
Modeling the Milk-Ejection Reflex!
Gareth Leng and collaborators!



Why the milk-ejection reflex?!

•  One	
  of	
  the	
  best	
  studied	
  neuroendocrine	
  reflex	
  

•  Good	
  example	
  of	
  peptide-­‐mediated	
  
communication	
  between	
  neurons	
  

•  The	
  oxytocin	
  (OT)	
  neuronal	
  network	
  model	
  clearly	
  
distinguishes	
  the	
  respective	
  roles	
  of	
  cell	
  and	
  
network	
  properties	
  

•  The	
  model	
  explains	
  paradoxical	
  experimental	
  
observations	
  



Milk-Ejection is triggered by synchronized bursts in OT neurons!

2	
  sec	
  Leng and Feng (2012)!

Belin and Moos (1986)!

In	
  vivo	
  recordings	
  –	
  it	
  is	
  
prac0cally	
  impossible	
  to	
  
reproduce	
  these	
  bursts	
  in	
  
vitro.	
  
	
  
There	
  is	
  a	
  period	
  of	
  silence	
  
following	
  each	
  burst	
  
	
  
There	
  are	
  a	
  few	
  thousands	
  
OT	
  neurons	
  in	
  each	
  nucleus,	
  
so	
  synchronized	
  bursts	
  
create	
  a	
  large	
  increase	
  in	
  
blood	
  OT.	
  

firing	
  rate	
  



Bursts start several minutes after suckling is initiated!

Brown and Moos (1997)!
In	
  the	
  absence	
  of	
  suckling:	
  
No	
  spontaneous	
  bursts,	
  	
  
Just	
  low	
  frequency	
  firing,	
  due	
  to	
  random	
  synap0c	
  inputs	
  	
  



What does suckling do?!

OT	
  neurons	
  have	
  vesicles	
  that	
  contain	
  OT	
  and	
  
endocannabinoids	
  in	
  their	
  dendrites	
  
	
  
OT	
  triggers	
  Ca2+	
  release,	
  release	
  of	
  vesicles	
  and	
  increases	
  
excitability	
  
	
  
Endocannabinoids	
  and	
  OT	
  suppress	
  excitatory	
  
(glutamatergic)	
  and	
  inhibitory	
  (gabaergic)	
  inputs	
  

Leng and Feng (2012)!



Building a model of the OT network!

•  Cell	
  properties:	
  	
  
–  Low	
  firing	
  rate	
  due	
  to	
  synaptic	
  noise	
  
–  Hyperpolarizing	
  after	
  potential	
  (HAP)	
  and	
  after	
  

hyperpolarization	
  (AHP)	
  
–  Single	
  cells	
  do	
  not	
  burst	
  
	
  

•  Network	
  properties:	
  OT	
  neurons	
  are	
  connected	
  to	
  
other	
  OT	
  neurons	
  in	
  dendritic	
  bundles	
  

–  OT	
  release	
  at	
  the	
  dendrite	
  primes	
  vesicles	
  and	
  increases	
  
excitability	
  

–  endocannabinoids	
  suppress	
  excitatory	
  synaptic	
  inputs	
  



Building a model of the OT network: cell properties!

Figure 4 Spike activity in oxytocin cells. In background conditions, oxytocin cells discharge spikes at 1-3 spikes/s. This spiking can be characterised by

measuring interspike intervals (t1, t2 etc as shown in (A), and constructing an interspike intervalhistogram(B). Suchhistogramshavea characteristic distribution–

the tails of the histogram (for intervals> 50ms) can bewell fitted by a single negative exponential (red line, fitted to average of 30 cells). From this, it appears that,

after a spike, oxytocin cells have a relative refractory period of about 50ms afterwhich spikes arise approximately randomly. In themodel, (C) spikes arise inmodel

cells when incoming randomEPSPs and IPSPs cause a fluctuation in resting potential sufficient to exceed a spike threshold. The relative refractoriness of oxytocin

cells is the result of twopost-spike hyperpolarisingmechanisms (D) – a short but largeHAP, and a smaller but longer actingAHP (whichhas amajor effect only after

bursts). In themodel, these twomechanisms aremodelled as transient changes in spike threshold that occur after each spike, rather than as changes inmembrane

potential – this is equivalent to changes in membrane potential, but computationally simpler to implement.
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dendrites in the bundle where oxytocin is released. In the model, the

maximum effect of oxytocin is limited to a depolarisation of 25mV.

Endocannabinoid release
Oxytocin release is accompanied by production of endocannabinoids which

feed back to modulate synaptic input. Endocannabinoids are produced in

oxytocin cells as a consequence of the mobilisation of intracellular Ca2þ ,

and act via CB1 receptors on afferent nerve terminals. The rate of release of

both EPSPs and IPSPs to all cells connected to a bundle is inhibited by the

effects of endocannabinoids produced in that bundle.

