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Neurons communicate at synapses with chemical neurotransmission



Brain Synapse Neuromuscular Junction Synapse
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Presentation Notes
SPECIALIZED SYNAPSES!!!  For the specific function they have to perform… 

Fig. 3.2. Schematic representation of 4 major excitatory inputs to pyramidal neurons. A pyramidal neuron in layer 3 is shown as an example. Note the preferential distribution of synaptic contacts on spines. Spines are labeled in red. Arrow shows a contact directly on a dendritic shaft.    *********Preferential distribution of synaptic contacts on spines.**********
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Electron tomography

Exocytosis

• The active zone (AZ) of the NMJ is a highly structured specialization of 
the membrane and cytoskeleton. 

• To secrete thousands of neurotransmitter (NT) molecules rapidly, 
terminals package NT in enclosed organelles (i.e. synaptic vesicles, SV).

• SV = 50 nm in diameter

• SV differ in appearance depending on NT (GLU and Ach stored in small, 
clear SVs, peptide NTs stored in large dense-core vesicles).

• At NMJ, AP triggers release of ~300 SVs, and at central synapse, AP 
triggers release of 5-10 SVs. 
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Pathogenesis of Acquired (Immune-Mediated) Myasthenia Gravis. Myoneural junction in normal muscle (left panel). When acetylcholine binds to acetylcholine receptors, a signal from the receptor opens ligand-gated sodium channels in the muscle cell membrane leading to contraction. Myoneural junction in myasthenia gravis (right panel). Autoantibody directed against acetylcholine receptors causes receptor injury and blocks the binding of acetylcholine to the receptor, resulting in episodic weakness and collapse.
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• The active zone (AZ) of the NMJ is a highly structured specialization of 
the membrane and cytoskeleton. 

• To secrete thousands of neurotransmitter (NT) molecules rapidly, 
terminals package NT in enclosed organelles (i.e. synaptic vesicles, SV).

• SV = 50 nm in diameter

• SV differ in appearance depending on NT (GLU and Ach stored in small, 
clear SVs, peptide NTs stored in large dense-core vesicles).

• At NMJ, AP triggers release of ~300 SVs, and at central synapse, AP 
triggers release of 5-10 SVs. .

• Synaptic cleft = 100 nm wide from pre- to postsynaptic membrane

• At neuromuscular junctions, one SV diffuses across synaptic cleft in 2 ms
reaching [1 mM] at postsynaptic receptors (up to 2,000 will bind Ach).

• One nerve ending will have ~1,000 active zones, one AP causes a SV to 
fuse in ~1/3 of the AZs (300 quanta in 1.5 ms).

• After 0.5 ms delay, the postsynaptic muscle fiber is depolarized, reaching 
a peak of tens of millivolts typically sufficient to generate an AP (causing 
muscle contraction).
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The life cycle of a synaptic vesicle

Transmitter-filled SVs can be observed in clusters in the vicinity of the active zone. 
1. Docking. Some SVs are recruited to sites within the active zone in a process called docking. 
2. Priming. These vesicles subsequently are primed for release. 
3. Exocytosis. The rise in cytosolic Ca2+ that occurs during an action potential triggers the opening of a fusion pore between some of the primed, docked vesicles and 

the plasma membrane. Transmitter exits through this fusion pore. 
4. SV Recovery. Three pathways are proposed by which the now empty vesicle can be recovered and returned to the releasable pool: 

4-1) direct reclosing of the fusion pore and reformation of the SV, often called “kiss and run”; 
4-2) complete fusion (i.e., the flattening of SV onto the PM) followed by clathrin-mediated endocytosis, clathrin coat removal, and return of the SV to the releasable pool; 
4-3) complete fusion and recycling as in the second pathway, but the endocytosed vesicle fuses first with an endosome and mature vesicles are subsequently formed by budding 
from the endosome. After or during this recycling process, the vesicle must be refilled with transmitter.
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FIGURE 7.2 The life cycle of synaptic vesicles. Transmitter-filled vesicles can be observed in clusters in the vicinity of the active zone. Some vesicles are recruited to sites within the active zone in a process called docking. These vesicles subsequently are primed for release. The rise in cytosolic Ca2+ that occurs during an action potential triggers the opening of a fusion pore between some of the primed, docked vesicles and the plasma membrane. Transmitter exits through this fusion pore. Three pathways are proposed by which the now empty vesicle can be recovered and returned to the releasable pool: (1) by a direct reclosing of the fusion pore and reformation of the vesicle, often called “kiss and run”; (2) by complete fusion (i.e., the flattening of the vesicle onto the membrane surface) followed by clathrin-mediated endocytosis, removal of the clathrin coat, and return of the vesicle to the releasable pool; and (3) by complete fusion and recycling as in the second pathway, but the endocytosed vesicle fuses first with an endosome and mature vesicles are subsequently formed by budding from the endosome. After or during this recycling process, the vesicle must be refilled with transmitter.



Synaptic Vesicle Components 

Vesicle Fusion

Ca2+ Binding Protein 
 Triggers Fusion

Vesicle Availability

Unknown. Endocytosis?

Unknown

Tethers Vesicle to 
Actin Cytoskeleton

Couples AP to Exocytosis

Vesicular 
Transporters
(Fill SV with NT)

Restore H+

Gradients

Presenter
Presentation Notes
FIGURE 7.4 Schematic representation of the structure and topology of major synaptic vesicle membrane proteins (see also Table 8.1).



Vesicular Storage Via Vesicular Transporters

(Van Liefferinge et al., Front Cellular Neuro, 2013)

• Protection against enzymatic degradation (inactivation)

• Readily available for rapid release

V-ATPases Create:
• Proton Gradient (Ψ)
• pH Gradient (pH ~5.5)

(A & B): Monamines (DA, NE, 5HT) & Ach (+)
• Relies on pH gradient 

(C): GABA/glycine (neutral)
• Relies on both

(D): Glutamate (–)
• Relies on the proton gradient

*Recent research: Simultaneous DA/GLU NT release (same SV)
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Figure 2. Vesicular neurotransmitter transporters depend differentially on the two components of the electrochemical gradient of H+ (ΔμH+). A V-ATPase generates a ΔμH+ across the vesicle membranes. The vesicular transporters use this gradient to drive the transport of transmitters into secretory vesicles by coupling the translocation of transmitter to H+ running down ΔμH+. The different vesicular transporters rely to different extents on the two components (ΔpH and Δψ) of this gradient. (A) VMATs and (B) VAChT transport their positively charged substrates coupled to the exchange of two H+, and hence rely primarily on ΔpH. (C) GABA and glycine are transported as neutral zwitterions by VGAT, which depends equally on both the chemical and the electrical component of ΔμH+. (D) VGLUTs transport the negatively charged glutamate and thus rely more on Δψ than ΔpH. [Modified from Chaudhry et al. (2008b) with permission].




AMPH > COC to evoke DA release

 Uptake inhibition

 AMPH-induced DAT internalization

 AMPH-induced DA efflux (non-exocytotic)

 Displace DA from SVs

Amphetamine Actions on the Dopamine Transporter

What medical condition can AMPH/METH use lead to?



Conclusion: Observed a near 3-fold increased risk of PD in 
METH/AMPH users vs. controls which; supports that PD 
risk in users may be higher than previous estimates.

