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Oxytocin neuron computational model
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coupling in oxytocin neurons
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Oxytocin neurons of the rat hypothalamus proje¢h&oposterior pituitary where they secrete
their products into the bloodstream. The pattehuantity of that release depends on the
afferent inputs to the neurons, on their intrimgigmbrane properties, and on non-linear
interactions between spiking activity and exocygoaigiven number of spikes will trigger
more secretion when they arrive close togethere Mer present a quantitative computational
model of oxytocin neurons that can replicate tiseilte of a wide variety of published
experiments. The spiking model mimics electrophygsjical data of oxytocin cells
responding to cholecystokinin (CCK), a peptide picetl in the gut after food intake. The
secretion model matches results frimvitro experiments on stimulus-secretion coupling in
the posterior pituitary. We mimic the plasma cleaeof oxytocin with a two-compartment
model, replicating the dynamics observed experiaignafter infusion and injection of
oxytocin. Combining these models, allows us torinfimm measurements of oxytocin in
plasma, the spiking activity of the oxytocin newdhat produced that secretion. These
inferences we have tested with experimental dataxgtocin secretion and spiking activity

in response to intravenous injections of CCK. Washow intrinsic mechanisms of the
oxytocin neurons determine this relationship: irtipalar, we show that the presence of an
after-hyperpolarization (AHP) in oxytocin neuronsumatically reduces the variability of
their spiking activity, and even more markedly reekithe variability of oxytocin secretion.
The AHP thus acts as a filter, protecting the fipralduct of oxytocin cells from noisy
fluctuations.

We present a model of oxytocin neurons that relates secretion to spike activity. We fit this to
experimental data, and use it to explore the significance of intrinsic membrane properties.

I ntroduction

Magnocellular oxytocin neurons in the supraopticlaus (SON) and paraventricular nucleus
of the hypothalamus project their axons to the gromt pituitary where they secrete their
hormones into the bloodstream. Oxytocin has arspatisable role in breastfeeding and an
important one in parturition (1), but the secretidroxytocin is also regulated by a variety of
metabolic signals arising from the gastrointesttredt, and, in the rat, oxytocin secretion
also regulates sodium excretion and gut motilify (2

The membrane properties of these neurons havedbadied extensively by
electrophysiological studies vitro (3—6). In these neurons, spikes are typically grgd by
the arrival of excitatory inputs (excitatory postaptic potentials; EPSPs) from diverse brain
areas. Whenever a spike is produced; @aters the cell through voltage-activated channels
and subsequently activates ¢hannels that mediate post-spike hyperpolarisaticanrge
conductance (BK) channels open and close rapidbgdyzing a short hyperpolarizing
afterpotential (HAP) which makes the neurons reddyi inexcitable for 30-50ms (7). Small
conductance (SK) channels produce a medium afterpggarization (AHP). This is much
smaller than the HAP, but the half-life is muchden (about 350ms), so the AHP
accumulates over successive spikes, and the regtétrel of activity-dependent
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hyperpolarization will reflect the average levelspike activity over the preceding few
seconds (7). Some oxytocin neurons also generadetiuity-dependent depolarising
afterpotential (DAP) (8), but this is usually qussmall and masked by the larger activity-
dependent hyperpolarisations.

The patterning of spikes generated by these nelrasmalso been studied extensivaly
vivo (4,9-11). In lactating rats, suckling induces binéense bursts of spikes in oxytocin
cells, but other stimuli produce graded increasespike activity. For example, intravenous
(i.v.) injections of cholecystokinin (CCK) produaedose-dependent increase in spike activity
that lasts for 10-15 min (12-16), producing a tramisincrease in plasma oxytocin. CCK is
secreted from the duodenum in response to a mda@s at CCK1 receptors on gastric
vagal afferents; these project to neurons in ttedems tractus solitarii, which in turn project
directly to magnocellular oxytocin neurons (17,I8)e subsequent secretion of oxytocin is
thought to regulate gut motility and sodium exametat the kidneys (19,20).

The spontaneous spiking activity of oxytocin nesroan be matched by a modified
leaky integrate-fire model, which incorporates afH&nd an AHP (7,21). This model can
closely match the statistical features of spikeguaing in oxytocin neurons, as reflected by
the interspike interval distribution and the indddispersion of spike rate. Given this, it
should be possible to use the model to infer tmagifc input that oxytocin cells receive
when responding, for example, to CCK, if we asstima¢ the CCK-evoked input consists
solely of a change in excitatory input rate.

Our previous work indicates that the AHP in oxytoreurons, by acting as an activity-
dependent negative feedback, reduces the secorddmynd variability (index of dispersion)
in the firing rate of oxytocin cells (21). Becausegarticular features of stimulus-secretion
coupling in these neurons, this “regularisationfiohg rate is likely to be most important
during dynamic challenges to oxytocin cell activity oxytocin neurons, secretion is a non-
linear function of spike activity: a given numbédrspikes secrete more oxytocin when they
are close together than when sparsely distribdted. nonlinearity is marked: during a reflex
milk ejection, oxytocin cells fire about 100 spikagust 2 s (22), and during this burst, each
spike releases, on average, about 100 times as oxytbcin as spikes that occur at the
typical basal firing rate of 2 spikes/s (23). Bezmof this non-linearity, the oxytocin
secretion from a single cell depends not only smmean firing rate but also on the variability
of its firing rate, due to the disproportionatdulgince of high firing rate fluctuations.

The mechanisms of stimulus-secretion coupling arepiex, but we recently published a
model of stimulus-secretion coupling in magnocellwasopressin cells fitted to data on
stimulus-evoked vasopressin secretion (24). Thpeptes of vasopressin terminals differ
guantitatively from those of oxytocin terminalsdamere we modified the vasopressin
secretion model to fit the properties of oxyto@mtinals (25-27). Combining the spiking
model of oxytocin neurons with this secretion maalkdws us to model the activity-
dependent output of oxytocin cells. To predict¢basequences for plasma concentrations,
we also introduced a model of the clearance ofamigtfrom plasma. For this there is good
historical data (28—-30). Applying this allows uspt@dict, from the model, the plasma
oxytocin concentration that will result from a givstimulus to the oxytocin cells. In the case
of CCK, again there is published data to compathk thie model. This allows us to assess the
importance of the AHP not only for spike activityttalso for the important biological signal
— the resulting change in plasma oxytocin concéotra
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Methods

We used a previously described model for the spikictivity of oxytocin neurons (24;
parameters given in Table 1) and adapted a publistoalel of stimulus-secretion coupling in
vasopressin neurons to model oxytocin secretioh (4 also added a two-compartment
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model to mimic the dynamics of oxytocin concentmtin plasma (Fig. 1). The models were
developed using software written in C++ and a giaghnterface based in the open source
wxWidgets library. Simulations were run for upli®,000 s using a 1-ms step.

Spiking model

The integrate-and-fire based spiking model (21)usates the firing activity of oxytocin cells
in response to EPSPs and inhibitory postsynaptentials (IPSPs). We model PSPs as
arriving randomly at mean ratgs andl,;, and in this study, we fixeld to be equal tdy.
Thus, the time an EPSP arrivepspme is defined by:

—log(1-rand
ePShe = g( ) , Whererandis a random number betweendla

(n
The IPSP arrival times follow the same formula.

Responsesto CCK
We mimicked the effect of i.v. injection of CCK lagding an additional random EPSP
contribution, with mean ratecck. The total EPSP rate is the sum,g&andlcck.

The increase in EPSP rate during simulated CCKtigje follows a linear function
kcck/ CCKyyr defined by the quantity of CCK injectdd,ck, and the duration of the injection,
CCKuur-

We assume that CCK is cleared from plasma folloveinggexponential decay with time

constantcck.
kCCK - I
dl oK CC Kdur rCCK

dt Teek

(1)

dl ek — -

WhenCCK,,, < ts CCK,, + CCK,,

O Whert >CCKStaI’t + CCKdur
dt Tk
where CCK;artis the injection’s start time.

