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Summary of previous lecture

• Schizophrenia is a very serious illness characterised by “positive” (hallucinations, 

delusions) and negative symptoms. 

• One neurobiological correlate of the illness is impairment in working memory.

• Short-term/ working memory: Dynamic process - “Sustained” a.k.a. “Delay” or 

“Persistent” Activity. 

• Attractor Networks as (main) model of working memory / sustained activity

• Hopfield Network as example of a point attractor model (Lab 2). 
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Towards a theory of Working Memory/ Sustained Activity

• A theory of working memory should answer:

- How it is initiated?

- Why does it persist ?

- What makes it specific? 

- How does it end?

- Reason for capacity limit?  

- Relationship with attention, long-term memory?

• Mechanism : reverberations through connections (which?), or cellular?

• Lots of experimental  and theoretical work to answer these questions



How to build biologically realistic attractor models?

• Recently, effort to build biophysically plausible models of 

sustained activity / attractor dynamics for memory.

• Ring Model offers starting point. 

• Originally model of V1 orientation selectivity, but anatomical 

organization of PFC also resembles a recurrent network. 



• N neurons, with preferred angle,    ,evenly distributed 

between            and         

• Neurons receive thalamic inputs h.

+ recurrent connections, with excitatory weights between 

nearby cells and inhibitory weights between cells that are 

further apart (mexican-hat profile)

Back to the Ring Model of orientation selectivity  



• h is input, can be tuned (Hubel Wiesel 

scenario) or very broadly tuned.

• The steady-state can be solved analytically. 

Model analyzed like a physical system. 

• Model achieves i) orientation selectivity; ii) contrast invariance of tuning, even 

if input is very broad.

• The width of orientation selectivity depends on the shape of the Mexican-hat

but is independent of the width of the input.

• Symmetry breaking /Attractor dynamics.

Back to the Ring Model of orientation selectivity  



The ring model is a line attractor

• Attractor network : a network of neurons, usually recurrently connected, whose 

time dynamics settle to a stable pattern. 

• That pattern may be stationary (fixed points), time-varying (e.g. cyclic), or even 

stochastic-looking (e.g., chaotic). 

• The particular pattern a network settles to is called its ‘attractor’.

•The ring model is called a line (or ring) attractor network. Its stable states are also 

sometimes referred to as ‘bump attractors’.

Point Attractor
Line Attractor



The ring model displays delayed activity

• If recurrent connections are strong enough, the pattern of population activity once established 

can become independent of the structure of the input. It can persist when input is removed.

• A model of working memory ?



More biologically realistic attractor models?

• Problems with firing rate models: difficult to relate with electrophysiological data, can’t address 

the question of issue of spontaneous vs persistent activity, and dynamical properties of synaptic 

interactions are ignored. 

• Can we create biophysical realistic/spiking models where recurrent networks can give rise to 

location-specific, persistent discharges ?  (Compte et al 2000, Gutkin et al 2000, Tegner et al 2002, Renart et al 

2003a, Wang et al 2004)

Funahashi et al, 1989



Solution

Working memory found particularly stable when excitatory 

reverberations are characterised by slow time course, e.g. 

when synaptic transmission mediated by NMDA receptors

(prediction)
X-J Wang (NYU)

Does a ring model with spiking neurons also show delayed activity? 

In spiking networks, challenges:

• Stability of delay activity

• runaway excitation

• Accounting for spontaneous activity in addition to memory state

• Oscillations can destabilise the memory activity.

4) Towards a Biophysical Model of Working Memory: 



N-methyl-d-aspartate (NMDA)

• NMDA receptor is a glutamate receptor, the human brain's primary excitatory 

neurotransmitter. Crucial for learning, memory, and neuroplasticity  

• Different synapses have different dynamics : in excitatory synapses: AMPA is fast, NMDA slow.



• Network of ~2500 integrate-and-fire neurons, mexican-hat connectivity, NMDA excitation. 

• Reproduce Funahashi et al 1989.

• Selectivity of memory field, temporal drifts, robustness to distractors, co-existence with 

spontaneous activity .

Towards a Biophysical Model of Working Memory

Compte, Brunel, Goldman-Rakic 

and Wang, Neuron, 2000

E neurons I neurons

https://pubmed.ncbi.nlm.nih.gov/10982751/
https://pubmed.ncbi.nlm.nih.gov/10982751/
https://pubmed.ncbi.nlm.nih.gov/10982751/
https://pubmed.ncbi.nlm.nih.gov/10982751/


[Renart, Brunel, Wang , 2003]

Towards a Biophysical Model of Working Memory

• The network dynamics and stability are sensitive 

to the ratio between AMPA and NMDA synapses.