Conclusion: These data provide evidence that 
METH/AMPH users have above-normal risk for 
developing PD (76% > controls).

Amphetamine/methamphetamine users have higher risk for developing Parkinson’s Disease 

2012

2015

AMPH > COC to evoke DA release

 Uptake inhibition

 AMPH-induced DAT internalization

 AMPH-induced DA efflux (non-exocytotic)

 Displace DA from SVs

 Disrupts e- transport chain in complex I of                                                     
mitochondria  E depletion, ROS formation  
 DAergic neuron death

Amphetamine Actions on the Dopamine Transporter



Calcium microdomains regulate synaptic vesicle exocytosis

• Extracellular [Ca2+] = 1.5-2 mM; intracellular [Ca2+] = 0.1 µM 
(buffered by mitochondria and ER); e/i = 15,000 to 40,000:1

• Following an AP, Ca2+ influx raises [Ca2+] in terminal from 0.1 to 
0.11 µM (as measured with [Ca2+] indicator dyes).

Q: Why does this small [Ca2+] increase lead to exocytosis?



Calcium microdomains regulate synaptic vesicle exocytosis

• Extracellular [Ca2+] = 1.5-2 mM; intracellular [Ca2+] = 0.1 µM 
(buffered by mitochondria and ER); e/i = 15,000 to 40,000:1

• Following an AP, Ca2+ influx raises [Ca2+] in terminal from 0.1 to 
0.11 µM (as measured with [Ca2+] indicator dyes).

Q: Why does this small [Ca2+] increase lead to exocytosis?

• Answer: The SV release mechanisms respond to localized, high 
[Ca2+] in microdomains.

• In brief period in which Ca2+ channels open, the cytosol near 
channels is flooded with Ca2+ (100-500 µM reached in 200 µs).

• Diffusion and buffering return Ca2+ to basal levels within 
milliseconds (the [Ca2+] gradient around mouth of the channel 
completely dissipates and only the small Ca2+ net rise remains 
(i.e. residual [Ca2+] as detected by fluorescent indicator dyes).

• An AZ may have more than 100 Ca2+ channels in its membrane, 
and a single SV may be within 50 nm of as many as 10 Ca2+

channels.

• Since multiple Ca2+ channels can open, Ca2+ entering through 
nearby channels can summate in overlapping microdomains.

• Different subtypes of Ca2+ channels with different 
electrophysiological kinetics can influence release (i.e. high- vs. 
low-voltage activated Ca2+ channels). 



Proteins involved in SV Fusion 

(Thomas Südhof, Nature Medicine, 2013)
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Presentation Notes
Step 0: Calcium enters, binds to synaptotagmin, triggering vesicular fusion.
Step 1: synaptic vesicles are primed for fusion. 
Step 2: The fusion pore opens. 
Step 3: Fusion pore expands further releasing NT’s. 
Step 4: Disassembly and vesicle recycling. 



(Thomas Südhof, Nature Medicine, 2013)

synaptotagmin

Proteins involved in SV Fusion 

Ca2+ binds to Ca2+-binding domain in synaptotagmin 
inducing conformational change to begin SV fusion.

Presenter
Presentation Notes
Step 0: Calcium enters, binds to synaptotagmin, triggering vesicular fusion.
Step 1: synaptic vesicles are primed for fusion. 
Step 2: The fusion pore opens. 
Step 3: Fusion pore expands further releasing NT’s. 
Step 4: Disassembly and vesicle recycling. 



SNARE complex proteins tether SV to presynaptic plasma membrane

• The SNARE complex brings the SV and PM into close proximity and represents one of the last steps in vesicle fusion. 

• Vesicular VAMP, also called synaptobrevin, binds with syntaxin and SNAP-25 that are anchored to the PM. 
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FIGURE 7.5 SNARE proteins and the action of clostridial neurotoxins. The SNARE complex shown at the left brings the vesicle and plasma membranes into close proximity and likely represents one of the last steps in vesicle fusion. Vesicular VAMP, also called synaptobrevin, binds with syntaxin and SNAP-25 that are anchored to the plasma membrane. Tetanus toxin and the botulinum toxins, proteases that cleave specific SNARE proteins as shown, can block transmitter release.




SNARE complex proteins are cleaved by bacterial neurotoxins

Question: What would happen to a person exposed to these neurotoxins?

• The SNARE complex brings the SV and PM into close proximity and represents one of the last steps in vesicle fusion. 

• Vesicular VAMP, also called synaptobrevin, binds with syntaxin and SNAP-25 that are anchored to the PM. 

• Tetanus toxin and the botulinum toxins, proteases that cleave specific SNARE proteins as shown, can block transmitter release.
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FIGURE 7.5 SNARE proteins and the action of clostridial neurotoxins. The SNARE complex shown at the left brings the vesicle and plasma membranes into close proximity and likely represents one of the last steps in vesicle fusion. Vesicular VAMP, also called synaptobrevin, binds with syntaxin and SNAP-25 that are anchored to the plasma membrane. Tetanus toxin and the botulinum toxins, proteases that cleave specific SNARE proteins as shown, can block transmitter release.




Disorders affecting the NMJ

Question:  What is the medical 
condition in which autoantibodies 
against AchRs leads to receptor 
damage (preventing binding of Ach)?
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Presentation Notes
Question:  Condition in which autoantibody against the AchR leads to receptor damage that prevents binding of Ach.   Answer: Myasthenia gravis.



Question: How is Myasthenia gravis treated?

Disorders affecting the NMJ

Presenter
Presentation Notes
Question: What is a treatment for Myasthenia gravis?
Pyridostigmine (Mestinon) – AchE inhibitor, increases available Ach at synaptic cleft.

Question:  Autoantibody against the PreS Ca2+ prevents Ach release.
Answer: Lambert-Eaton Myasthenic Syndrome.



Pyridostigmine /Mestinon
(AchE inhibitor)

Disorders affecting the NMJ

Question: How is Myasthenia gravis treated?
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Answer:  Pyridostigmine (Mestinon) – AchE inhibitor, increases available Ach at synaptic cleft.

*****Question: How does Ach esterase inhibitor work for the patient to regain function????




Pyridostigmine /Mestinon
(AchE inhibitor)

Disorders affecting the NMJ

Question:  In which medical condition do 
autoantibodies attack presynaptic Ca2+

channels (preventing Ach release)?
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Question:  In what disease do are there autoantibodies against the PreS Ca2+ channels, preventing Ach release?
Answer: Lambert-Eaton Myasthenic Syndrome.




Question: How is LEMS treated?

Pyridostigmine /Mestinon
(AchE inhibitor)

Disorders affecting the NMJ

Presenter
Presentation Notes
Answer: Lambert-Eaton Myasthenic Syndrome.