Time constants are calculated from half-life parearseby:

/]x
7. =

* In(2) (V)
We fixed the magnitude of EPSPs and IP®Psp and ipsp, at 2 mV, having an opposite
sign for EPSPs and IPSPs. The final input depende@number of inputgpsp andipsp,,
per unit of time (fixed at 1ms in our simulationspsp is the number of EPSPs obtained in a
given time unit from a random process with meaa Irat

| =epsp.epsp+ ipsp g (/)
Vgynrepresents the contribution of synaptic input ®rembrane potential, and decays to 0
with time constantsy,corresponding to a half-lifés, of 3.5 ms.

dV. V.

syn — _ Tsyn,

dt Ton (V1)

Initially, the model neuron is at a resting potah¥,.s;= -56mV. If inputs summate to
increase the membrane potentfadbove a threshold, = -50mV, the neuron produces a
spike. Then, the model triggers a HAP and an AHtid \&evolves according to

V = Vg * Vo~ HAP= AHF

(1)
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HAP has a fixed amplitudé{ap= 30mV) and a time constant,ap , that corresponds to a
half-life of 7.5 ms, following values from previous work (2AHP also has a fixed
amplitude kayp = 1) andranpwas set to correspond to a half-lifgyp of 350 ms as used
previously (21); we explored different values lgfypin the range of values (0.2-1.4) found
previously from fits to individual oxytocin neuro(l); the results were qualitatively similar
for other values okanp.

dHAP _ _ HAP, koD (Vi)
dt z-HAP
dAHP _ _ AHP_ koo (X)
dt TAHP
whered = 1 if a spike is fired at timg and & = 0 otherwise.

Secr etion model

The secretion model is an adaptation of the motiRlacGregor and Leng (24), developed to
mimic stimulus-secretion coupling in vasopressiaroas. When spikes invade the secretory
terminals, exocytosis occurs at sites close tatetaof voltage-gated Eachannels. These
sites experience transiently high®Caoncentrations in response to spikes, but tHé Ca
swiftly diffuses into the cytosol (31). This is regented by making secretion proportional to
a ‘fast’ C&" variablee. At increased frequencies, the spikes broade3&32producing a
larger rise ire. The resulting facilitation of secretion is limitéy activity-dependent
attenuation of secretion, modeled as arising frafi-8ependent inactivation of €a

channels in the submembrane compartment, and watich of C&*-dependent K

channels. The model consists of differential equretiwhich take as input the spike events
generated by the spiking model. Variables représgispike broadeningy, cytosolic C4"
concentrationd) and submembrane €aoncentrationd) are all incremented with each
spike. The C& variables model G4 mediated signals at specific action sites: wendid
attempt to represent the full dynamics of intradall calcium changes.

We model spike broadenitgby increasing it bk, = 0.021when a spike arrives, and
with an exponentially decay with half-lifg = 2 s:

db _

— = +

T kB (X)
where d =1 if a spike is fired at time t, and=0 otherwise.

The C&" entry,Cacn, provoked by spikes has two other effectande measure how the
concentration of Cdchanges at the cytosol and in the submembrane comga. They are
incremented bk, = 0.0003 and k= 1.5with every spike and decay with half-lives= 20 s
andie = 100 ms:

dc _

—_—=— [C Xl
at Tc +kc & [0 (XI)
de

— = [(C Xl

where d =1 if a spike is fired at timg and 0=0 otherwise.
cd* entry depends on spike broadenihp and is subject to Gadependent inhibition:

Cayy = €nip Wi L BT B (XINT)
The basal level of spike broadening is giverbhye= 0.5. C&" entry is inhibited by ande
using two inverted Hill equations with thresholdasoefficient parametersy = 0.14,ey =
12,c,=5 ande, = 5:
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c
O
n 4 Gy
C"FGT (xiv)
e
Cnhib — 1~

1-—
e + %en (XV)
The releasable vesicle po@l (s depleted with secretion, and refilled when not fullpfax=
5 ng) at a rate proportional to the remaining nes@ool () divided by its maximum capacity
(rmax=1 ng). The refill rate is scaled By= 120:

(ilrt) = s+,8[—|r— whenp< R, ,— S otherwis (
XVI)
The reserve pool is depleted exponentially adiitgg, with its maximum (initial) value
defined byrmax
%——,BEI— whenp< p,.., , 0otherwis ( XVIl)

The rate of secretiors)(is the product oé raised to the poweap (because of the
cooperativeness of the €activation of exocytosis) (34), the releasablel gppand a
scaling factom

s=Op (XVII)

The parameters of the vasopressin model were fitteldta obtained for secretion from the
whole neural lobe — containing the axons of up@@®neurons (35,36). Thus parameters
relevant toquantitiesof secretiong, pmax, I andrmay from the whole population are about
nine thousand times higher than would be apprapf@tsingle cells. The same approach
was taken here, and the same ‘correction factqlieg

To adapt this model to match oxytocin secretionywagle six changes from the
parameters of the vasopressin model (24); the raanpeters are given in Table 2.

1) We decreasel, from 0.05 to 0.021, reducing the spike broadening.
2) We reduced the sensitivity to Cantry in the submembrane compartment, by incrgasifrom 2.8 to
12.

3) We increased, from 0.07 to 0.14.

4) We reduced the cooperativeness of the @etivation of exocytosis from = 3 top = 2.

5) We increased, a scaling factor, to 3 to match the levels oftogin measured in plasma.

6) We increasefl, the refill rate of the pools from the reservenfr50 to 120.

The results mimic the secretion of the entire papaih by considering that the average
response of the population can be mimicked byéspanse of a single oxytocin cell
multiplied by a scaling factor.
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Two-compartment diffusion model
To simulate how the oxytocin that enters the plagghes cleared, we developed a two-
compartment model. Secreted oxytocin enters thamdavolume Cyiasmg, and is cleared
from it mainly through the kidneys and liver. Treceend compartment represents the
extravascular fluid compartmer@dyr), and oxytocin diffuses between these two
compartments according to the concentration gradidre clearance from plasma and the
diffusion between compartments follow exponentiéfedential equations with a clearance
half-life 1¢, of 68s and a diffusion half-liféyi# of 61s (Table 3), values derived from
reference data described below:

dx _ x  DiffRate

ADVANCE ARTICLE

dt Tclr Tdiff (XlX)
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The oxytocin content in plasma) @nd extravascular fluidgé,r) change due to diffusion
between the compartments following the oxytocinasmration gradientjiffRate):

C +C
DiffRate= (}/C —Xeve A ) [-plasma _ ~ EVE
plasma EVF

2
(XX)
dx.r _ DiffRate
dt Liits

(XXI)

Reference data
To fit the spiking model, we used a library of retiags of oxytocin neurons in urethane-
anesthetised rats. Full details of these experisieate been published previously
(15,16,37). In brief, neurons were recorded fromgtpraoptic nucleus using a
transpharyngeal surgical approach, and were amtidedly identified as projecting to the
posterior pituitary. Oxytocin neurons were idewrtifiby their excitatory responses to i.v.
injection of CCK, and spike times were collectethgsSpike2 software (CED). Model data
was compared to recorded spike activity by comggitie interspike interval distributions (in
5-ms bins) and by comparing the index of dispersibfiring rate, calculated as the ratio of
variance to mean rate for binwidths of 0.5, 1, and 8 s.

To fit the secretion model, we used data from timdependent data sets:

1. InBicknellet al. (25) and Bicknell (26), oxytocin release from &teld rat posterior pituitaries was
measured by radioimmunoassay after:

e 20-min periods of 13 Hz stimulation
e 18, 36, 54 and 72-s periods at 13 Hz

e 156 pulses at 6.5, 13, 26 and 52 Hz

2. In Bondyet al.(27), rat posterior pituitaries were stimulatedha800 pulses at 1, 4, 8, 12, 20 and 30
Hz. The released oxytocin was measured by radioino@ssay and normalized to release evoked by
600 pulses at 12 Hz.

To fit the diffusion model, we matched data fronpesiments in rats described by Fabian
et al. (29) and Ginsburg and Smith (28), who measureshpdaoxytocin by bioassays.
Ginsburg and Smith reported that in male rats,Gr#100 g bolus injection of oxytocin
disappears from plasma with an apparent half-lif&.65 + 0.13 min (1.73 £ 0.1 min in
female rats). Fabiaet al. found that, after a constant 30 min infusion oftoxin at rates
between 550 and 13200 pg/min/100 g body weighgmpéaoxytocin concentrations fell to
50% of the initial value in a median time of 12@&sd continuously infused oxytocin was
distributed in an apparent volume of 7.3 ml/100gyweight. Assuming a plasma volume
of 3.4 ml/100g body weight, we calculate a plasm@gartmentCpasma= 8.5 ml for a 250 g
rat, and an extravascular fluid compartm€pir = 9.75 ml. Fabiaet al. measured the peak
concentrations just before they stopped their iofus (Table 3). Ginsburg and Smith
measured the peak value 1 min after the injectfat0 ng/100 g oxytocin in male rats
(average 46 ng/ml). Finally, we mimic the clearafxend in rats with the kidneys or the
splanchnic area clamped and with both areas clarfifsdes 3 and 4).

