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What is anesthetic hysteresis?

Kelz et al

Hysteresis is observed any time the output lags behind the  input



PK-PD explanation of anesthetic hysteresis
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Testable predictions of the PK-PD framework
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What I will try to prove

• At a fixed drug concentration, the 
system will stochastically fluctuate 
between several discrete states.

• The system will resist state transitions

• Resistance to state transitions is 
sufficient to give rise to hysteresis 
independently of effect site 
equilibration.

• Characterization of these fluctuations 
reveals novel properties of anesthetics.



Initial Observations:



Discrete Fluctuations in Brain Activity under 
Fixed Anesthetic Concentration

Hudson et al, PNAS 2014



Distribution of Brain Activity Under Fixed 
Anesthetic Concentration is Confined to Discrete 
Clusters

Hudson et al, PNAS 2014



Abrupt state switches have been corroborated 
by others:

Patel et al, Brain, 2020

Non-human primate, recovery from propofol.
Measure: coherence

Rats, recovery from desflurane.
Measure: firing statistics 

Lee et al, J. Neurosci. 2020

Abrupt transitions between discrete activity profiles are observed across species, are 
reflected in different measures of brain activity and are observed with mechanistically 

distinct anesthetics. 



Objections to these experimental results:

• Could fluctuations in drug concentration be driving fluctuations in 
activity?
• Could an unaccounted-for stimuli be triggering state transition? 

It is not possible to directly rule these out experimentally, but …..



If some external perturbation caused the switch in 
activity, then it should be observed simultaneously 
across the brain. 

Blackwood et al, J. Neuroscience, 2022, in press



One slide review of cortical layer architecture 
and recordings

Neurons in different cortical layers 
have different properties and 

connectivity patterns

Linear electrode arrays allow 
simultaneous  recordings across cortical 

layers



Histological confirmation of electrode 
locations



Clustering reveals that state fluctuations in 
different cortical sites are only loosely coupled



Coupling strength depends on distance, but 
also on cortical layer



Conclusions of Neurophysiology Work

• At a fixed drug concentration the state of the brain spontaneously 
fluctuates between several discrete states.
• These fluctuations are observed across different species, anesthetic agents, 

and measures used to define the state.
• State fluctuations are only loosely coupled between cortical regions and 

layers. 
• There is no plausible mechanism through which drug concentration 

fluctuations or undetected stimuli are responsible for these state 
transitions.

Thus, there is conclusive evidence that knowing the drug 
concentration is not enough.



How does this relate to hysteresis ? 

𝑝! ∝ 𝑒"#!/(&')

The probability of observing a system in state 
i is related to the  energy of the i-th state.



Neurophysiology experiments imply that the 
“energy” landscape has multiple wells at a 

constant drug concentration. 

Boltzmann, equation only tells you about what happens in the 
steady state. 



To get non-equilibrium behavior we need the 
Fokker-Planck Equation

While the ultimate distribution is shaped by the energy landscape, the rate of approach to this steady state is 
depends on diffusion

Adriaan Fokker

Max Planck



Stochastic basis for hysteresis: anesthetic sets the 
energy landscape, but  diffusion governs hysteresis

Proekt and Hudson, BJA, 2018



Proekt and Hudson, BJA, 2018.



Its easy to get state transitions
Two model neurons do the trick. One real neuron can do it too

Lechner et al, J. Neurophys. 1996

Disclaimer: 
I am not claiming that all you need is two neurons to 
understand the brain.
I am claiming that multi-stability is a generic property of 
nonlinear systems. 

Proekt and Kelz, BJA, 2021



Do any of these brain fluctuations mean 
anything? 



Behavioral responses fluctuate at fixed anesthetic 
concentration.

Traditional interpretation of the discrepancy between binary responses in individuals and graded responses 
in a population is individual differences in anesthetic sensitivity. 

consistent responses over time
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Each animal fluctuates between being responsive 
and unresponsive

The response of each mouse fluctuates from trial to trial while at the level of population the 
response probability remains constant

Wasilczuk and McKinstry-Wu et al, Elife 2019



The simplest model of fluctuations in RR. 

Righting Reflex (trial number)

If this were true, then the response probability should be the same on every trial



Probability of successful righting depends on 
the previous history

The animal is much more likely to stay unresponsive if it 
was found to be unresponsive on the previous trial

Wasilczuk and McKinstry-Wu et al, Elife 2019



Resistance to state change be modulated 
independently of potency.  

Wasilczuk, et al. BJA 2020



Let's zoom out 



Pharmacology then was abstract

Langley, Journal of Physiology, 1905



‘ “The	hypothesis	that	the	concentration-action	curve	of	
acetylcholine	expresses	an	adsorption	process	of	the	type	
described	by	Langmuir	appears	to	involve	fewer	improbable	
assumptions	than	any	alternative	hypothesis”

A.J. Clark, 1933

Adapted from Rang, H. P. British journal of pharmacology (2006)



R.P. ’Steve’ Stephenson

Stephenon, British Journal of Pharmacology, 1956



Pharmacology Now – receptors are biological 
macromolecules with their own intrinsic dynamics

Whole cell currents mediated 
by many GABA-A receptors

Single GABA-A receptor molecule exposed 
to 10 µM GABA

Kaneda et al, J. Physiol., 1995



David Colquhoun (UCL)

The actual microscopic 
constants tell us about what 
is going on. In contrast, 
concentration response curve 
defines a macroscopic 
constant; it describes what 
we see, but does not tell us 
what is going on underneath.



Grand Conclusion
The study of how macroscopic phenomena (e.g. concentration response 
curves) arise from more primitive microscopic ones, reveals qualitatively new 
and wholly unexpected features.

Multi-stability and the consequent resistance to state transitions that gives 
rise to anesthetic hysteresis  is one such feature of anesthetic pharmacology 

Black Box Effect



It’s not different from 
what happens when we 
see a distant forest as a 
uniform green and then 
get closer and start seeing 
the trees, the branches, 
the insects.... we learn 
more about the world, 
and in this process our 
previous pictures are 
challenged. 

Carlo Rovelli talking about conceptual revolution 
brought about by quantum mechanics