Question:  What is a treatment for LEMS?
Answer: Amifampridine/Firdapse 
(K+ channel blocker, PreS nerve stays open longer leading to higher Ca2+ influx and release of Ach)



Lambert–Eaton myasthenic syndrome (LEMS) is a rare autoimmune disorder characterized by muscle weakness of the limbs.  The weakness from LEMS typically involves the muscles of the proximal arms and legs (the muscles closer to the trunk). In contrast to myasthenia gravis, the weakness affects the legs more than the arms. This leads to difficulties climbing stairs and rising from a sitting position. Weakness is often relieved temporarily after exertion or physical exercise. High temperatures can worsen the symptoms. Weakness of the bulbar muscles (muscles of the mouth and throat) is occasionally encountered. Weakness of the eye muscles is uncommon. Some may have double vision, drooping of the eyelids and difficulty swallowing,[3] but generally only together with leg weakness; this too distinguishes LEMS from myasthenia gravis, in which eye signs are much more common.[2] In the advanced stages of the disease, weakness of the respiratory muscles may occur.[3] Some may also experience problems with coordination (ataxia).
Three-quarters of people with LEMS also have disruption of the autonomic nervous system. This may be experienced as a dry mouth, constipation, blurred vision, impaired sweating, and orthostatic hypotension (falls in blood pressure on standing, potentially leading to blackouts). Some report a metallic taste in the mouth.
On neurological examination, the weakness demonstrated with normal testing of power is often less severe than would be expected on the basis of the symptoms. Strength improves further with repeated testing, e.g. improvement of power on repeated hand grip (a phenomenon known as "Lambert's sign"). At rest, reflexes are typically reduced; with muscle use, reflex strength increases. This is a characteristic feature of LEMS. The pupillary light reflex may be sluggish.
In LEMS associated with lung cancer, most have no suggestive symptoms of cancer at the time, such as cough, coughing blood, and unintentional weight loss.[2] LEMS associated with lung cancer may be more severe.




Pyridostigmine /Mestinon
(AchE inhibitor)

Amifampridine/Firdapse
(K+ channel blocker)

Disorders affecting the NMJ

Question: How is LEMS treated?
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Question:  What is a treatment for LEMS?
Answer: Amifampridine/Firdapse.    

**** QUESTION:  How does blocking K+ channels in presynaptic nerves increase muscle function?***********

(K+ channel blocker, PreS nerve stays open longer (AP duration increases) leading to higher Ca2+ influx and release of Ach)



Lambert–Eaton myasthenic syndrome (LEMS) is a rare autoimmune disorder characterized by muscle weakness of the limbs.  The weakness from LEMS typically involves the muscles of the proximal arms and legs (the muscles closer to the trunk). In contrast to myasthenia gravis, the weakness affects the legs more than the arms. This leads to difficulties climbing stairs and rising from a sitting position. Weakness is often relieved temporarily after exertion or physical exercise. High temperatures can worsen the symptoms. Weakness of the bulbar muscles (muscles of the mouth and throat) is occasionally encountered. Weakness of the eye muscles is uncommon. Some may have double vision, drooping of the eyelids and difficulty swallowing,[3] but generally only together with leg weakness; this too distinguishes LEMS from myasthenia gravis, in which eye signs are much more common.[2] In the advanced stages of the disease, weakness of the respiratory muscles may occur.[3] Some may also experience problems with coordination (ataxia).
Three-quarters of people with LEMS also have disruption of the autonomic nervous system. This may be experienced as a dry mouth, constipation, blurred vision, impaired sweating, and orthostatic hypotension (falls in blood pressure on standing, potentially leading to blackouts). Some report a metallic taste in the mouth.
On neurological examination, the weakness demonstrated with normal testing of power is often less severe than would be expected on the basis of the symptoms. Strength improves further with repeated testing, e.g. improvement of power on repeated hand grip (a phenomenon known as "Lambert's sign"). At rest, reflexes are typically reduced; with muscle use, reflex strength increases. This is a characteristic feature of LEMS. The pupillary light reflex may be sluggish.
In LEMS associated with lung cancer, most have no suggestive symptoms of cancer at the time, such as cough, coughing blood, and unintentional weight loss.[2] LEMS associated with lung cancer may be more severe.




Disorders affecting the NMJ

Pyridostigmine /Mestinon
(AchE inhibitor)

Question:  What are compounds that 
cleave proteins associated with SV 
release machinery?

Amifampridine/Firdapse
(K+ channel blocker)
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Question:  What compounds cleave proteins associated with SV release machinery?




Disorders affecting the NMJ

Amifampridine/Firdapse
(K+ channel blocker)

Pyridostigmine /Mestinon
(AchE inhibitor)

+Tetanus toxin

Question: How are botulism and tetanus treated?
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Answer: Tetanus toxin and the botulinum toxins

***Question: What symptoms would you see in patients exposed to tetanus or botulin?***

Question: How are botulism and tetanus treated?




Disorders affecting the NMJ

Amifampridine/Firdapse
(K+ channel blocker)

Pyridostigmine /Mestinon
(AchE inhibitor)

+Tetanus toxin

Question: How are botulism and tetanus treated?
Botulism (antitoxin, breathing/eating assistance) 
Tetanus (antibiotics)



+curare (nAchR antagonist)

+higher [curare] 

Curare can reduce End Plate Potential (EPP) at NMJ without affecting postsynaptic AP
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Diagram to explain the characteristics of the externally recorded discharge.



(Fatt & Katz, 1952)       

Sir Bernard Katz

Spontaneous, “subthreshold” potentials  

Neurotransmitter Release is Quantal – NMJ recordings
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Diagram to explain the characteristics of the externally recorded discharge.



(Fatt & Katz, 1952)                                     (Castillo & Katz, 1954)

Sir Bernard Katz

Spontaneous, “subthreshold” potentials  

Potentials following nerve 
stimulation in low [Ca2+]

Neurotransmitter Release is Quantal – NMJ recordings



(Fatt & Katz, 1952)                                     (Castillo & Katz, 1954)

QUANTUM:  the amount of neurotransmitter contained within 1 SV
• Neurotransmitters are released in discrete quanta
• Small, spontaneous release of NTs without stimulation  
• End plate potential (EPP) consists of summation of quanta (minis)

Katz Model of Quantal Release (as studied at NMJ) 
1. Action potential raises probability of vesicle fusion.

2. Several quanta are available for release and each provides the 
same electrical signal to the postsynaptic cell.

3. Average release probability: quanta released (m) = # of available 
quanta (n) * average release probability (p) [m=n*p]

4. Probability of quanta release follows a Poisson distribution

Spontaneous, “subthreshold” potentials  

Potentials following nerve 
stimulation in low [Ca2+]

Neurotransmitter Release is Quantal – NMJ recordings



Katz Model of Quantal Release (as studied at NMJ) 

Describes the neuromuscular junction BUT NOT a CNS synapse
• Quantum varies in size (strength/NT content)