To fit the combined model, which includes the spikisecretion and diffusion, we used
four sets of plasma measurements of oxytocin freskependent experiments in which rats
were given an i.v. injection of CCK.
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- conscious virgin female rats, in which blood séapvere taken before and after i.v. injection @f 2
pag/kg CCK (38).

- conscious male rats in which blood samples tddefare and after i.v. injection of 10 pg/kg CCK )19

SOCIETY

- two groups of anaesthetized female rats, in whicled samples were taken before and after i.v.
injection of 20 pg/kg CCK (39).
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Results

Reference data

We selected 23 recordings from oxytocin neuronsghawed a fast and clear response to
CCK and in which the firing rate subsequently reédf to the initial level. The 23 cells had a
mean (SD) spontaneous firing rate of 2.5 (0.3Rexis (range 0.02-7.9 spikes/s), measured
as the average over 4-min before injection. This cebponded to i.v. injections of 20 ug/kg
CCK with a mean increase of 1.46 (0.74) spikesisde 0.57-3.6 spikes/s), measured as the
difference between the basal firing rate and trerage over the 5-min after the injection
(Fig. 2a). The decay of the mean response fromdtesinjection was well fitted by a single
exponential equation with a half-life of 230 & ¢®.88) (Fig. 2a).

Spiking model

For the spiking model we chose a basal mean P8RT&2092/s (basal EPSP rate is equal to
basal IPSP rate) to match the spontaneous firitegafa2.5 spikes/s. After 5 min of basal
activity, we simulated an injection of CCK as alim increase in mean EPSP frequency over
20 s that declined exponentially to the basal ER&Pwith a half-life of 230 s. These values
gave a close match to the average response pobfie reference set of oxytocin neurons to
CCK (Fig. 2b). Figure 2b shows the average of 2% mf the spiking model. The variability

of this average is less than the variability of éverage of the reference data: the 23 model
neurons are all identical and firing at the samammate, while the neurons in the reference
data differed in intrinsic properties and meamfjrrates.

The spiking model reproduces various statisticarabteristics of single oxytocin cells
(Fig 2c¢). Thus, for the neuron shown in Figure 2mmodifying only the basal PSP rate (Table
1b), the model matches mean spike rate over théewhoording (Fig. 2c1), simulating the
firing rate increment response as an increase BFERte that modifies the oxytocin neuron
spiking activity (Fig. 2c2). The model also matchesl the interspike interval distribution
(Fig. 2c3), and mimics the index of dispersionhs firing rate during the complete
recording, which measures the variability of spi&ie at different bin widths (Fig. 2c4).

Secretion model

To model stimulus-secretion coupling, we modified previously published vasopressin
secretion model (24) to match data from three erparts where oxytocin secreted from
isolated posterior pituitaries was measured. Weiokied these protocols in the spiking
model, progressively adapting the secretion maulét the oxytocin data by changing six
parameter valuesy, cy, &, B, a andy).

In the first of these experiments (26), 156 pubses.5, 13, 26 and 52 Hz were applied to
the posterior pituitaries (Fig. 3al). The seconare® of experimental data (27) followed a
similar protocol, this time stimulating with 600lpes at 1, 4, 8, 12, 20 and 30 Hz (Fig. 3a3).

In the third set of data (25), isolated rat posiepituitaries were stimulated vitro at 13
Hz for 18, 36, 54 and 72 s in a randomised ordegy. @b1). This third set of data are critical
for estimating the temporal profile of secretiongddhey showed that, unlike vasopressin
secretion, which shows fatigue, oxytocin secretsorelatively stable over time in response to
a constant frequency of stimulation. The modifieade fits all three sets of data well (Fig.
3a2, a3, b2).

How the changes in model parameters were arrivedilstrated in Figure 4. In the
vasopressin model, the submembran& €ancentrationd), which has a direct role in
exocytosis (equation XIX), displays fatigue atranfy rate of 13 spikes/s, and the rate of
secretion declines during constant stimulation.(B&). This is inconsistent with the
experimental oxytocin data. In addition, vasopmessicretion per pulse declines at
frequencies above 13 Hz, whereas oxytocin secréitacilitated. Reducing the broadening
of spikesk, (Fig. 4b1) reduces secretion at low frequenciekiacreases secretion at high
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frequencies by reducing €ainduced inhibition of C& entry, and reduces but does not
eliminate the fatigue. Increasimegto weaken the Gainduced inhibition of C& entry
enhances secretion, particularly at high frequen@ey. 4b2), but fatigue is much more
prominent after this change. Raisiagto reduce the sensitivity to cytosolicGaeduces
C&*-induced inhibition of C& entry and so eliminates fatigue. Combining théseet
changes matched the frequency response (Fig. dapakch the slope of the temporal
response to a constant frequency of 13 Hz, werasded to change the exponent in the
secretion equatiory, from 3 in the vasopressin model to 2, indicatngmaller cooperative
activation of exocytosis (34).

The constant factar scales the output of the model quantitatively gasured oxytocin
levels. In rats, milk-ejection bursts typically ¢am about 100 spikes over about 2 s and
release about 1 mU (2.2 ng) of oxytocin (22). &gtti = 3, the model simulates a release of
~2.27 ng in response to 2 s of stimulation at 5kess. This increase necessitated an
increase in the scaling factor for the pool reflie,3, from 50 to 120.

Spiking plus secretion model

We used the combined model to explore how the sgikesponse to CCK varies with the
dose of CCK and with the basal firing rate, and hloat response affects secretion. We chose
basal firing rates 1, 3 and 5 spikes/s, spanniagdhge in the reference data, and simulated
CCK injections of 5, 10 and 20 pg/kg. Each combamatvas run 20 times (differing by the
random differences in PSP arrival times) and tkselte were averaged. Each response was
calculated as the difference between the averagg fiate in the 25 s after the peak response
and the basal firing rate (determined after allapémough time for the model simulation to
reach equilibrium of secretion). Comparing resperisethe same CCK dose and different
basal firing rates (Fig. 5al), the response to @Cldrgely independent of the basal firing
rate in the range 1-7 spikes/s. At 20 pg/kg, wileeee is the biggest difference, the response
from a basal firing rate of 1 spike/s (3.5 spikp& 0% greater than that from a basal rate of
7 spikes/s (2.7 spikes/s).

This consistency in firing rate responses to amgiese of CCK is not present in the
secretory response, similarly calculated as therdihce between basal levels and evoked
levels. At higher basal firing rates, the secretagponse is much greater than from a basal
firing rate of 1 spike/s for all doses of CCK (®, 20 pug/kg; Fig. 5a2). The relationship
between EPSP rate and firing rate in the oxytoelhraodel is approximately linear over the
range modelled here (7) so the firing rate incremmenesponse to CCK is relatively
independent of basal firing rate. However, the dimty dependence of stimulus-secretion
coupling makes the secretory response to CCK natly dependent on the absolute firing
rate achieved in response to CCK. Hence the segnatsponse to CCK depends on both the
basal firing rate and the dose of CCK.

The influence of the AHP was examined by compattiregresponse of the model with
and without an AHP (i.e. settingqp = 0) for a CCK injection of 20 pg/kg. With an AHihe
spiking response to CCK (about 4 spikes/s at pe@kbbl) is much less than without an
AHP (about 11 spikes/s; Fig 5b2). In the preserdi@AHP, the profile of secretion follows
that of spike activity smoothly (Fig. 5b3). By caast, without an AHP, when the basal firing
rate is 7 spikes/s, the initial high level of sé¢iomre evoked by CCK rises sharply from 40 pg/s
to 235 pg/s in response to CCK, but decreases tptopl 10 pg/s within 20 s before
declining more smoothly (Fig. 5b4).

To understand this behavior, we simulated a silyilarge spike response in the presence
of an AHP. From a basal firing rate of 1 spike/sjraulated CCK injection of 40 pg/kg
evoked a response of 8 spikes/s (Fig. 5c1), ancaae@mpanied by a smooth secretory
response (Fig. 5¢2). A larger CCK injection (100kgy evoked a response of 18 spikes/s
(Fig. 5¢3), and the accompanying secretory respaysesharply and decreased abruptly
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(Fig. 5c4), as observed in the model without an AHIB. 5b4). This feature is because of the
fatigue associated with €ainduced inhibition of C& entry (Fig. 5¢1,c3), which becomes
noticeable only above firing rates of 13 spike$hus, in the model, an abrupt pulse of
oxytocin secretion can arise at the onset of aaswsd increase in activity to a level
exceeding 10 spikes/s.

