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Neuroscience basics

Central Nervous System (CNS)

Peripheral Nervous System (PNS)

Electrical excitability



Neuroscience basics - anatomy

Netter, 2006 (Plate 106)



Neuroscience basics - anatomy

Central nervous system (CNS)

– Brain, spinal cord, & retina

– Group of cell bodies = 

“Nucleus”

– Myelinating cells = 

oligodendrocytes

Peripheral nervous system (PNS)

– Autonomic nervous system 

(ANS)

• SNS/PNS

– Enteric nervous system

– Motor nerves

– Somatosensory nerves

– Vagal sensory nerves

– Group of cell bodies = 

“Ganglia”

– Myelinating cells = Schwann 

cells



Neuroscience basics - anatomy

Four modes of sensory inputs:

Dorsal root ganglion (DRG)
- Internal organs

- Appendages

Vagal sensory neurons 
(Nodose/jugular)

- Internal organs

Central sensory (cranial) 

nerves
- Face/head

Neuroendocrine signaling
- Humoral state of body

- (e.g., leptin 
signaling)



Neuroscience basics – electrically excitable cells



Neuroscience basics - electrophysiology

Jerbi et al., 2013 IRBM



Neuroscience basics – signaling at the membrane



Neuroscience basics – Synaptic and volume transmission

Neurotransmitters:

- Glutamate (Excitatory)

- Aspartate (Excitatory)

- Glycine (Inhibitory)

- GABA (Inhibitory)

Neuromodulators:

(monoamines/neuropeptides)

- Norepinephrine

- Dopamine

- Histamine

- Oxytocin

- Serotonin

- Acetylcholine

- Orexin/hypocretin
Özçete et al, 2024 Mol Psychiatry



Cancer Neuroscience 

Monje et al., Cell, 2020. 



Historical context of neuron-cancer interactions



Techniques in cancer neuroscience

Optogenetics

Chemogenetics

Electrophysiology

Calcium imaging

 Tracing (retrograde, rabies)



Optogenetic toolkit in cancer neuroscience 

Theil, Cell Reports, 2025



Optogenetics: genetic and temporal control



Early optogenetics: Channelrhodopsin-2

Channelrhodopsin-2
 - rapidly gated light-sensitive cation channel

 

Boyden 2005 Millisecond-timescale, genetically targeted optical control o f neural activity 

Opsin & Optogenetics Papers

Chlamydomonas reinhardtii



Early optogenetics: Channelrhodopsin-2

Strong homology to the 7-

transmembrane protein 

increases

Conductance of cations 

(Na+, K+, etc.) when gated 

by lightDriven by blue 

light (10 mW/mm2)

Boyden 2005 Millisecond-timescale, genetically targeted optical control o f neural activity  



Opsin diversity 

I. Faster opsins (ChETA)

II. Spectrally-shifted opsins (VChR1, bReaChES, ChRmine)

III. Bistable opsins (SFO, SSFO)

IV. Inhibitory opsins (NpHR, iC1C2)

V. Opsins for biochemical modulation (OptoXR, RASSL)



Viral options



A simplified kinetic model of ChR function

Hegeman 2011 ChR engineering and exploration of new optogenetic 
tools

2 closed dark states
DA dark adapted

LA light adapted

O2 results in reduced current amplitudes



Opsin photoreaction and structure 

Mutations of  aa residues are known to substantially influence optical and kinetic 
properties.

Hegeman et al.  ChR engineering and exploration of new optogenetic tools.  Nature methods, 2011



Engineering channelrhodopsin for speed and precision

Solution: mutate key residues in retinal binding pocket to improve channel kinetics

Gunaydin et al.  Ultrafast optogenetic control.  Nature Neuro, 2010



Spectrally-shifted opsins

Zhang et al, 2008



Opsin mining: VChR1

Zhang et al, 2008



Novel red opsin: ChRmine

Marshel*, Kim*, Machado*, Quirin* et al, Science 2019



Inhibitory opsins

Probing archaea for new opsins for optogenetic control

Lake Zug, Wadi Natrun, Sahara Desert 

The amount of water varies greatly during the year and lakes may 

disappear. 