• Different Ca2+ channel subtypes changes release probabilities

• Voltage properties of postsynaptic cells prevents quanta sumation

• Receptor saturation: easy for a single quantum to saturate

• Silent Synapses:  No receptors are present   



Exogenously applied glutamate increases mIPSC amplitudes. 
(A) Addition of 100 or 500 μM glutamate (glu) increased mIPSC amplitude compared with control.
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Exogenously applied glutamate increases mIPSC amplitudes. 
A, Addition of 100 μM (black, closed circles; n = 1975 events) or 500 μM (black, open circles;n = 1477 events) glutamate (glu) increased mIPSC amplitude compared with control (gray, closed circles;n = 1990; gray, open circles;n = 1493, respectively). Cumulative probability histograms were constructed as described in the Figure4B legend. Inset, Average mIPSC waveforms from two representative cells in control solution (gray) and in the presence of either 100 μm (black, left) or 500 μm(black, right) glutamate. 
B, Preincubation with MPA, a GAD inhibitor, reduced the effect of 500 μm glutamate on mIPSC amplitude. The data for 500 μm glutamate from A(open circles) are included for comparison.Inset, Average mIPSC waveforms from a representative cell preincubated in MPA in control solution (gray) and in the presence of 500 μm glutamate (black). 
C, 300 μM THA (competitive glutamate transporter inhibitor – on both glia and neurons) blocked the effect of glutamate on mIPSCs. mIPSCs recorded during coapplication of 300 μM THA and 100 μM glutamate (black symbols;n = 1418 events) were not different compared with control (gray symbols; n = 1088 events). Inset, Average mIPSC waveforms from a representative cell in control solution (gray) and in the presence of 300 μm THA and 100 μM glutamate (black). 
D, At 34°C addition of 100 μM glutamate (black symbols; n = 1177 events) increased mIPSC amplitude compared with control (gray symbols; n = 973 events).Inset, Average mIPSC waveforms from a representative cell in control solution (gray) and in the presence of 100 μm glutamate (black).norm, Normalized.
Exogenously applied glutamate increases mIPSC amplitudes. 
A, Addition of 100 or 500 μM glutamate (glu) increased mIPSC amplitude compared with control.
B, Preincubation with MPA, a GAD inhibitor, reduced the effect of 500 μm glutamate on mIPSC amplitude. 
C, THA (competitive glu transporter inhibitor – on both glia and neurons) blocked the effect of glu on mIPSCs. 
D, At 34°C addition of 100 μM glutamate increased mIPSC amplitude compared with control




Short Term Synaptic Plasticity

With multiple presynaptic neurons synapsing on a single postsynaptic neuron, 
transmission strength can depend upon the previous history of the synapse.

Facilitation
• Residual Ca2+

Depression
• Depletion readily releasable SVs
• Autoinhibition (PreS receptors)
• ↓ Receptor Sensitivity



Some cells in the retina use ribbon synapses to encode visual information

Photoreceptors 
(Rods and Cones)

(Rod/Cone) Bipolar Cells

Retinal Ganglion Cells

To LGN (via optic nerve)

Horizontal Cells

Amacrine Cells

(Wazzle, Nature Reviews 2004)

Ribbon synapses in retina communicate to many cells simultaneously
• Photoreceptors (rods/cones) to Bipolar and Horizontal Cells
• Bipolar Cells to Amacrine and Retinal Ganglion Cells

Direct pathway

• Ribbon synapses are present in vertebrate sensory systems such as in auditory hair cells, in vestibular hair cells, photoreceptors, and retinal bipolar cells. 

• They are also found in lower vertebrate pinealocytes in the pineal gland, fish lateral lines, and electroreceptors, as well as in frog saccular or turtle hair cells.

• Some ribbon-type synapses maintain the highest rates of exocytosis documented so far, releasing up to hundreds of SVs per second at an individual synapse for an 
extended period of time.
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Ribbon synapses are present in vertebrate sensory systems such as in auditory hair cells, in vestibular hair cells, photoreceptors, and retinal bipolar cells. 
They are also found in lower vertebrate pinealocytes in the pineal gland, fish lateral lines, and electroreceptors, as well as in frog saccular or turtle hair cells.
They all share a structural specialization appearing as a large electron-dense projection, the synaptic ribbon, which can reach in the photoreceptor a size of several hundreds of nanometers, and this way is capable to cluster a large number of SVs. 
Some ribbon-type synapses maintain the highest rates of exocytosis documented so far, releasing even up to hundreds of SVs per second at an individual synapse for an extended period of time.



(Chakrabarti and Wichmann, Int J Mol Sci., 2019)

• Ribbon synapses share a structural specialization 
appearing as a large electron-dense projection, the 
synaptic ribbon, which can reach in the photoreceptor 
a size of several hundreds of nanometers, and this 
way is capable to cluster a large number of SVs. 
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*****The afferent inner hair cell synapse harbors the synaptic ribbon, which ensures a constant vesicle supply. Synaptic vesicles (SVs) are arranged in morphologically discernable pools, linked via filaments to the ribbon or the presynaptic membrane. ****
Fig. 1. The nanoarchitecture of an excitatory neuronal and ribbon-type synapses. (A) Electron micrograph of an individual active zone (AZ) from a mature murine endbulb of Held (presynaptic compartment, Pre) in the anteroventral cochlear nucleus projecting onto a Bushy cell (postsynaptic compartment, Post). (B) Electron micrograph of ribbon (R) synapses formed by inner hair cells (IHC, Pre) and afferent fibers (Aff., Post). (A’) Example virtual section obtained from electron tomography (ET) on samples prepared by conventional aldehyde fixation (CAF), showing synaptic vesicle clusters (SVC) at the AZ (brown). (B’) At ribbon synapses, two morphological SVs pools are present. The ribbon-associated (RA)-SVs (with black arrows) are arranged in a halo around the synaptic ribbon (R, red outline). The membrane-proximal (MP)-SVs (with white arrow) are located near the AZ membrane around the presynaptic density (PD, pink outline). (C,D) Tomogram models rendered from high-pressure frozen and freeze substituted (HPF/FS) synapses allow the visualization of SVs and tethering in 3D at a near-to-native state. Delicate filaments associated with SVs have been investigated using these methodologies. SVs with filaments (blue) and without filaments (green) are shown, along with morphologically docked SVs (magenta) at a neuronal (C) and a ribbon-type synapse (D). All scale bars are 200 nm. (A,A’) and the tomogram for the 3D model in C are kindly provided by Anika Hintze, Institute for Auditory Neuroscience, University Medical Center Göttingen



(Chakrabarti and Wichmann, Int J Mol Sci., 2019)

• Ribbon synapses share a structural specialization 
appearing as a large electron-dense projection, the 
synaptic ribbon, which can reach in the photoreceptor 
a size of several hundreds of nanometers, and this 
way is capable to cluster a large number of SVs. 
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Fig. 3. Schematic comparison of potential filament protein candidates at neuronal and ribbon-type synapses. (A) At neuronal synapses, the interconnectors cluster SVs away from the AZ membrane (1). Initially, a single long membrane-attached tether mobilizes the SVs (2) and recruits SVs to the AZ membrane (3). Multiple short membrane-attached tethers are then formed (4), preparing SV for docking (5) and fusion. (B) At the ribbon-type synapses, interconnectors and ribbon-attached filaments are formed, organizing SVs away from the AZ membrane, and then mobilize SVs (1′); possibly via the presynaptic density as suggested for the IHC ribbon synapse (2′). Single membrane-attached tethers are formed (3′) before multiple-tethering (4′), and finally, SVs are docked (5′), and release takes place.




Binds the NT and transmits the signal to postsynaptic neuron. 