Building the model

To model individual oxytocin cells, we use a leaky integrate-and-fire model

(Figure4),modifiedtoincorporateactivity-dependentchanges inexcitability.

Every cell in the model receives an independent synaptic input that is a

mixture of EPSPs and IPSPs. These are represented by Nj
E;i;, N

j
I;i which are

inhomogeneous Poisson processes of rate ljE;iðtÞ, ljI;iðtÞ, aEðvE$vrestÞ,
aIðvrest$vIÞ are the magnitude of single EPSPs and IPSPs at vrest, and vE and

vI are the excitatory and inhibitory reversal potentials.

Spike generation
The membrane potential vi of cell i obeys

dvi
dt

¼ urest$ui
t

þ
X2

j¼1

aEðuE$uiÞ
dNj

E;i

dt
$aIðui$uIÞ

dNj
I;i

dt

" #
ð1Þ

where t is the membrane time constant, and vrest is the resting potential,

A spike is produced in cell i at time t ¼ tsi , s ¼ 1; 2; :::;, if viðtsiÞ ¼ Tiðtsi Þ,
where Ti(t) is the spike threshold at time t. After the spike, vi is reset to vrest.
Activity-dependent changes in excitability and the effects of oxytocin are

modelled by effects on spike threshold:

Ti ¼ T0 þTHAP;i þ TAHP;i$TOT ;i ð2Þ

where T0 is a constant.

THAP,i models the effect of a HAP in cell i by

THAP;i ¼ kHAPHðt$t^iÞe$ðt$t̂ iÞ=tHAP ð3Þ

where kHAP, tHAP are constants, t̂ i ¼ maxs tsi : t
s
i & tg

!
, and H(x) is the Heavi-

side step function. This gives a transient increase in spike threshold after

each spike.
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Integrate	
  &	
  Fire	
  model:	
  

HAP	
  and	
  AHP	
  transiently	
  increase	
  spike	
  threshold	
  T;	
  OT	
  release	
  decreases	
  threshold	
  
	
  

Parameters	
  are	
  adjusted	
  to	
  match	
  the	
  distribu0on	
  of	
  interspike	
  intervals	
  



Building a model of the OT network: connectivity!

where kt is themaximum fraction of the pool that can be released by a spike,

D is a fixed delay before release, and the summation extends over the set

ftsi < t; tsi!ts!1
i < trelg, with trel a constant. Thus, only spikes occurring at

intervals of less than trel induce any release from dendrites. We set trel¼50

ms, but the exact value is not critical.

Modelling the effects of endocannabinoids
The variables EkðtÞ; k ¼ 1; :::; nb represent the concentration of endocanna-

binoids in each bundle, and evolve according to

dEk
dt

¼ ! Ek
tEC

þ kEC
Xn

i¼1

X2

j¼1

ckijp
j
i ð9Þ

Figure 5 Structure of the model network Oxytocin cells in the supraoptic nucleus

have 1-3 large dendrites, most of which project ventrally (shown by immunocytochem-

istry inA. These dendritesmanyneurosecretory vesicles (shownby electronmicroscopy in

B). In the model, cells (C, blue) have two dendrites (red) that are coupled within bundles

(yellow). The organization of the oxytocin network is shown in D; the yellow boxes

represent dendritic bundles.
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48 cells (up to 3000), 2 dendrites per cell, 8 dendrites per bundle!
è12 dendritic bundles!

Leng and Feng (2012)!
Rossoni et al (2008)!



Building a model of the OT network: dendritic release!

Similarly, TAHP models the effect of the AHP. The AHP builds up

slowly, leading to a significant reduction of excitability only after intense

activity. The variables fi,i¼1,. . .,n represent the recent activity of each

neuron, and

dfi
dt

¼ " fi
tAHP

þ
X

ts
i
<t

dðt"tsiÞ ð4Þ

where tAHP is the decay constant of the AHP, and d(x) is the Dirac delta

function. We set

TAHP;i ¼ kAHP
f 4i

f 4i þ f 4th
ð5Þ

where kAHP, fth are constants adjusted to match the characteristics of

spontaneous firing in oxytocin cells.

Effects of oxytocin
The network topology (Figure 5) – the description of how cells are inter-

connected - is represented by matrices Ck ¼ fCk
ijg, k¼1,. . ., n; ckij ¼ 1 if

dendrite j of cell i is in bundle k, and zero otherwise. The increase in

excitability due to oxytocin is modelled by TOT,

dTOT ;i
dt

¼ "TOT ;i
tOT

þ kOT
Xnb

k¼1

Xn

j¼1

X2

l;m¼1

ckilc
k
jmp

m
j ðtÞ ð6Þ

where tOT, kOT are constants, pmj ðtÞ is the release rate fromdendritem of cell j,

and the sums pick up all the cells whose dendrites share the same bundle as

cell i. The oxytocin-dependent reductionof the spike threshold is limited to a

maximum (TOT,max) of 25mV.