The diffusion model

To model the oxytocin concentration in plasma, weutated experiments that measured the
half-life of oxytocin in plasma and its apparenturae of distribution following i.v. infusions
of oxytocin in normal rats and in rats where theool supply to the kidneys and/or the
splanchnic was clamped (Fig. 6a). We created actovopartment model where oxytocin
secretion first enters a plasma compartment witbinge Cpjasma= 8.5 ml from which it is
cleared, and from which it diffuses to an extrawdeccompartment of volum@gyg = 9.75

ml (Fig. 1); these volumes are as estimated bydredtial. (29). We chose a diffusion half-
life (Agir = 61s) compatible with the diffusion of NaCl beemeplasma and extravascular fluid
(40). With those parameters, we matched the expeatiah data from continuous infusion
studies (29) with a clearance half-lifg. = 68 s (Table 3). Using the same parameter values,
we can also match the observed oxytocin clearaiteeabolus injection of oxytocin (28)
(Fig. 6b).

Spiking, secretion and diffusion models combined

Combining the spiking, the secretion and the diéfnsnodels, we tried to match the oxytocin
plasma concentration measured in experiments WBEK was injected in rats. In the first
experiment (38), 23 rats were injected with 20 ggZiCK. In the second, seven rats were
injected with 10 pg/kg CCK (19). Lastly, two groupfs39 and 25 rats were injected with 20
pno/kg CCK (39). In all cases, oxytocin was measimedadioimmunoassay, but in the first,
third and fourth cases, the assay used was thdigothiet al (41) and oxytocin was
measured in unextracted plasma. The second setahtkasured oxytocin after plasma
extraction using a different antibody.

We matched the first set of data (Fig. 6¢1) by $atog a basal firing rate of 2.4 spikes/s,
increasing the EPSP rate after 5 min with a sinedlatjection of 20 ug/kg CCK (i.e. by the
amount determined by the fits of the spiking mddeieuronal responses to CCK; Fig. 2). In
the second set of data, the oxytocin concentratidmot return to the original baseline level
after the CCK injection, and we simulated a basald rate of 0.8 spikes/s that fit the final
oxytocin concentration, not the initial concenwat(Fig. 6¢2). In the third set of data, we
simulated a basal firing rate of 1.7 spikes/s tocm#he average of initial and final oxytocin
concentrations (Fig. 6¢3) and in the final set,matched initial and final oxytocin
concentrations with a basal firing rate of 0.9 spik (Fig. 6¢4). For each set of data, there is
a close match to the oxytocin concentrations measurthe 15 min after CCK injection.

Therole of the AHP
As shown previously (21), the AHP “smooths” theniiy rate of oxytocin cells reducing its
variability, and it reduces the amplitude of thepense to CCK (Fig. 7a). As we predicted,
the AHP has an even bigger effect in reducing dré&ability (SD) of basal oxytocin secretion
(Fig. 7b) and basal oxytocin concentrations (Fg. 7

We went on to study why this reduction in variagiight be important. We used the
model to mimic the same firing rate response toralsted challenge with and without an
AHP. We ran the model with an AHP 20 times (randong the PSP arrival times) to
produce an average basal firing rate of 1.5 spskes/d simulated the response to 10 pg/kg
CCK. Then, we ran the model without an AHP, adpgthe mean PSP rate to produce the
same average basal firing rate, and challengedhtassimulated injection of 5 pg/kg CCK
to evoke a similar firing rate response. Althoulgé firing rate responses to CCK are similar
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in magnitude, they differ in variability. With anH®, the mean (SD) second-by second
coefficient of variation of firing rate (SD/meam) the 20 runs for the 50 s before CCK plus
the 300 s after is 0.43 (0.11) (Fig. 8a), compaoe@ 60 (0.13) for the model without an AHP
(Fig. 8b). For secretion: the corresponding cogdfitof variation is 0.54 (0.12) in the model
with an AHP (Fig. 8c), compared to 0.81 (0.17)he model without an AHP (Fig. 8d).

To illustrate how this reduction in variability Ipslto distinguish between different levels
of mean activity, we ran the model with and withantAHP for 20 min at mean firing rates
of 1, 4, and 7 spikes/s. The modeled secretioresaccording to the history of activity and
secretion, so we plotted the actual firing rateach 6-s bin against the secretion in that bin
(Fig. 8e-f). In the model with an AHP, the ratesetretion are consistently separated (Fig.
8e), but in the model without an AHP they overlapstantially (Fig. 8f).

Finally, we considered how the AHP affects theatglity of the signal from a single
oxytocin neuron. We ran the model with and withaatAHP, as a single neuron firing on
average at 1, 3 and 7 spikes/s. We calculated wbiagase in EPSP rate in each condition
would raise the mean firing rate by 1 spike/s oaerage. We then tested the model with a
pattern of EPSPs that alternated between the hi{ghallenge) and lower (basal) level, for
different durations (1-50 s), and for a total rdri®0 min (Fig. 9), and compared the
modeled total secretion during each challenge dpisdgth that in the preceding basal
episode. If the secretion during the challengeagleslid not exceed that during the
corresponding basal episode, we registered thas‘dstection error”, and counted the
number of such errors in each trial.

The error rate is consistently much higher withamutAHP: for example, at 3 spikes/s, 1-s
challenge episodes are not detected in 37% o$toiga neuron without an AHP, but in only
20% of trials of a neuron with an AHP (Fig 9c-d).

Heterogeneity in basal firing rate and response to CCK

In the reference data, the basal firing rate aedésponse to CCK are both heterogeneous:
the mean SD of the basal firing rate (in 1-s bwma} 2.34, close to the SD = 2 reported
previously for oxytocin neuron firing rates (37hig increased to 2.84 over the 5 min after
injection of CCK, also consistent with previousalél5). To evaluate how that heterogeneity
affects secretion, we ran the model with the reedrgpike times of those 23 neurons,
obtaining the predicted secretion and its meanB® 10a).

In Figure 2, we simulated the average responseoskt 23 neurons using 23 runs of a
single model neuron with randomised input arrivalels at the same mean rate. This gives a
much lower SD of firing rate (Fig. 10b1). Moreovalthough the averaged modelled
secretion was close to the predictedivo secretion (Fig 10bl), the mean basal secretion
(3.34) is much lower than the predicted mean besailetion (7.11). That leads to an
overestimate of the predicted basal firing rate mfitting the model to plasma oxytocin
measurements, as we did in Fig 6¢. The SD of tbee8en rate was also much lower.

Therefore, we introduced heterogeneity in our mégedimulating a population of 23
neurons with independently generated values for R&P(;. andl,; sampled from a
lognormal distribution with mean (SD) = 292 (2929¢ Table 5) to closely match both the
average firing rate of the reference neurons aadt of their basal firing rate (Fig 10b2).
However, the SD of the firing rate of the heteragmms model cells did not change after
CCK (2.23 at basal level and 2.24 after CCK). Cgusetly, the secretion rate is similar to
the predicted secretion from the reference neuabtise baseline, but does not reach the
predicted levels of CCK response.

We therefore also introduced heterogeneity to t6& Cesponse by simulating a
lognormally distributedkcck of mean (SD) = 20 (20). With that change, the imadcthe
firing rate was still good and the SD of the bdsalg rate (2.21) and the SD during the 5
min after CCK (2.93) were close to the referenda deig. 10b3). In addition, the model
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mimicked the predictenh vivo secretion closely in both average and SD (seecTalbr the
parameter values of the 23 neurons).

To study the impact of the AHP, we made the AHPan@, in the model without
heterogeneity we reduced the basal PSP rate fr@éo2203.5 an#tcck from 20 to 7 to
match the mean firing rate of the reference dat@1Bcl). The resulting SD of the firing rate
was 1.33 at the basal level and 1.71 after CCK {Bigfl). The secretion still matched the
predictedn vivoreference data but not the SD. We then introdbegerogeneity by varying
the PSP rate (lognormal distribution with mean (S[203.5 (203.5)) ank-ck (lognormal
distribution with mean (SD) = 7 (7)). This gaveassed mean basal firing rate of 3.06
spikes/s, and a mean response magnitude of 1.8sgpikver the 5 min after CCK (Fig 10c2).
The firing rate SD was 4.27 at basal and 4.9 &K, much higher than in the reference
data. The close match to predicted secretion waeigdee Table 5 for the parameter values of
the 23 neurons without an AHP). Thus a close mettdioth the mean and the variability of
the reference data)was obtained by modeling a population of neumasching the
heterogeneity of those data using a model with H? Abut not by using a model without an
AHP.