*Response type is dependent upon:
• The type of receptor (excitatory / inhibitory)

*Response magnitude is dependent upon:
• Number of receptors present in the synapse
• “State” of the receptors
• Amount of transmitter release (Quanta)

Two Types: Ionotropic

• Multiple proteins/subunits (4-5) combine to 
form ion channel
*Closed → impermeable to ions
*Open → ions flow down [ ] gradients 

• Ligand-gated ion channels
• Fast (milliseconds time scale)
• Induce fast excitatory/inhibitory 

neurotransmission

Metabotropic (G-protein coupled receptor)

• Single polypeptide (7 TM domains), or can composed of dimers
• Activates G-protein receptors (GDP→GTP)
• Activated G-proteins couple to downstream effectors to alter their activity
• Often open or close neighboring ion channels
• Slow (signal transduction lasts tenths of seconds to hours)
• Effects span a broad range of time domains providing CNS with a rich source 

for temporal information processing that is subject to constant modification

Presenter
Presentation Notes
Membrane current changes in ~1 ms




Structure helps to determine function



Structure helps to determine function

Voltage-gated K+ channel has selectivity filter 
(backbone carbonyls coordinate K+ ions that 
are largely stripped of their hydration shells)
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Evolutionary relationships of the ionotropic receptor family

By comparing AA sequences of cloned 
ionotropic receptors, can see they are 
structurally related and that 2 independent 
ancestral genes gave rise to 2 distinct families
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• Isolated from Torpedo californica in 1982
• Named for agonist: nicotine
• 4 different subunits: α,β,γ,δ
• Each subunit has 4 transmembrane segments
• Two alpha subunits per receptor
• TM2 domains form ion channel

• Negative charged AA’s line the pore
• Selectivity filter for Na+, K+, Ca2+

• When open ions flow across their concentrations gradients
• Na+ & Ca2+ → inward
• K+ → outward

Ionotropic: Nicotinic Acetylcholine Receptor (nAChR)

TM2 domains form/line the pore

TM2

TM2
TM2

TM2



• Isolated from Torpedo californica in 1982
• Named for agonist: nicotine
• 4 different subunits: α,β,γ,δ
• Each subunit has 4 transmembrane segments
• Two alpha subunits per receptor
• TM2 domains form ion channel

• Negative charged AA’s line the pore
• Selectivity filter for Na+, K+, Ca2+

• When open ions flow across their concentrations gradients
• Na+ & Ca2+ → inward
• K+ → outward

Ionotropic: Nicotinic Acetylcholine Receptor (nAChR)

TM2 domains form/line the pore

TM2

TM2

TM2
TM2

TM2

TM2                      Closed Open

• Each AChR has at least 2 α subunits
• Location of Ach binding site (2 bound ACh for pore opening)

• Binding for 1st ACh promotes binding of 2nd (cooperativity)

• 2nd ACh binding results in rotation of TM2 segments
• Pore opens instantaneously (20 μs)



nAChR Assembly

• 208 possible confirmations

• Muscle: (α2)2β1δε

• Neuronal:  α7 
• Homopentamer
• α-Bungarotoxin (irreversible)
• Ca2+ influx

• Α4β2 
• Heteropentamer
• Nicotine binding
• Ca2+/Na+  influx

• Subunits Δ Ca2+/Na+ Permeability

• Desensitization Varies (0.1-20s)

• Excitatory Transmission

(Davis & Fiebre, NIAAA Publications)
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Presentation Notes
Can change ionic selectivity based on subunit conformation  
Alpha – bungarotoxin: causes paralysis / respiratory failure
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GABAAR have sequence homology with nAChRs
(diverged from common ancestral gene)

Evolutionary relationships of the ionotropic receptor family
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• Like nAChRs, GABAAR is composed of 5 subunits 
forming a heteropentamer of 275 kDa

• Seven types of GABAAR subunits (+ subtypes) are 
found in the brain (+ 1 more in the retina)

• A mix of GABAAR subunits associate to form 
heterogeneous receptors with distinct 
pharmacological and electrophysiological properties

• Predominant GABAAR in the brain and spinal cord has 
stoichiometry of two α1s, two β2s, and one γ2 

• Selective for Cl- (inhibitory/hyperpolarizing current)

• Selectivity conferred by AA residues at TM2 near end 
of pore

• Agonists (↑ Cl- influx  hyperpolarization/inhibition)
• Barbituates (prolongs open state of the channel)
• Benzodiazepines (↑ channel opening frequency)

• Antagonists (↓ Cl- influx  disinhibition)
• Picrotoxin (binds to the channel preventing Cl- influx)
• Bicuculline (decreases GABA binding)
• Steroid metabolites (progesterone, corticosterone and 

testosterone) have potentiating effects
• Penicillin (binds within channel pore)
• All of these at high [ ] can produce seizures

Ionotropic: GABAA Receptor

http://www.pharmacology.us/ContentPics/634546288086850239GABA%20receptor.jpg
http://www.pharmacology.us/ContentPics/634546288086850239GABA%20receptor.jpg


GABAA-receptors display an extensive structural heterogeneity based on the 
differential assembly of a family of at least 15 subunits (α1–6, β1–3, γ1–3, θ, ρl–2) 
into distinct heteromeric receptor complexes. The subunit composition of receptor 
subtypes is expected to determine their physiological properties and 
pharmacological profiles, thereby contributing to flexibility in signal transduction 
and allosteric modulation. In heterologous expression systems, functional 
receptors require a combination of α‐, β‐, and γ‐subunit variants, the γ2‐subunit 
being essential to convey a classical benzodiazepine site to the receptor. The 
subunit composition and stoichiometry of native GABAA-receptor subtypes remain 
unknown. The aim of this study was to identify immunohistochemically the main 
subunit combinations expressed in the adult rat brain and to allocate them to 
identified neurons. The regional and cellular distribution of seven major subunits 
(α1, α2, α3, α5, β2,3, γ2, δ) was visualized by immunoperoxidase staining with 
subunit-specific antibodies (the β2‐ and β3‐subunits were covisualized with the 
monoclonal antibody bd-17). Putative receptor subtypes were identified on the 
basis of colocalization of subunits within individual neurons, as analyzed by 
confocal laser microscopy in double- and triple-immunofluorescence staining 
experiments. The results reveal an extraordinary heterogeneity in the distribution 
of GABAA-receptor subunits, as evidenced by abrupt changes in immunoreactivity 
along well-defined cytoarchitectonic boundaries and by pronounced differences in 
the cellular distribution of subunits among various types of neurons. Thus, 
functionally and morphologically diverse neurons were characterized by a distinct 
GABAA-receptor subunit repertoire. The multiple staining experiments identified 12 
subunit combinations in defined neurons. The most prevalent combination was the 
triplet α1/β2,3/γ2, detected in numerous cell types throughout the brain. An 
additional subunit (α2, α3, or δ) sometimes was associated with this triplet, 
pointing to the existence of receptors containing four subunits. The triplets 
α2/β2,3/γ2, α3/β2,3/γ2, and α5/β2,3/γ2 were also identified in discrete cell 
populations. The prevalence of these seven combinations suggest that they 
represent major GABAA-receptor subtypes. Five combinations also apparently 
lacked the β2,3‐subunits, including one devoid of γ2‐subunit (α1/α2/γ2, α2/γ2, 
α3/γ2, α2/α3/γ2, α2/α5/δ). These combinations were selectively associated with 
small neuron populations, thereby representing minor GABAA receptor subtypes. 
These results provide the basis for a functional analysis of GABAA-receptor 
subtypes of known subunit composition and may open the way for unproved 
therapeutic approaches based on the development of subtype-selective drugs. 
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Differential Regional and Cellular Distribution of Seven Major GABAA Receptor Subunits



Differential Regional and Cellular Distribution of Seven Major GABAA Receptor Subunits

(Fritschy and Mohler, J Comp Neurol., 1995)



*Paul Miller and Radu Aricescu report the first X-
ray crystal structure of the human GABAA receptor.

