due to inhibition of monoamine oxidase A which normally protects against tyramine 
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absorption in the gut.  Side effects of selegiline include dizziness due to hypotension (low dose) or 
hypertension and serotonin syndrome when used at high concentrations.  Dry mouth also results from 
increased activity of sympathetic system. 
 
Tolcapone is used in combination with L-DOPA to help increase efficacy of L-DOPA.  Tolcapone is an 
inhibitor of catecholamine-O-methyl transferase and prolongs the half-life of dopamine released into the 
synapse.  When used in combination with L-DOPA it can reduce the dose of L-DOPA required for clinical 
effect.  It helps to prolong L-DOPA’s effect and reduces “off” time which can occur in approximately 
40% of patients.  After long-term use, patients may experience oscillations in motor function due to 
fluctuations in the efficacy of L-DOPA.  “Off time” refers to those periods when the drug is less effective.  
Side effects include those associated with excess dopamine:  dyskinesia, hallucinations, and nausea.  
 

III.  Drugs used for Alzheimer’s 
 

A.  Cholinesterase inhibitors- Alzheimer’s is characterized by cortical shrinkage including the 
subcortical structure of the hippocampus.  The hippocampus receives significant cholinergic input 
which is critical for the short term memory formation.  Thus, treatment of mild to moderate 
memory decline in Alzheimer’s and other dementias is based on increasing cholinergic 
neurotransmission.  Long-acting cholinesterases that cross the blood brain barrier are used for 
memory loss in early Alzheimer’s.  These include donepezil, rivastigmine and galantamine.  
Side effects of these drugs are significant and include those associated with excess nicotinic or 
muscarinic receptor activation. 

 
B. Another theory suggests that excitatory toxicity from 

excess glutamate neurotransmission contributes to neural 
damage in Alzheimer’s disease.  Excitatory toxicity is 
associated with excessive activation of glutamatergic 
NMDA receptors.  Thus, antagonists of these receptors 
have received interest.  Clinical studies of the NMDA 
blocker, memantine, have shown some limited efficacy in 
moderate to severe Alzheimer’s.  The drug binds in the 
pore of the open channel and is thus activity-dependent.  
Binding in the open pore is low affinity.  The resulting 
channel blockade limits calcium influx, but the low 
affinity and rapid off kinetics of the drug permit continued 
function of the receptor.  The drug is less effective than 
cholinesterase inhibitors but has fewer side effects.   

 
 
 