Modelling oxytocin release from the dendrites
The readily-releasable pool of oxytocin in dendrite j of cell i is rji , where

drji
dt

¼ "
rji
tr

þ kpðtÞ"pjiðtÞ; ð7Þ

where tr is a time constant, kp(t) is the rate of priming due to suckling (kp(t) is

a positive constant during suckling and zero otherwise), and pji is the

instantaneous release rate from dendrite j. Release is proportional to the

readily-releasable pool, so

pjiðtÞ ¼ krr
j
iðtÞ

X
dðt"tsi"DÞ ð8Þ
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rj
i(t) releasable pool of vesicles for dendrite j of cell i;!

increased by priming due to suckling kp(t);!
decreased by release pj

i(t)!

Release pj
i(t) from dendrite j of cell i due to spiking;!

Only when spikes are separated by less that ts=50 ms!

OT released by all dendrites sharing the 
same bundles decreases spike threshold 
Ti of cell i by TOT,i!
!

Finally, endocannabinoids decrease the 
rates of synaptic inputs on the dendrites 
that feel vesicle release pj

i(t)!
!



positive feedback!

OT release events!

Threshold Ti!

The structure and activity of a single model neuron!



Rossoni	
  E,	
  Feng	
  J,	
  Tirozzi	
  B,	
  Brown	
  D,	
  et	
  al.	
  (2008)	
  Emergent	
  Synchronous	
  Burs0ng	
  of	
  Oxytocin	
  Neuronal	
  Network.	
  PLoS	
  Comput	
  Biol	
  4(7):	
  
e1000123.	
  doi:10.1371/journal.pcbi.1000123	
  
h_p://www.ploscompbiol.org/ar0cle/info:doi/10.1371/journal.pcbi.1000123	
  



The network model generates synchronized bursts!

Asynchronous activity! Pause in asynchronous activity just after a burst!

Bursts are triggered randomly!

Slight decrease in spike frequency before a burst!
in both model cell and real cell!



Role of the different cell properties!
!

(negative feedback)!

•  Endocannabinoids:	
  	
  Responsible	
  for	
  the	
  pause	
  in	
  firing	
  after	
  bursts	
  and	
  
the	
  slight	
  decrease	
  in	
  firing	
  before	
  bursts.	
  Prevent	
  over-­‐excitation.	
  

•  HAP:	
  Very	
  transient	
  effect	
  after	
  each	
  spike,	
  set	
  to	
  match	
  interspike	
  
intervals	
  between	
  bursts	
  –	
  it	
  affects	
  burst	
  timing	
  by	
  limiting	
  the	
  
occurrence	
  of	
  short	
  interspike	
  intervals.	
  
	
  

•  AHP:	
  Shapes	
  bursts	
  by	
  decreasing	
  peak	
  firing	
  rate	
  and	
  shortening	
  burst	
  
duration	
  –	
  but	
  removing	
  AHP	
  has	
  little	
  effect	
  on	
  burst	
  timing.	
  

What terminates the bursts?!



Bursts are terminated by store depletion!

Time (sec)!
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Burst onset time is stochastic!
!
Burst onset location is also random and varies from burst to burst!



Connectivity affect burst synchronization!

d	
  =	
  2	
   d	
  =	
  8	
  
More dendrites per bundle improves neuron synchronization during bursts!
!

Long range connections are crucial for synchronization!
!

p	
  =	
  0	
   p	
  =	
  0.05	
   p	
  =	
  0.5	
   p	
  =	
  0.95	
  



The model explains experimental observations!
!

Non-bursting cells also exhibit pause after a network burst!

no OT receptors!



The model explains paradoxical observations!
!

Increased excitatory drive suppresses bursts!
Decreased inhibitory drive triggers bursts!

!

Endocannabinoids increase 
the max input rate for bursting!



Take home points!

•  Bursting	
  of	
  OT	
  neurons	
  induced	
  by	
  suckling	
  is	
  an	
  
emergent	
  network	
  property	
  

•  Clear	
  explanation	
  of	
  the	
  respective	
  roles	
  of	
  cell	
  
properties	
  (HAP,	
  AHP,	
  …)	
  and	
  network	
  properties	
  

•  Dendritic	
  release	
  and	
  peptidergic	
  transmission	
  
have	
  the	
  leading	
  role,	
  synaptic	
  connections	
  have	
  a	
  
supporting	
  role	
  

•  The	
  model	
  explains	
  paradoxical	
  observations	
  