Ionotropic: GABAA Receptor

(Nature, 2014)



The de novo γ2(P302L) subunit was an evolutionary conserved 
residue in the pore region of the GABAA receptor

(Hernandez et al., eNeuro, 2017)
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The de novo γ2(P302L) subunit mutation was an evolutionary conserved residue in the pore region of the GABAA receptor. A, A 3D structural model of the α1β3γ2 GABAA receptor was displayed with the β subunits in red, α subunits in blue, and the γ subunit in gray. The γ2(P302L) subunit mutation was mapped onto the structure and represented in orange. The dashed box represented the transmembrane domain of the receptor and transmembrane segments M1 to M4 were labeled in the γ2 subunit. B, The transmembrane domain of 3D structural model of the α1β3γ2 GABAA receptor, with residues at positions -2′ (dashed circle) in each transmembrane segment M2 was displayed as spheres and colored by subunit (γ2 in orange, and α1 and β3 in black). Subunits α1 (blue), β3 (red), and γ2 (gray) were labeled, and transmembrane segments M1 to M4 were labeled in the γ2 subunit. A 3D model was viewed from the extracellular side as shown in the lower left corner (dashed box); for clarity, the N-terminal extracellular domain was not shown.



The de novo γ2(P302L) subunit mutation reduces 
GABA-activated currents and enhances desensitization

(Hernandez et al., eNeuro, 2017)
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The de novo γ2(P302L) subunit mutation reduces GABA-activated currents and enhances desensitization. A, B, Representative GABA evoked-current traces obtained following rapid application of 1 mM GABA for 4 s to lifted HEK293T cells expressing wt γ2L and mutant γ2L(P302L) subunit-containing α1β3γ2L GABAA receptors. Traces on the right (B) were normalized to illustrate the differences in desensitization between wt and mutant receptor currents. Bar graphs summarized the effects of wt and mutant GABAA receptors on peak current amplitudes and extent and weighted τ of desensitization.
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Ionotropic: Glycine Receptor

• Closely related to GABAA Receptor (not as diverse)
• Major inhibitory receptors of brain stem and spinal cord
• Ion channels permeable to the anion Cl- (similar conductance to GABAAR)
• Strychnine (rat poison) is a potent antagonist

• Heteropentamer composed of 2 main subunits (α and β) 
• Most likely (3α2β)
• α subunits are pore-forming unit (single expression of α subunits in oocytes result in functional glycine receptors)
• β subunits are modulatory (e.g. affect sensitivity to picrotoxin)

**Changing 3 AA/residues in TM2 segment can change selectivity from (–) to (+)

(Moss & Smart, 2001)

http://webvision.umh.es/webvision/imageswv/HaverkampFig.1.jpg
http://webvision.umh.es/webvision/imageswv/HaverkampFig.1.jpg
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Ionotropic: Serotonin Receptor (5-HT3R)

• Subunits: 5-HT3A-E 
• Homo or heteropentamer
• Similar to nAChRs

• Permeability: 
• Na +/K +/Ca2+

• Slow Channel Opening
• 10x slower 

• Slow Desensitization
• 1-5 seconds

• Antagonists
• Antiemetics
• Anxiolytics
• Antipsychotics

(Rammes et al., Molecular Psychiatry, 2004)



5HT3 receptors are implicated in treatment of depression

(Eisensamer, B et al., Mol. Psych., 2003)

Presenter
Presentation Notes
Antidepressants are functional antagonists at the serotonin type 3 (5-HT3) receptor
Effects of different types of antidepressants on the 5-HT-evoked Na+-current in HEK-5-HT3A cells. Representative recordings of 5-HT-evoked Na+-currents after application of DMI (a), imipramine (b), trimipramine (c), fluoxetine (d), reboxetine (e), or mirtazapine (f) at the respective IC50 concentrations (Figure 5, Table 1). Left panels represent the original traces. To delineate effects of the antidepressants on the kinetics of the 5-HT-evoked Na+-current, the reduced peak amplitude was adjusted to the control peak (right panel). The upper bar indicates the application of 10 μM 5-HT, while the lower bar indicates the presence of the respective antidepressant at its IC50 concentration. Moclobemide (g) and carbamazepine (h) were tested at a 10 μM concentration. Peak amplitudes were not adjusted to control peaks for moclobemide and carbamazepine because these compounds did not exert inhibitory effects on the 5-HT-evoked Na+-current.



Ionotropic: Glutamate Receptors

• Non-NMDA
• AMPA Receptors: Amino-3-hydroxy-5-methylisoxazoleproprionic acid (AMPA) → 

GluA1-GluA4

• Kainate (KA) Receptors: → GluK1-GluK5
• Subunit assembly determines their properties

• NMDA Receptors
• N-methyl-D-aspartate (NMDA) → GluN1, GluN2A, GluN2D, GluN3A-GluN3B
• Ca2+ Permeable - Excitatory

Presenter
Presentation Notes
Named for agonists that bind
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Ionotropic: NMDA Receptors (NMDARs)

NMDA Receptor Antagonists
Competitive:  blocks agonist binding site without activating the receptor 

• Selfotel- anxiolytic, but with Phencyclidine (PCP)-like effects
Channel Blockers:  blocks channel pore (needs to be open for binding)

• PCP, ketamine, dizocilpine (MK-801) – potent; produce dissociative hallucinogenic psychosis 
• memantine – low affinity / faster dissociation:  FDA approved for treatment of AD

• Three Main Characteristics
• Mg2+-dependent, voltage sensitive 

channel blocker.
• Glycine is a co-agonist
• Large Ca2+ Permeability

• Slowest activating ionotropic GluRs

• Ligand-gated ion channel that is voltage 
dependent.

• Receptor binding opens pore, but pore 
becomes blocked by Mg2+ or Zn2+

• Membrane must be depolarized to remove 
this block allowing influx of Ca2+ / Na+

Involved in learning, memory, synaptic plasticity, LTP, LTD, excitotoxicity, neurodegeneration



• Concentrated at synapses by intracellular scaffolding proteins
• Important for NMDA activation
• Linked to Ca2+/Calmodulin Protein Kinase II (CaMKII)

NMDAR    AMPAR

Links to intracellular signaling: 
LTP insertion of AMPARs
LTD  internalization of AMPARs

Glutamate Receptor (NMDAR-AMPAR) Cluster
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Ionotropic: Glutamate (Kainate) Receptors Structure

• 4 Transmembrane Domains
• TM2 does not pass through membrane

• Tetrameric

• Twice the size of AChR’s
• Large extracellular amino terminus for receptor 

assembly & trafficking
• Ligand binding domain
• Permeable to Na+ and K+



Muscarinic
Acetylcholine

Receptors

Evolutionary relationship of the metabotropic/GPCR family 

Metabotropic 
Purinergic 
Receptors

The tree was constructed by aligning the protein 
sequences from each receptor family. Based on the 
alignment, the phylogenetic relationship was inferred 
with the maximum parsimony method.
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FIGURE 8.11 Evolutionary relationship of the GPCR family. The tree was constructed by aligning the protein sequences from each receptor family with the ClustalW program. Based on the alignment, the phylogenetic relationship was inferred with the maximum parsimony method and the tree was constructed using the Phylogeny Inference Package v 3.6 (distributed by J. Felsenstein, Department of Genome Sciences, University of Washington, Seattle.) Dr. Yin Liu (Department of Neurobiology and Anatomy, University of Texas Health Science Center-Houston, Houston, TX) kindly provided the phylogenetic tree and figure.