Local archaea express light-activated chloride pumps 

(halorhodopsins).

Natronomonas pharaonis belongs to the order of Halobacteriales, 

which also includes Halobacterium salinarum (HsHR).

Possible optical approaches for inhibition:

-Halorhodopsin (chloride pump)

-Bacteriorhodopsin (proton pump)



Halorhodopsin (NpHR)

Zhang et al.  Multimodal fast optical interrogation of neural circuitry.  Nature, 2007

Voltage clamp, strong current Current Clamp, inhibits firing



Anion-conducting channelrhodopsins (ACRs)

Govorunova et al., 2015

Mahn,…& Yizhar et al., Nature 2018



Viral delivery

• Rapid and flexible experimental implementation

• Potent (high gene copy number)

• Confer simultaneous genetic and anatomical specificity

•Adeno-associated virus 
(AAV2/5)
•Lentivirus 
•Rabies virus

•Herpes simplex virus



AAV engineered to cross the BBB

Addgene
Drexler et al, bioRxiv, 2025 



Transgenic animals

Zhao et al, 2011

DNA insert 
containing gene 

of  interest ~ 
200 kb

BAC from E.coli

Injection of  modified BAC DNA 
constructs into pronucleus of  

fertilized oocyte – then 
implanted into recipient female 

mouse uterus

Promoter region 
for gene of  

interest



Recombinase-based approaches for optogenetic tools

1) Double floxed 
inverted open reading 
frame:

ChR2

Lox2722 sites (non-compatible with LoxP)

ChR2

ChR2 stably expressed!

+ CreChR2

LoxP inversion

or

ChR2

Lox2722 inversion

+ Cre



The neural basis for thirst

Allen et al., Science 2017



Behavioral output

Gibson et al., Science, 2014



Chemogenetics

Sourced from addgene.org



Chemogenetics - DREADDs

Sourced from addgene.org



Chemogenetics - PSAMs



Electrophysiology



Patch clamping



Changes in membrane potential



Voltage clamp vs current clamp



Neuronal tracing - labeling



Neuronal tracing – monosynaptic using rabies virus

Mount et al., eLife, 2019



Neuron-cancer interactions



Neural inputs drive cancer progression

Pan and Winkler, Nature Cell Biology, 2022. 



Pediatric high-grade glioma

Mackay et al., Cancer Cell, 2017.



Glioma are diffusely infiltrating brain tumors

Damodharan et al., J. Pers. Med, 2022, Schroeder et al., Ped Res, 2013.

Diffuse intrinsic pontine glioma 



2011

Pediatric high-grade glioma
DIPG 

• Lack of knowledge on the biology of 

DIPG
• No patient tumor tissue samples
• Limited models 



Histone mutations in pediatric glioma

Wu et al., Nat Gen, 2012, 

Schwartzentruber et al., Nature, 2012. 



Molecular subtypes of glioma

Mackay et al., Cancer Cell, 2017.



DIPG genotypic evolution



Filbin et al., Science, 2018. 

Reviewed : Filbin & Monje, Nat Med, 2019.

  

Pediatric midline glioma resemble glial progenitor cells

Astro-like OL-like

OPC-like



Cellular populations in glioma

IDH-WT glioma H3 K27M-mutant glioma H3 G34R/V-mutant glioma

Neftel et al. Cell, 2019. Filbin et al., Science, 2018. Liu et al., Nat Genet 2022. Liu et al., Cancer Cell, 2024.

Chen et al., Cell 2020. 



Multilayered organization of glioblastoma

Greenwald, Cell, 2024.



“Disorganized” vs “Structured” regions

Greenwald, Cell, 2024.



Layered regions

Greenwald, Cell, 2024.



Neuron-cancer interactions



OPCs respond to neuronal activity

OPC proliferation
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Neuron-OPC synapses

Gibson et al., Science, 2014; Bergles et al., Nature, 2000. Reviewed: Mount & Monje, Neuron, 2017; Yalçin & Monje, Dev Cell, 2021.