Discussion

In the present study, we used a previously puldishegrate-and-fire based model of
oxytocin neuron activity. We have shown elsewhbed this model is closely consistent with
a Hodgkin-Huxley type model that represents the AHB HAP in a biophysically
meaningful way consistent with experimental daterfin vitro experiments (7). Real
oxytocin neurons vary in their intrinsic propertigstheir basal firing rates, and in their
responsiveness to CCK. In the present study, warbbyg considering the population of
oxytocin neurons as identical, differing in theghavior only as a result of differences in the
random arrival times of PSPs. The model neurons@aneever ‘typical’ of real oxytocin
neurons, and we simulated a response to CCK thhemthe average response of real
neurons to CCK. We did so by the minimalist assummgihat the mean rate at which EPSPs
arrive is proportional to the CCK concentratiorplasma, which decays exponentially to
zero after bolus injection. The decay of plasma GSkKmated in the present study from the
recordings of oxytocin cells (230 s) is close te half-life of CCK measured in human
plasma (about 4 min) (42).

To this spiking model, we added a model of stinndesretion coupling adapted from a
model used previously to model stimulus-secretmmpting in vasopressin neurons. We
adapted that model to match four sets of publisted on oxytocin secretion from isolated
posterior pituitaries

The model expresses the rate of oxytocin secrétion a single neuron as a continuous
variable. This understates the variability of sgorefrom a single cell. Oxytocin is secreted
in discrete packets — vesicles that each contante®b,000 molecules of oxytocin - and the
rate at which these vesicles are secreted fromghescell at baseline is low — about 1-4/s
(43). A more accurate model would represent senrets a stochastic process, not as a
continuous deterministic process. In the contexhefpresent model, we can better
understand the variable){ described here as representing the rate oftsmcras rather
reflecting the instantaneous probability of vese@cytosis. However, as we are using this
model to simulate the total secretion from the pafpon, it seemed reasonable to accept a
continuous representation of secretion as apprdaxignéhe average of many stochastic
processes.

The secretion model is a highly simplified repréagan of mechanisms in the nerve
terminals. The terminals express a variety of @aannels (44) and there is evidence that
Cd" release from intracellular stores also has a(#8¢ Exocytosis is also modulated by
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activity-dependent secretion of several modulatoduding ATP (46), adenosine (47) and
endogenous opioids (48,49). The terminals do notato clearly separate pools of readily-
releasable and reserve vesicles, but rather adgeteeous population differing in
releasability (50). Other mechanisms also affantdtus-secretion coupling, including
changes in axonal excitability that result fromiatt-dependent changes in extracellular
potassium concentration (51,52). In this studymupose was not to construct a detailed
model of all of the mechanisms that contributetimglus-secretion coupling, but rather to
produce a minimalist model that by matching avadatata on stimulus-secretion coupling
would enable us to predict secretion from spikiogvity (31,52-54).

Combining the spiking model with this secretion mloallowed us to model the activity-
dependent output of oxytocin cells. To relate thismeasurements of secretiornvivo, we
needed to scale the output of the model by choasingppropriate value for the scaling
factora. Thein vitro measurements used to fit the model report variab$olute levels of
oxytocin secretion; in these experiments glandsmapaled on stimulating electrodes, and
exactly where the glands are impaled will determuh@t proportion of the axons are
stimulated, and there will be variable damage tmnax Stripping neural lobes from the
adjacent intermediate lobe reduces the volumessfi impaled and makes it more likely that
the tissue is effectively stimulated, but entarsager tissue damage. In such experiments
(55), 6 min of stimulation at 13 Hz released up tag oxytocin. Matching this with the
secretion model suggests a valuecef 1.5 as a lower bound of plausible values. Waker|
and Lincoln (22) estimated stimulus-evoked releadactating rats by stimulating the neural
stalk and comparing the resultant increase innmméramary pressure with that evoked by i.v.
injections of oxytocin: they estimated that abounll was released by 4 s of stimulation at
50 Hz, consistent with = 2. However, the response to stimulatiowivo varies with the
precise placement of the electrode and with tmewdtis current used. There is one
circumstance, which does not involve that uncetyaiim the anesthetised lactating rat,
suckling evokes intermittent milk-ejection bursisoixytocin neurons which typically contain
between 50 and 100 spikes and which last for abaufThese bursts produce an abrupt rise
in intramammary pressure that can be mimicked\bynjection of 0.5 - | mU oxytocin (1.1 -
2.2 ng). The release of 2.2 ng oxytocin by 2 giofigation at 50 Hz in the model is closely
approximated by a value af= 3, which was chosen for subsequent tests afnibael.

To predict the consequences of oxytocin secretopliasma concentrations, we also
needed to model the clearance of oxytocin. Eadgliet in the rat studied clearance in two
ways: by infusing oxytocin continuously and measgithe achieved concentration at
equilibrium and the decline after stopping infus{@8), and by injecting large amounts as a
bolus and measuring the decline (28). In the foroase, experiments studied the
mechanisms of clearance by clamping vessels tkitiieys and splanchnic area. These two
sets of data could mostly be well matched by a ¢tampartment model, except that, in data
from rats with venous clamps, oxytocin concentraicemained elevated above predicted
levels in a way that Fabiaat al. (29) proposed arose from a time and surgery-degygnd
increase in the apparent distribution volume. This did not attempt to mimic in the model.

Having selected a value far and with a validated model for plasma cleararice o
oxytocin, we could use the model to predict thengjas in plasma concentration that result
from the response of oxytocin neurons to CCK. R, twe had four sets of data in which
oxytocin was measured in different conditions (comss and anaesthetised rats, male and
female rats) at two different doses of CCK and gigwo different radioimmunoassays.

Matching the initial basal level of secretion ie$e data implied differences in the basal
firing rates of oxytocin neurons in the four comutits. The mean basal firing rates inferred
from the model were 2.4 spikes/s for conscious femats (Fig 6¢1), 0.8 spikes/s for
conscious male rats (Fig 6¢2), and 1.7 spikes/9ahdpikes/s for urethane-anaesthetised
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female rats (Figs 6c3-4). These are lower tharb#sal firing rates recorded from the
supraoptic nucleus of urethane-anaesthetised Viegnale rats which are generally about 2.5
spikes/s (37,56), but this difference is as exgkae/en that the electrophysiological
recordings are from rats in which the hypothalamas been exposed by transpharyngeal
surgery. The trauma and blood loss entailed inghiigery increases the basal activity of both
oxytocin and vasopressin neurons. Across thesesfetgrof data there is good agreement
between model predictions of the response to CGKexiperimentally measured levels.

We went on to use the model to investigate theabtbe AHP. This activity-dependent
potential, which is pronounced after high frequespiking, is important in shaping the
profile of milk-ejection bursts (57). However, tA&iP is also active at low basal firing rates,
and it both restrains basal activity and reducesvtriability of firing rate (21). Secretion is
coupled non-linearly to firing rate, and as a resudriability of firing rate produces an
amplified variability of secretion.

The extent of this variability is illustrated ing=i8, which shows that for an oxytocin
neuron firing at 7 spikes/s, the secretion in 6rS Iis very variable, but is always distinct
from the secretion resulting from a firing ratedo$pikes/s. However, for a neuron without an
AHP there is considerable overlap: the mean sg@tecannot be reliably estimated from the
secretion measured in a given 6-s bin. This vdrigis of little consequence to plasma
levels in the rat: oxytocin in plasma has a hd#d-6f about a minute, and levels reflect the
activity of about 9000 neurons. However, for sntadlieimals, such variability may be more
problematic. In zebrafish for example, the orthabd@xytocin, isotocin, is expressed in only
a few tens of neurons (58).

In mammals, small subsets of magnocellular neupooigct to diverse sites in the brain,
and at these sites, stability of oxytocin secretates might also be important. We have
shown (Fig 9) that even changes in spike activigt have large functional consequences (1
spike/s) cannot be consistently detected as changesretion from a single neuron unless
secretion is averaged over many seconds. Withoaih only the average secretion over
30 s will consistently reveal a rise in mean firnage. Thus, the output of a single oxytocin
neuron is a very noisy reflection of the signalk tihetermines the mean level of its afferent
inputs, but the presence of an AHP markedly entmitsesignal detection ability. This may
be important for a small population of neurons|uding for the small subsets of oxytocin
neurons that project to various forebrain sites,iomuch less important for the large
population that projects to the pituitary.