• NMDA is proved crucial for persistent activity. 



Towards a Biophysical Model of Working Memory

• A mechanism for switching the memory off: excitatory input to a large population of neurons 

in the network.

• Decoding can be used to infer what the memory is encoding, e.g. population vector (decoding 

the “center” of the memory “bump”). 



(Refresher) Decoding populations of neurons

In response to a stimulus s, we observe a pattern of activity r (e.g. in V1). 

What can we say about  s given r?
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Each neuron “votes” for 

its preferred orientation with 

length given by its spike count

(Refresher) A Simple Decoding Strategy: Population Vector
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Can provide a good approximation to 

maximum likelihood decoding

The angle of the vector 

sum of all vectors is taken as 

the orientation estimate

(Refresher) A Simple Decoding Strategy: Population Vector



Towards a Biophysical Model of Working Memory

• Decoding can be used to infer what the memory is encoding, e.g. population vector (decoding 

the “center” of the memory “bump”). 

• The ring model being a line attractor predicts emergence of drifts if noise is introduced, which 

would increase with delay time. Here, drift is found to be reduced for larger networks sizes.

Population vector position as a function of time for 

different runs and sizes of network



A prediction that has been verified 

- Delayed oculomotor task in 2 rhesus monkeys. 

- Local Blockage of NMDA using iontophoresis.

- Systemic Ketamine administration (NMDA antagonist). 

- Electrophysiological recordings of neurons in dlPFC. 

2013
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A prediction that has been verified 

- Blocking NMDA, but not AMPA receptors, markedly reduced Delay cell firing

- Systemic ketamine also reduced Delay cell firing but increased Response cell firing

- Any cognitive operation relying on dlPFC recurrent firing would be compromised by insults 

to NMDAR transmission.



- Although considerable support has been gathered for the attractor / NMDA  persistent 

activity model, more recent results nuance this model (dynamic patterns, additional role of 

short-term plasticity, dopamine modulation) 

2021

- Short term synaptic facilitation 

contribute to passive maintenance of 

information over briefs intervals

50 years of research



5) Application to Schizophrenia - NMDA hypothesis

• Schizophrenia associated with impairment of WM

• Reduced function of NMDA receptors in PFC

• Ketamine originally developed as an anaesthetic, 

blocks NMDA

• Ketamine can produce hallucinations and 

delusions - a model of psychosis used 

experimentally
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• Schizophrenia associated with reduced function of NMDA receptor

• Instability of attractor states, shallower basins of attraction, reduced signal/noise

• spontaneous attractors

Rolls and Deco (2011) review how such impaired dynamics could explain positive symptoms (hallucinations, 

delusions), cognitive symptoms (working memory) and even negative symptoms (through reduced activity), 

and onset (excessive synaptic pruning, and reduction in grey matter volume). 

Application to Schizophrenia - NMDA hypothesis



NMDA impairment can be applied to connections on 

• inhibitory interneurons, which elevates E/I ratio via disinhibition; 

• excitatory neurons, which on the contrary lowers E/I ratio

Application to Schizophrenia - NMDA hypothesis

Which synapses matter most for the maintenance of working memory ?



• Desinhibition via perturbation of NMDA receptors on 

Inhibitory cells.

• Broadens selectivity,  

• Increases drift

• Increases vulnerability to distractors

[Murray et al 2012]



State diagram for the role of E/I balance in cognitive function

• Along some axes in parameters space, the model is relatively insensitive 

to perturbations (“sloppy”).

• E/I ratio is the key parameter for optimal function.

more generally, 

importance of E/I 

ratio in models of 

mental illness



A related problem: spontaneous activity

• Where does it come from? 

• How is it maintained?  How does it ‘move’?

• Are these ‘attractor states’? 

• Is it structured?

• Why is it there? (any functional advantages?) 

• Is it noise?

• Is it the brain trying to ‘predict’ the input?

Arieli et al 1997; Tsodyks et al, 1999; 

Fiser et al, Nature, 2004 evoked (horizontal 

orientation)

spontaneous 

(one frame)



Conclusions

• Attractor Networks as (main) model of working memory / sustained activity

• Effort to provide biologically plausible spiking models, comparable to 

recordings in Prefrontal cortex.

• Excitatory reverberation and maintenance of sustained activity is found to 

depend on NMDA receptors

• currently, interesting link with disease as well as ageing

-- working memory impairments as instability of attractor states e.g. due to 

deficits in NMDA, changes in E/I balance.

• Spontaneous activity as a similar problem. 
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