G-Protein Coupled Receptors (GPCRs) Metabotropic

(Overington et al., Nature Rev, 2005)

Gene-family distribution of current drugs per drug substance. 
• The family share as a %  of all FDA-approved drugs is displayed for the top ten families. 
• Beyond the 10 most commonly drugged families, there are a further 120 domain families or 

singletons for which only a few drugs have been successfully launched. 
• Data based on 1,357 dosed components from >20,000 approved products, FDA, Dec. 2005. 



G-Protein Coupled Receptors (GPCRs) Metabotropic

• GPCRs constitute a large protein family of receptors (over 800 identified from 
sequencing human genome) that detect molecules outside the cell and activate 
internal signal transduction pathways and, ultimately, cellular responses. 

• Coupling with G proteins, they are called seven-transmembrane receptors 
because they pass through the cell membrane 7 times.

• N-terminus = extracellular / C-terminus = intracellular

• Transmitter binding site is buried in the center of the 7-TM ring
• Stabilizes activated state of the receptor

(Overington et al., Nature Rev, 2005)

Gene-family distribution of current drugs per drug substance. 
• The family share as a %  of all FDA-approved drugs is displayed for the top ten families. 
• Beyond the 10 most commonly drugged families, there are a further 120 domain families or 

singletons for which only a few drugs have been successfully launched. 
• Data based on 1,357 dosed components from >20,000 approved products, FDA, Dec. 2005. 

Structure of GPCRs (7 TM segments)
β-Adrenergic Receptor β-Adrenergic Receptor 

Muscarinic Ach Receptor

N-term

C-term



Metabotropic: Muscarinic ACh Receptors (mAchRs)

• 5 members (M1-M5)

• Pre- & postsynaptically

• Feedback loops regulate ACh release 

• Ion channel alterations

• Antagonists
• Atropine (parasympathetic)
• N-methylscopolamine (motion 

sickness)

(Jones et al., Neuropsychopharm., 2012)



Metabotropic
5-HT Receptors

• Raphe Nucleus

• Regulates
• Sleep
• Mood
• Hunger
• Circadian Rythyms

• 7 Subtypes
• 5-HT1 – 5-HT7 



Metabotropic: Dopamine Receptors

• Localization:
• Corpus Striatum
• Cortex, Basal Ganglia,

Hypothalamus

• 5 Subtypes / 2 Families

• D1-like (D1 & D5)
• Activate Adenylyl Cyclase

• D-2-like (D2, D3, D4) 
• Inhibit Adenylyl Cyclase

• Pre & Postsynaptic 
• autoreceptor



Schizophrenia, MDD, 
bipolar disorder

Metabotropic: Dopamine Receptor Pharmacology



Metabotropic Glutamate Receptors (mGluRs)

• Dimerize – Glutamate binds to both for activation?

• Glutamate Binding – extracellular N-terminus 

• Group I – Postsynaptic: activate adenylyl cyclase or PLC

• Group II/III – Pre & postsynaptic: inhibit adenylyl cyclase  / ↓Ca2+ ↑K+



Metabotropic: GABAB Receptors

(Bennaroch, Neurology, 2012)

• Heterodimer
• 2 subunits
• Extracellular Binding

• Inhibitory

• Presynaptic 
• No GPCR
• Opens K+

• Closes Ca2+

• Postsynaptic
• GPCR
• Inhibits AC to open K+

• Agonist: Baclofen
• MS, Cerebral Palsy
• Alcoholism?



In Vivo Electrochemistry: detection of glucose and oxygen with biosensors
- Fixed-potential amperometry

 Glucose biosensors coated with glucose oxidase; glucose detected by oxidation 
at a Pl-Ir electrode (Vh = +0.6 V) and currents are recorded with 1-s time points

 Adult male Long-Evans rats (460±40 g)
 Stereotaxic surgery

* Cannula implantation into NAc
* Catheter in jugular vein (daily heparin flush)

(Solis, Jr. et al., Neuropsychopharm., 2018)

Effect of iv fentanyl (MOR agonist) on:

• O2 decrease  CO2 increase  central vasodilation 
 increase of glucose entry into the brain

Presenter
Presentation Notes

1. Here’s a diagram of a glucose sensor, which are the ones I used when first coming to the lab. 
2. The glucose sensors are coated with a glucose oxidase layer
3. Glucose interaction with glucose oxidase yields hydrogen peroxide, which is detected by oxidation at a platinum-iridium electrode (electrode is held at 0.6 V)
4. There is a passive selective membrane that keeps electroactive interferents from being detected by the sensor
5. Connect the sensor to a potentiostat and currents are recorded with 1-s time resolution and during data analysis we convert currents to concentration.

Here is a diagram of a glucose sensor, which is coated with glucose oxidase.  In experiments, the voltage is held at 0.6 V, and when glucose interacts with the enzyme, glucose is oxidized resulting in hydrogen peroxide that is oxidized at the platinum-iridium electrode and a current is recorded.  

Electroactive interferents present in the brain are excluded via a passive selective membrane and through active removal.

Glucose biosensors contain glucose oxidase; glucose interaction with enzyme results in H2O2 that is detected by oxidation at a Pl-Ir electrode and currents are recorded by manufacturer’s software with 1-s time points

Electroactive interferents (dopamine, ascorbate) present in the brain are excluded via a passive selective membrane and through active removal 

Glucose Sensors: We used glucose biosensors (Pinnacle Technology, Inc., Lawrence, KS) containing glucose oxidase enzyme that oxidizes glucose resulting in hydrogen peroxide that is subsequently oxidized at a Pl-Ir electrode and the resulting currents are recorded by Pinnacle software. Electroactive interferents present in the brain are excluded via a passive selective membrane and through active removal.

Analysis: Recordings are converted from currents into concentration and adjusted for sensor sensitivity by using a calibration factor obtained for each sensor prior to the experiment. Glucose current values are subtracted from null sensor values and are adjusted for temperature. Analysis include one-way repeated measure (RM) ANOVAs to determine statistically significant effects. 