An important consideration in inferring physiologisignificance to the behavior of a
single neuron is how population heterogeneity neayper those inferences. Oxytocin
neurons are certainly heterogeneous — in their fiizgisg rates, in their responsiveness to
physiological stimuli, and in their intrinsic menalme properties including those that
determine the HAP and the AHP. Here we

simulated some of this heterogeneity by runningsingle neuron model with varied
synaptic input rates, and by introducing variapiiitto the simulated CCK challenge. The
activity dependence of the AHP means that it hstsanger inhibitory effect on more active
neurons, pulling them closer to the mean firing ratus, as well as reducing signal
variability within single neurons, the AHP redudks variability of firing rate of a
heterogeneous population (Fig. 10), with an evegelaeffect on the variability of secretion
rate because of the non-linear coupling of firiaterto secretion.

A full appreciation of the effects of heterogenegyeyond the scope of the present
paper. It remains to be determined how variabititintrinsic properties interacts with
variability in input rates, and how variability the population signal affects secretion might
depend on assumptions about the independenceutfsigmals. Each oxytocin neuron
receives many synaptic inputs, and it is likelyt tin@se are from overlapping subsets of a
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larger pre-synaptic population, resulting in maeyrmons receiving the same input noise.
There is extensive data already in the literaturéath the electrophysiological responses of
oxytocin neurons to different stimuli and on asaten plasma oxytocin responses, giving a
potentially rich source of material to test andnmethe present model.
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Figure 1. The combined spiking, secretion, and diffusion model. The integrate-and-fire
based spiking model responds to randomly arriviS&$ The i.v. injection of CCK is
simulated as an exponentially decaying incremettienmean arrival rate of EPSPs. The
resulting spikes become the input of the secretiodel. In that model, spike-induced®a
entry at secretory terminals is positively modulldbg activity-dependent spike broadening
(b), and negatively modulated by fas} &nd slow ¢) C&* variables that inhibit spike-
induced opening of Gachannels (24). The secretion rate (s) is the prodithe releasable
pool (p) ande. When depleted, poglis refilled from a reserve poal)(at a rate dependent on
the pool content. Oxytocin in plasmg (s cleared with an exponential decay, and difuse
between the plasma and extravascular flhigd) according to the concentration gradient.

Figure 2. Responses of oxytocin neuronsto CCK, and simulation in modél cells. a) The
average response (in 1-s bins) of 23 oxytocin n&uto i.v. injection of 20 pg/kg CCK. The
response decays exponentially with a best-fit hi@fef 230 s (dotted line}) Response of a
model oxytocin cell to a simulated challenge witGKG simulated as an increase in PSP rate
that decays exponentially with a half-life of 230vsatching the measured half-life of CCK in
plasma. The simulation was run 23 times with ddfegrmrandom seeds, and the figure shows
the average (see Tables 1&2 for model parametets A typical response to CCK from a
single oxytocin cell (white dots). With a modellgélack dots) that has a HAP and an AHP
it is possible to match this response closely. matar values for the model are in Table 1.
c2) In this simulation, CCK increases the EPSP raieinicrease decays exponentially with a
half-life of 230 msc3) The ISI distribution, constructed from the comelattivity shown in
cl, shows how often two consecutive spikes havarticplar distance between them; the
distribution from the model cell (black dots) clbsmatches that of the recorded cell (white
dots).c4) The index of dispersion measures longer timesaile patterning, showing how
spike rate variability changes using different Widths, again from the entire activity shown
in c1). The model (black bars) closely matchesvéilaes measured in the recorded oxytocin
neuron (white bars).
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Figure 3. Oxytocin secretion model dynamics. Oxytocin secretion follows a non-linear
function of the spiking activity. We adapted a poexs model of vasopressin secretion (white
squares) (24), modifying six parameter values taiolour oxytocin model (white triangles).
With those changes, we matched the oxytocin secrétom experiments (white circlegl)
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In Bicknell's experiments (26), when posterior fdies were electrically stimulated with
156 pulses at 6.5, 13, 26 and 52 Hz, vasopressretgm (white squares) was maximal at 13
Hz. By contrast, oxytocin secretion (white circleshtinued to increase up to 52 t42)
Matching the data from Bicknell (26) with the oxgio model.a3) Using the same
parameters, we also obtained a good match to dataBondyet al. (27). In those
experiments, glands were stimulated with 600 pusds 4, 8, 12, 20 and 30 Hz, and evoked
secretion (S2) was expressed as a rat®lofa reference secretion produced by a preceding
stimulus at 12 Hzb1) In Bicknell et al. (25), glands were stimulated at 13 Hz for 18-72 s:
vasopressin secretion peaked during the firstd@dsshowed subsequent fatigue (white
squares), whereas oxytocin showed a consistentmesgwhite circlesh2) We matched

that response with the model using the same paessn@s$ in a2) and a3). The six
parameters changed from the model of vasopressietsmn (24).

Figure4. Transition from a vasopressin secretion model to an oxytocin secretion model.

In both models, secretion is proportional to thiersembrane CGa concentratiore. We show
here howe changes during 24-s of stimulation at constamsrat 6.5, 13, 26 and 52 spikes/s.
a) In the vasopressin model, for stimulations atZBand 52 spikes/s,reaches a peak

during the first 2 s of stimulation, followed bytifgue. Neither the fatigue, nor the early peak
is present at 6.5 spikes/s. To obtain the frequémaiitation seen in Fig. 3, we need to
eliminate the fatigue at 13 spikes/s and increlasedsponse at higher frequencleb.
Decreasingd, produces less saturation at high frequencieseasing the difference between
responsed?) Increasingg increases the peak response, especially at higiles rates, but
does not reduce the fatigus8) Increasingsy eliminates the fatigue but does not separate the
responses to different stimulation frequencg@<ombining these three changes reproduces
the frequency-facilitation of secretion while elmating fatigue at 13 spikes/s.

Figure5. Oxytocin spiking and secr etion response to CCK. al) Model oxytocin neurons
respond to CCK by increasing their spike activitgependently of the basal firing rate. The
graph shows the increments in spike activity ofadel cell responding to simulated
challenges with different amounts of CCK (5, 10 20dug/kg), from different basal firing
rates (1, 3, 5, and 7 spikes/s). The same modebnevas tested 20 times, receiving random
PSPs with the same average rate of 165, 348, B83% PSPs/s2) In the same
simulations as in al, the secretion response depamthe basal firing ratbl) Large
differences in basal firing rate (1 spike/s in Blag spikes/s in grey) do not drastically
change the firing rate response to COGR) The same simulations as in b1 but in a model cell
without an AHP. The presence of an AHP greatly cedithe response to CCii3,4)

Secretion corresponding to the simulations in bIt#a evoked secretion is strongly affected
by the basal firing rate due to the non-linearityh® secretion response.d, the secretory
response to CCK in a model cell with a basal firiage of 7 spikes/s and no AHP shows a
marked initial peakcl) When a model cell firing at 1 spike/s is challethgéth a large CCK
injection (40 pg/kg), the firing rate response elggollows the change in the model variable
e. c2) The secretory response to the challenge illiesdratcl. c3) In response to a still larger
challenge (100 pg/kg CCK), the firing rate respomag a similar shape as in cl1). Howeeer,
follows an acute initial increment that is not mained, due to the negative feedback
provoked by [C&]. c4) Due to those changesénamplified because secretion is
proportional toe?, oxytocin secretion follows the biphasic patternestsed inb4.

>
o
9
°
=
b
W
o
=
c
L
L]
—
S
I_
o
<
L
O
Z
<
>
@
<

Figure 6. Two-compartment diffusion model and oxytocin plasma responseto CCK. We
calibrated our two-compartment diffusion model wdita from two i.v. oxytocin protocols:
after a long infusion and after a bolus injectidre then simulated the plasma oxytocin
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response to CCK to compare with four experimenaghsktsa) Oxytocin clearance after 30-
min infusion of 3 ng/100g body weight/min oxytocBlack dots, white triangles and light
grey diamonds show the plasma oxytocin measuredif2tbrmal rats (black circles), rats
with the kidneys or the splanchnic area clampedy(griangles) and rats with both set of
organs clamped (grey squares). Thick, normal, himdiack lines are the model results
following simulations of the same protocol. Thegmaeter values are given in Tableb}.
Mean (SE) plasma oxytocin after bolus (2-s) inmtif 440 pg/100g of oxytocin ((28),
white dots), matched (black line) by a model wiite same parameter values as used ic) a).
Adding the diffusion model to the spiking and séioremodels (solid lines), we can match
the CCK experimental response in plasma (openesingith SE shown) from four data sets
by changing the basal PSP rate to match the firgtramental point, and emulating the
amount of CCK injected:l) Data from 23 conscious female rats injected wittug/kg

CCK (38).c2) Data from 5-10 conscious male rats given 10 p@&i (19).c3) andcd)
Anesthetized female rats injected with 20 pg/kg d@n (39). Modeled data are shifted by
60 s in c1 to c4, assuming that the CCK injectiese given slowly. The other model
parameters are as obtained to match the spikippnse to CCK (Table 1).

