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The cerebellum processes sensory and internal 
information to rapidly shape activity via closed 

loops with brainstem, neocortex, and basal 
ganglia.



Gordon Research Conferences, then and now

Cerebellum 2013 Cerebellum 2023



Cerebellum: Origins

Found in all vertebrates

Dorsal lip of developing medulla (rhombencephalon)

Near terminations of vestibular (VIII) and lateral line 
afferents, which sense fluid displacement

Also inputs from tectum and spinal cord

Ancestral role: “representing an image of the relations of  the 
body in space” (Bullock 1969)

Self vs. non-self?



D.A. Clark ’01, P.P. Mitra,
 and S.S.-H. Wang (2001)

Nature, 411:189-193



The cerebellum: a short-term prediction machine

Sensory surprise / error signals Sensory teaching signal



Bidirectional paths link forebrain and cerebellum









The cerebellum as a 
learning and teaching machine



Recurrent Architecture

• Learns mappings between 
many stimuli (x1 ↔ x2 ↔ x3)

• More flexible

• Lower asymptotic accuracy for 
any one function

• ‘Generative model’

Cerebellum vs. Neocortex
Feedforward Architecture

• Learns mapping from many 
stimuli to one (x→y)

• Less flexible

• Higher asymptotic accuracy

• ‘Discriminative model’





Cerebellar Supervised Learning

• Multilayer perceptron • Marr (1969), Albus (1971)



Circuit elements and organization



Common features of all cerebella

1. Cerebellar cortex

Purkinje neurons, the sole output: inhibitory

2. Inputs:

Mossy fibers>>granule cells>parallel fibers

The inferior olive>climbing fibers

3. Output: The vestibular nuclei and deep nuclei

4. A few local inhibitory neurons: stellate and Golgi neurons







Massive divergence of neural information in the cerebellum

From data summarized in 
KWT Caddy and TJ Biscoe 
(1978) Phil Trans Roy Soc 
Lond Ser B 287:167-201. 
Additional measurements from 
BB Gould and P Rakic (1981) 
Exp Brain Res 44:195-206, R 
Alvarez and R Anadón (1987) 
J Hirnforsch 28:133-137, RJ 
Harvey and RMA 
Napper(1991) Prog Neurobiol 
36:437-463, JA Heckroth 
(1994) J Comp Neurol 
343:173-182, and R 
Alvarez-Otero et al (1996) J 
Comp Neurol 368:487-502.

JC Eccles (1969) Naturwissenschaften 56:525-534



Parallel Fiber LTD
• PF stimulation followed by CF stimulation results in LTD

- optimally induced by ~300 pairings @ 1 Hz, 125-250 ms delay

- depends on inositol-1,4,5-trisphosphate (IP
3
) receptors, an ER Ca release channel

- requires coincident IP
3
 and Ca2+ coagonists temporally ordered

- AMPA endocytosis
Ito (2001) Physiol Rev, 81:1143-1195



Lee, Mathews et al. 2015 Neuron 86:529-540



Climbing fibers and complex spikes
• Strong multisynaptic connection

- ~25,000 synapses
- strongest afferent in CNS
- glutamatergic

• Purkinje cell complex spikes
- very large EPSP with Calcium spikes

• Complex results in a pause of simple spike 
pacemacing 

Kreitzer et al. (2000) Neuron, 27:25-32
Davie et al. (2008) J Neurosci, 28:7599-7609



Functions of climbing fiber firing and complex spikes

• Sensory events such as error signals (Simpson et al 1996 Behav Brain Sci)

• Instructive signal for learning (Raymond et al 1996 Science)

• Synchronization guides timing and activity (Welsh 2002 NYAS)



Purkinje cell dendritic responses using OGB-1/AM

Sullivan et al. (2005) J. Neurophysiol. 94:1635
Ozden et al. (2009) J. Neurophysiol. 100:495



Jinno et al. (2004) Cerebellum 3:83-88

Cerebellar circuitry: modular, convergent, and instructed



 Sugihara I, Wu H-S, Shinoda Y (2001) J. Neurosci. 21:7715-7723

Climbing fibers and inferior olive

• Spontaneously active 
at 1-2 Hz in vivo

• Inferior olive receives 
feedback inhibition from 
cerebellar nuclei



Apps and Garwicz (2005) Nat Rev Neurosci 6:297-311



Climbing fibers
• Powerful input causing massive 

dendritic spike
• More focused in their branching 

than mossy fibers
• Instructive signal conveying errors 

or other sensory events (Marr, 
Albus, Ito)

• Regulation of Purkinje cell 
excitability:
Synchronize sodium spike activity of 
Purkinje cells (Llinás, Welsh)
Fire together to accelerate 
movement (Bloedel)

Kreitzer et al. 2000