(Manglik et al., Nature, 2016)
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a, Opiate-induced μOR signalling through Gi activates G-protein-gated inwardly rectifying potassium channels (GIRKs) and inhibits adenylyl cyclase, leading to analgesia. Conversely, recruitment of β-arrestin is implicated in tolerance, respiratory depression, and constipation. b, Cutaway of the μOR orthosteric site to which β-FNA binds. Highlighted regions on the extracellular side diverge between the opioid receptors. c, Conserved features of opioid ligand recognition in the μOR. d, Overlaid docking poses of 23 compounds selected for experimental testing. e, Single-point competition binding assay of 23 candidate molecules against the μOR antagonist 3H-diprenorphine. Each ligand was tested at 20 μM and for those with > 25% inhibition affinity was calculated in full displacement curves; data represent mean ± s.e.m. (n = 3 measurements). One of these hits, compound 7, was subsequently optimized. f, Docking pose of compound 7.



(Manglik et al., Nature, 2016)

• 3 million commercially available compounds tested 
(computationally docked to MOR binding pocket)

• 1 million+ configurations for each compound

• 2,500 best-fitting molecules selected, identified 
chemotypes unrelated to known opioids
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(Manglik et al., Nature, 2016)

• 3 million commercially available compounds tested 
(computationally docked to MOR binding pocket)

• 1 million+ configurations for each compound

• 2,500 best-fitting molecules selected, identified 
chemotypes unrelated to known opioids

• 23 tested experimentally
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• 3 million commercially available compounds tested 
(computationally docked to MOR binding pocket)

• 1 million+ configurations for each compound

• 2,500 best-fitting molecules selected, identified 
chemotypes unrelated to known opioids

• 23 tested experimentally

• Structure-guided optimization led to PZM21, which 
has a better side-effect profile in animals 

(Manglik et al., Nature, 2016)

Presenter
Presentation Notes
a, Opiate-induced μOR signalling through Gi activates G-protein-gated inwardly rectifying potassium channels (GIRKs) and inhibits adenylyl cyclase, leading to analgesia. Conversely, recruitment of β-arrestin is implicated in tolerance, respiratory depression, and constipation. b, Cutaway of the μOR orthosteric site to which β-FNA binds. Highlighted regions on the extracellular side diverge between the opioid receptors. c, Conserved features of opioid ligand recognition in the μOR. d, Overlaid docking poses of 23 compounds selected for experimental testing. e, Single-point competition binding assay of 23 candidate molecules against the μOR antagonist 3H-diprenorphine. Each ligand was tested at 20 μM and for those with > 25% inhibition affinity was calculated in full displacement curves; data represent mean ± s.e.m. (n = 3 measurements). One of these hits, compound 7, was subsequently optimized. f, Docking pose of compound 7.



Questions?



List of neurological conditions and disorders (according to Wikipedia) = 389 total







Endocytosis – Recovery of Synaptic Vesicles

1)  After exocytosis, vesicles diffuse laterally away from the active zone.
2)  Clathrin binds to the vesicle leading to invagination.
3)  Dynamin (GTPase) forms a ring around the constricting vesicle and its hydrolysis leads to separation from the PM.
4)  Vesicles are refilled with neurotransmitter and returned to the active zone.

(Shupliakov and Brodin, Exp Cell Res., 2010) 







Vesicle Fusion:  Time Considerations 

From action potential to neurotransmitter release it takes >200 µs
• Delay is due to the influx of Calcium and formation of the fusion pore.

Vesicular fusion must be a fast process
• Vesicles must already be present at the active site or
• in a fusion-ready complex that is triggered by Ca2+ influx

Other steps in the process can be slower 
• Docking, priming, recycling, neurotransmitter filling

But not too slow, or else a neuron firing at 5 Hz can consume its 
vesicles in <1 minute.

• Once endocytosed, a vesicle can be filled and ready for release in 30 s.





















Disorders affecting the NMJ

Presenter
Presentation Notes
Neuromyotonia (NMT) is a form of peripheral nerve hyperexcitability that causes spontaneous muscular activity resulting from repetitive motor unit action potentials of peripheral origin. The prevalence of NMT is unknown but 100–200 cases have been reported so far.
NMT is a diverse disorder. As a result of muscular hyperactivity, patients may present with muscle cramps, stiffness, myotonia-like symptoms (slow relaxation), associated walking difficulties, hyperhidrosis (excessive sweating), myokymia (quivering of a muscle), fasciculations (muscle twitching), fatigue, exercise intolerance, myoclonic jerks and other related symptoms. The symptoms (especially the stiffness and fasciculations) are most prominent in the calves, legs, trunk, and sometimes the face and neck, but can also affect other body parts. NMT symptoms may fluctuate in severity and frequency. Symptoms range from mere inconvenience to debilitating. At least a third of people also experience sensory symptoms.



Roles of Serotonin (5HT) Serotonin and disease
• Low 5HT levels

• Autism
• Major depression
• Bipolar disorder
• Bulimia, anorexia
• Social anxiety disorder
• Seasonal affective disorder
• Premenstrual syndrome
• OCD
• SIDS
• Irritable Bowel Syndrome
• Schizophrenia
• Suicide

• Excessive 5HT levels
• Chronic pulmonary 

hypertension
• Serotonin syndrome

Serotonin and behavior
• Mood
• Aggression
• Appetite
• Sleep
• Libido
• Social

Disadvantages of antidepressants:
• long time for therapeutic benefits 
• side-effects 
• withdrawal  

Presenter
Presentation Notes
5HT is a transmitter synthesized in nuclei located in the midbrain called Raphe nuclei.  Neurons in the Raphe nuclei send projections all throughout the brain and to the spinal cord. 5HT plays a role in many behaviors such as aggression, appetite, and sleep… and disturbances in the levels of 5HT have been implicated in many diseases, primarily low levels of 5HT are seen in patients with depression, and OCD, among others. 


…..5HT is an important NT that plays a role in many behaviors and is associated with numerous conditions. A few of them of are caused by high levels of 5HT, but most of the conditions related to 5HT problems are deficiencies in 5HT signaling.

In this serotonergic synapse, 5HT is released into the synaptic cleft after the presynaptic cell fires an action potential.  To transmit the message, 5HT activates postsynaptic receptors.  5HT transporters on the presynaptic membrane regulate the levels of 5HT at the cleft by quickly transporting 5HT back into the terminal.  SERTs have 12 TMDs and …

In the synapse, after an AP is fired in the PreS neuron, the terminal releases 5HT into the cleft, which diffuses and activates Pos 5HT recs, which transmit to signal.  To regulate the levels of 5HT at the cleft (and terminate signaling), serotonin transporters  (also called SERTs) located PreS-ly use the E from the Na+ gradient to transport 5HT back in the terminal, where it is packaged into SVs…  

Since many medical conditions are associated with weak 5HT NT’n, many of the therapeutic drugs developed have focused on INCREASING LEVELS OF 5HT IN THE BRAIN AND SERT HAS BECOME A MAJOR TARGET. ( next slide)


Antidepressants block 5HT uptake by hSERT leading to higher levels of 5HT at synapse…… different classes of antidep such as TCAs and SSRI (Prozac) do..  

However, there are some problems with reuptake inhibition mechanism used by antidepressants..  Problems:  long time to provide therapeutic benefits, side-effects, discontinuation syndrome (withdrawal-type symptoms, some can be very adverse such as insomnia, agitation, and even suicidal ideation).

This highlights the importance to better understand SERT’s mechanisms and its interaction with different substrates…..

( next slide) IN MY STUDIES, SO FAR I HAVE USED THESE COMPOUNDS ( next slide) …
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