Figure7. Theeffect of the AHP. The AHP affects the baseline behavior and theomrese to
CCK (20 pgl/kg i.v.) in the spike rata)( secretionlf) and plasma concentratiot).(SD:
standard deviation during the 1200-s period be®@€«K injection.a) The model was set to
produce a basal mean firing rate of 1 spike/s, wimcreased to 4.9 spikes/s after CCK
(black). Removing the AHP (grey), but keeping tame initial PSP rate, produces a slightly
higher basal firing rate and a much greater resptm&€CK. The basal firing rate, measured
between 800 and 2000 s, is less variable with aR Atan without it as apparent from the SD
(bars).b) Secretion is a non-linear function of the firirda. When there is a fast change in
firing rate, the non-linearity provokes a very muatger secretory response in a model
without an AHP. The basal secretion rate is mush l@ariable with an AHP than without it.
¢) Without an AHP, the oxytocin plasma concentratimreases hugely in response to CCK
injection. Before CCK, the basal oxytocin concetidrain plasma is much less variable with
an AHP than without it.

Figure 8. Theroleof the AHP in signal response. (a-b) Average firing rate of 20 runs of
the same model cell. We compare average spikingacamtion responses to CCK when
there is an AHP in the modeal &ndc) and when there is ndb @ndd). Means are in black
and SD in greya) Modeling a basal firing rate of 1.5 spikes/s vatRSP rate of 210/s and an
AHP. In response to a simulated injection of 10kggthe model cell responds with an
increment of ~ 2 spikes/b) To obtain a similar average response without ai® Aike

reduced the PSP rate to 165/s and the CCK injetdi&nug/kg. Although the mean

responses are similar, the SD (grey) is much langgirout an AHP ) andd). Secretion rates
accompanying the firing rate simulationsajnandb). Secretion shows an even bigger
difference in variability without an AHP due to then-linearity between secretion and firing
rate.e) Another way to see the role of the AHP is to labloxytocin secretion in 4-s intervals
in response to PSPs at a constant mean rate. lalsnoth and without an AHP, PSP rates
were chosen to produce mean firing rates of 1,d47aspikes/s (large diamonds). Because of
the randomness of PSP arrival times, the firing vairies from interval to interval around
these means, and this variability is greater witteduAHP. This variability is amplified by

the non-linearity of stimulus-secretion couplingneldot clouds represent the firing rates in 6-
s intervals and the concurrent secretion durind$2@hen the modeled neuron produces
average firing rates of 1 (dark grey crosses) rdy(gircles) and 7 spikes/s (black pluses). In
a model with an AHP, the firing rates and secreti@asured in every interval both
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consistently distinguish the three levels of PSE.ria a model without an AHP, there is
extensive overlap.

Figure9. Theroleof the AHP in the detection of atransient signal. a) We ran the model
as a single neuron with a mean basal firing ral® @ 1, 3 and 7 spikes/s. By modifying the
EPSP rate, we raised the firing rate by an avesfdespike/s for a 10-s challenge episode
every 20 s for 100 min. The graphs plot the modéputs (firing rate, secretion per second
and secretion per 10-s) for a model neuron firing spikes/s for the first 100 s of the
simulation.b) as in a) but for a model with no AHP. Note thad)nepisodes of greater EPSP
rate are consistently associated with greater 8enr@as measured in 10-s bins), but this is
not true of a model with no AHB)-€) Similar experiments to those in a) and b) were
performed to assess challenge episodes of diffelgation (1, 3, 5, 10, 15, 30 and 50 S). ¢)
Shows the percentage of errors for a neuron fising basal firing rate of 1, 3 and 7 spikes/s
when there is an AHP. d) Same but without an AKRalll cases, there is a much smaller
error rate when there is an AHP.

Figure 10. Heter ogeneity in oxytocin spiking activity and responseto CCK. From left to
right, each set of panels shows the average frateyof the 23 neurons (in 1-s bins), the SD
of the firing rate, the predicted vivo secretion (in 1-s bins), and the SD of the predict
secretiona). shows data from the 23 reference neurob&sAverages of 23 runs of the
model with random PSP arrival times at a fixed P&E. The SD of the basal firing rate is
much smaller than ia, and does not increase after CCK. The basal secrstlower than in
a but the increment after CCK (~20 pg/s) is simildne SD in the model is also much lower
than ina. b2) To simulate heterogeneity in oxytocin neuronsyvaeed the basal PSP rate
using a lognormal distribution. The heterogeneigyvates the SD to the level & but the SD
still does not increase after CCK. The secretiariase to that ira. b3) Adding heterogeneity
to the response to CCK gives a very close mateil fwanels ira. c1) In 23 homogeneous
model cells without an AHP, a match to the meandirates of the reference neurons is
obtained by reducing the basal PSP ratekapd The SD of the firing rate is lower thanan
but higher than ifb1. The basal secretion and the SD of secretioncaverlthan ira. c2)
Adding heterogeneity to the model without an AHBduced a higher basal firing rate and
smaller response to CCK, but greatly increase&of the firing rate and the secretion rate
to levels much higher than & Thus a close match to both the mean and thebikiyeof the
reference dataa] was obtained by modeling a population of neumoasching the
heterogeneity of those data using a model with HP Abut not by using a model without an
AHP. The parameter changes used for the simulatbog/n are given in Table 5.

Table 1. Top) Parameters of the integrate-and-fire spiking moaeh parameter values
chosen from (21) and CCK parameters, as used éagithulations in Fig. 2Bottom).
Parameter changed from Top) to match a single okytweuron recording as seen in Fig 2c.
In subsequent simulationise andlri were kept equal to each other but were varied to
produce different basal firing rates as appropridie other parameters were unchanged from
the upper table.
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Name Description Value | Units

I excitatory input rate 292 Hz

lyi inhibitory input rate 292 Hz
iii epsp EPSP amplitude 2 mV
™ ipsp IPSP amplitude -2 mV
ZE Ao PSP half-life 35 | ms
E'_EG Kiiar HAP amplitude per spike 30 mV
o0 AHAF HAP half-life 7.5 ms
av Karie AHP amplitude per spike 1 mV
& Ao AHP half-life 3/ | ms
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Vresi resting potential -56 mV
Vinrest spike threshold potential -50 mV
Acck CCK half-life in plasma 230 S
CCKyur CCK injection duration 20 5

Keex CCK i.v. injection 20 ua/kg
Ire excitatory input rate 210 Hz

Table 2. Secretion model parameter values, modified froenpirameters used for a model
of vasopressin secretion (24) as described in dsRs.

Name Description Value Units

ky broadening per spike 0.021 -

Ay broadening half-life 2000 ms

Dpase basal spike broadening 0.5

ke max cytosolic C4 per spike 0.0003

e cytosolic C&' half-life 20000 | ms

ke max submembrane Eger spike 1.5

Ae submembrane Chhalf-life 100 ms

Cy threshold, terminal inhibition by 0.14

[ gradient, terminal inhibition by 5

= threshold, terminal inhibition by 12

€, gradient, terminal inhibition bg 5

B pool refill rate scaling factor 120

I mav reserve store maximum 1000 ng

Prma reserve pool maximum 5 ng

o Secretion scaling factor 3
cooperativeness of the €a 9

¢ activation of exocytosis

Table 3. Diffusion model parameter values. The upper sadives values measured
experimentally. The middle section gives parameadues used in the diffusion model. The
bottom line shows model measurements from simulataf the experiments.
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Parameter Description Nlorma splan?:);mic Both Normal rat
rat clamped
clamped
.. Experiments Fabianet al. (29) %;?&u(rgg?
Plasma oxytocin half-life (s) 126 380 480 99
Total fluid volume (ml) 18.25 37.5 35.75 No data
Duration of oxytocin infusion (s) 1800 - - 2
Adr clearance half-life (s) 68 135 188 68
it diffusion half-life (s) 61 - -
Cplasma plasma volume (ml) 8.5
Ceve Extravascular fluid volume (ml) 9.75 - - -
Plasma oxytocin half-life (s) 126 379 479 91

Table 4. Peak concentration for the two-compartment diinsnodel.