Astrocytes respond to neuronal activity

Bergles et al., Neuron, 1997. De Saint Jan et al., J Neurosci, 2005. 



Neuron-glioma interactions drive glioma pathobiology

Taylor & Monje, Nature Neurosci Rev, 2023



Neuronal activity-regulated mechanisms of glioma growth

Taylor & Monje, Nature Neurosci Rev, 2023



Venkatesh et al., Nature, 2019, (Taylor et al., Nature, 2023) 

Glutamatergic neuron-to-glioma synaptic signaling

AMPAR inhibitor

Immuno-electron microscopy of glioma 

Whole cell patch clamp electrophysiology of glioma 



Barron et al., Nature, 2025.

GABAergic neuron-to-glioma synaptic signaling

Immuno-electron microscopy of glioma 

Whole cell patch clamp electrophysiology of glioma 



Taylor et al., Nature, 2023

Adaptive plasticity of malignant synapses

Whole cell patch clamp electrophysiology of glioma

Calcium imaging of GCaMp6s-expressing glioma

Glutamate



Taylor et al., Nature, 2023

Membrane depolarization induces glioma proliferation
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Glioma optogenetic stimulation 



Neuronal activity induced glioma calcium transients

Venkatesh et al., Nature, 2019 



Glioma integrates into neural networks

Tetzlaff et al., 2025 Cell



Cholinergic signaling in glioma

Drexler et al., 2025 Cell



Distinct neuron-glioma interactions by cellular subpopulations

H3 K27M-mutant glioma

Filbin et al., Science, 2018. Liu et al., Nat Genetics 2022.
Taylor et al. Nature, 2023.

 Taylor & Monje, Nature Neurosci Rev, 2023.
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Autonomous rhythmic activity in GBM

Hausmann et al., Nature, 2023.



Serotonergic signaling in ependymoma

Chen et al., Nature, 2024.



Neuron-cancer interactions



Innervation of peripheral organs

Zahalka & Frenette, 2020 Nat Rev Canc



Perineural invasion

Bapat, Nature Reviews Cancer, 2011

Oral squamous cell carcinoma

Hakim, Cancers, 2025



Mechanisms of cancer dissemination along nerves

Amit, Na’ara and Gil., Nature Rev Cancer, 2016. 



Tumors provide trophic support for neurons

Hayakawa et al., 2017 Cancer Cell



Nerves modify the TME

Zahalka et al, 2017 Science



Nerves modulate antitumor immunity 

Balood et al.,, Nature, 2022



Peripheral cancers can alter brain activity

Sun et al., 2024 Nat Comm



Brain activity can alter peripheral cancer growth



Systemic cancer neuroscience

Magnon & Hondermarck, 2023 Nat Rev Canc



Cancer treatment effects the nervous system

Gibson et al., 2019 Cell



Manipulating the nervous system can influence therapy 

efficacy



Cancer Neuroscience 

Monje et al., Cell, 2020. 



Design your own cancer neuroscience 

project

Cancer?

Neuron?

TME?

Techniques?

Outcome?



Cancer neuroscience problem

Emerging evidence suggests that the nervous system can regulate cancer 
initiation, progression and dissemination in multiple tumor types. As part of 
you PhD project you are interested in understanding if neurons play a role in 
driving the cancer type you are studying. 

Please design an experiment to investigate how neuronal activity regulates the 
behavior of cancer cell biology. You may choose the cancer type and 
experimental model system. Your answer should clearly state the biological 
question and hypothesis, and include:

1. the experimental model you would use
2. the key manipulations and controls
3. the main readouts / outcome measures
4. how the results would be interpreted
5. at least one limitation of your approach and one alternative strategy







Fig. 1. Transcriptomic and structural evidence for glioma 

synapses.



Fig. 2. Synaptic AMPAR-mediated EPSCs in glioma.



Fig. 3. Neuronal activity-dependent potassium currents in 

glioma.



Fig. 4. Glioma membrane depolarization promotes glioma 

progression.



Fig. 5. Increased neuronal excitability in glioma-infiltrated 

brain.
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