Oxytocin Infusion Peak concentrations (ng/ml)

ADVANCE ARTICLE
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. . ng/100g/ml Fabianet al. (29) Model
iFn ?ﬁ?gﬂa al- (29) 30 min 0.550 0.220 0.270
3 - 1.447
13.2 6.160 6.347
. . Oxytocin injection Peak concentration after 60 s (ng/ml)
I‘i‘.’;tbi“o’ng & Smith (28) ng/100g Ginsburg & Smith (28) Model
J 440 4532 (+1- 6.27) 43.48

Table 5. Spiking parameter values to simulate heterogemeiayn oxytocin neuron
population as shown in Fig 10 and 11.

With an AHP Without an AHP
Random basal FR}
Random basal Random basal FR
Neuron Model firing rate and CCK respons{ Model and CCK
response
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| re &l ri kCCK Ire & Iri kCCK Ire & Iri kCCK Ire & Iri kCCK | re &l ri kCCK
1 112 112 13.9 71 16.1
2 63 63 7.5 322 3.7
3 68 68 5.6 101 2.5
4 92 92 55.3 490 1.7
5 180 180 18.0 71 5.2
6 74 74 12.0 292 6.1
7 278 278 8.2 208 5.1
8 488 488 5.5 85 8.0
9 203 203 8.0 43 6.5
10 69 69 8.7 335 5.4
11 237 237 10.5 587 12.3
12 279 279 16.8 104 3.8
13 292 20 411 20 411 41.0 2035 ! 622 1.1
14 156 156 14.0 114 13.3
15 494 494 23.4 83 25.5
16 383 383 41.7 63 3.9
17 218 218 35.1 240 4.0
18 699 699 2.3 36 3.5
19 204 204 27.3 410 12.7
20 1026 1026 20.6 104 3.2
21 67 67 15.8 127 5.0
22 335 335 38.9 129 10.9
23 574 574 37.2 45 2.0
Average 291.7 291.7 20.3 203.7 7.0
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a) vasopressin [€] (k, = 0.05, e, = 2.8, ¢, = 0.07)

52 spikes /' s
26 spikes /' s
13 spikes /' s
6.5 spikes /' s

24s

>
o
L/
o
c
-
Y
o
3
c
wi

ADVANCE ARTICLE:

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018



al1) Firing rate increment  b1) with an AHP b2) without an AHP

% 4 7 ®1spikels 25 4 ] ok

? m3 spikes/s 20 { CCK 1

£ 3 ) »

a 05 spikes/s > 15 | |

L . 1)

= 2 07 spikes/s éé_

() o 10 A |

1S

Q1 5 ] | .

2 1 spike/s 1 spikels
xo 0 ——————— ———————

CCK=5 CCK=10 CCK=20

L b3 .
az) Secretion increment ) with an AHP b4) without an AHF
% 50 - 250 -
=t 200
3401 o
| 2150 | 1
£ 30 >
N 820 100 1 t’;
m é 10 50 - 1
(0]
@) 5 0 0 e e —— I .V
_ » CCK=5 CCK=10 CCK=20 0 600 1200 ¢ 600 1200
- time (s) time (s)
o
- c1) c2)
g 10 ceK 40 pglkg 10 60 1 £k 40 pgikg
© © 40
: E 5 5 o é
LLl 73 20 Secretion

f

LL
C_IJ c3) c4)
— 20 CCK 100 uglkg r 20 350 1 ccK 100 pglkg
|_ 280
m 2 ® 210 A

310 L 109 >

< aQ ]
< ) 140 Secretion
Lu I [e] 70 -

\‘
O 0 = — T 0 0 T T )
0 200 400 600 0 200 400 600

% time (s) time (s)

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018



>
o
L/
o
c
-
Y
o
v
c
wi

ADVANCE ARTICLE:

ENDOCRINE
SOCIETY

bruary 2018

a)

Plasma oxytocin after 30min

infusion
40
< Double clamp model
30
S A Single clamp model
i:’ ® Normal rats
5 20
L
<
(]
10
0
0 20 40
time (min)
c1)
CCK 20ug/kg
Plasma oxytocin
= 110 - response to CCK i.v.
2
E O Experimental data
o
% 70 - model
o]
30 +—/——m—mT—"—""—"———
0 20 40 60 80
c3)
120 4 CCK
20pg/kg§
E 80 A
D
e
£
(8]
L
g 40 A .
"“""""“Qr\l\s.g
0 +— I e — |
0 20 40

time (min)

b)

60

40

20

Oxytocin (ng / ml)

c2)

22

12

60 -

30

Plasma oxytocin after a large
injection of oxytocin

O Experimental data

model

@)

10 15
time (min)

CCK 10pg/kg

0 20

40 60

CCK
20pg/kg

0 20

40

time (min)

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user



a) 15 Firing rate
CCK 20ug/kg = 16 s bins

(2]
?
2
>
b)
200 1 Secretion
) R
g 150 {, baseline 165 bins
3 i 0.75 i
2 ! |
: 2 100 A i 3 0.5 E
o ! %) 1
B 50 | L 025 i
W i I i
° :‘ 0 !
g 0 . R P —— v N 4
LLl
c)
. - 600 1 Plasma concentration
m 1 s bins
] T
400 - ! 2 ]
@) _ | -
—_— € 15 !
=~ 1
= g L g |
oC 200 - ; i
1
< 5 N
LIJ C I /I N
@) C “1000 2000 3000
Z time (s)

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018




a), With an AHP ), ok Without an AHP
CCK 5 pg/kg
10ug/kg
; l
o 4 4
<
&
2 2 -
0 - . r ) 0 T T )
c) d) .
16 - With an AHP 16 1 CCK Without an AHP
CCK 5 pg/kg
12 - 10pg/kg 12 A
[2]
>
>\ = 8 l 8 1 ,
o “ ‘ o,
|
(@) 04 . ; . 0 4 — . .
0 100 200 300 0 1C 200 300
: time (s) time (s)
©
b e) f)
o 90 - with an AHP without an AHP
c
LLl
__60
L L Q
g 4
S A
~.
@ 30 A Q/
.
0+~ A- ——
0 5 10
Firing rate (spikes/ s) Firing rate (spikes/ s)

i ADVANCE ARTICLE

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018




Y
N
U'

With an AHP Without an AHP

WFiring rate Z
4
2
0

—a— Neuron secretion

spikes / s
o N B~ O ©

fg/s

20 20
15 Total secretion per 10s 15
10 \_I_‘—
0 4

fg/ 10s

0 10 20 30 40 50 60 70 80 90 100 10 20 40 o0 60 70 80 90 100
time (s) time (s)
c) d)
40% - --e®-- Basal FR 7 spikes/s 40%
-------- Basal FR 3 spikes/s
30% - —O0— Basal FR 1 spike/s 30%

>
o
L/
o
c
-
Y
o
3
c
wi

20%

% Errors

10% 10%

0%

+—o0 0% T
32 1 2 4 8 16 32
challenge duration (s, challenge duration (s)

i ADVANCE ARTICLE

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018




a) In vivo recordings

Firing rate Secretion rate
Average Standard Average Standard
CCK = 20ud/k deviation deviation
=20pg/kg 80
7 61 cck %0
@ \ CCK CCK
< \ <
%- . 3 225 \ 40 \
1+ T T v 0+ T T ! 0 + T T v 0+ T T
b) Model with an AHP
77 CCK=20 6 50 1 80
b1) @ g CCK . ceK K
Matching in vivo 8 3 l §25 . |
> recordings with 2 3 y
an AHP -
m 1 T T T 1 O T T 1 0 T l 0 "_ - T 1
—— 7 67 CCK 50 - J 1
o b2) . CcCcK l CK | cck
. ? 5 wv
= Adding = g \ 3 525 40 A l
o heterogeneity in 5 3 o v
b basal firing rate | m 1
g 10 — 0 —
© 7 6 50 80 1
CCK
: b3) CCK CCK CCK
Adding <5 \ »
w heterogeneity in & \ 3 o 25 40 1 \
basal firingrate 2 3 e
and CCK
= I response 1 0 T ) 0 - T T 0 T T )
( ) ¢) Model without an AHP
— 7 0K = 6 - 50 - 80 -
CCK |
o ) e
< Matching in vivo 2 3 4 25 40 l
recordings z ' a
without an A . 1
LL T S I s
O CCK
- 7 - x , CGK 80 1 CCK
Z \ CCK 6 50 \ \
< \dding Y ]
heteroceneity in-+ @ 3 95 | 40 -
> baszl liingrate 2 3 ®
D and CCK ]
response 14 T T ] T T ) 0 T T 0 T T )
< 0 300 600 900 0 300 600 900 0 300 600900 0 300 600 900
time (s) time (s) time (s) time (s)

ENDOCRINE =
SOCETY Ema

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2017- 03068/ 4801229
rgh University user
bruary 2018




