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Characterizing resonant and synchronizing mechanisms in a hippocampal theta model
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Fig (2): Multiple generators of theta oscillations in the hippocampal CA3 network [2]. The model reproduced the physiological aspects of theta rhythmic activity in the hippocampus. [5]

- - - o - (A-E) (1) Shows where inputs are provided, sub circuits activated, (2) spike raster plot of pyr cells, (3) power spectrum of pyr cells. v' Multiple interacting mechanisms: ‘ Our mOdeI fa”S Short Of representlng the dlverSIty Of theta generators and anaIyZIng
» Hippocampal theta oscillations (4-12 Hz) are consistently recorded <ot stapaton owere from 10 ms 025, WWE Diere used our model, with many theta generating components, to show a complex more complex interactions that involve a larger number of rhythm generators.

Random Firing X Hdslilting in a power spectrum peak at 17 Hz ;

durlng memory taSkS and Spatlal navlgatlon- [1] 5:::-}:. ?‘L:Hf_:::#:h":ﬂ"}:,":‘;;‘{" without this change peak was at 8Hz ;E;egi%tllﬁ]r;'%ﬁiviizgfilg Sggfg?ﬁgiggiﬁggfg%?;giilizill\éi %%Tﬁgg%%se’rlgpzi?:&%n to ‘ Neuromodulator-s (SUCh aS endoca-'nnabanI(-jS: and Se-rOtonIn) have e_l-_feCtS Of th-eta

> Our previous model generated theta power robustly through five NI N E s PR ~ T our results are consistent with findings by Royer et al., 2012 [6] where optogenetic generation and likely have a role in determining which theta generators are actively
i . .. i O e ey C 10 20 30 4o so inactivation of either BCs or OLM did not impact theta generation significantly. In our engaged
COOpera’[Ing generators [2] Here we dlS’[IﬂQUISh between reSOnant TR Frequency (Hz) model- in low cholinergic states, BCs and OLMs were able to compensate for one '

components and svnchronizina comoonents of theta aenerators B1 N L another to generate theta Fig (4.1A). However, our model predicts that in a high Analysis of the h-current can allow examination of its role specifically and separate
p y g p g . FES _ cholinergic state, the same experiment could show a dramatic drop in theta with OLM from spike-frequency adaptati on.
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- - - - Non-rhythmic input / \ R i S LRl e S _ N inactivation, and an increase in theta power with BCs inactivation Fig (4.1C). _ _ _ _ o
> ReSOnant meChanlsmS |nherent|y prOduce rhy’[ﬁmIC S|gna|S dsS d A;}A LPL e T ¥ Resonant and synchronizing mechanisms act in concert to generate rhythms: We have developed an Upd&t@d, functional model with b|o|og|ea||y realistic cells
Time (ms) 10 20 30 40 50 Qur work suggests that almost any interneuronal population, if reciprocally connected to

pI‘OdUCt of their dynamiCS and include Spl ke'frequency adapta’[iOn, Freaueney (9 pyramidal cells, can participate in rhythm generation, as a synchronizing component. using Allen Institute’s BMTK and plan to reproduce previous plots.

Oscillations are easier to identify in the firing

slow inhibition, rhythmic external inputs and slow neuronal currents. T T T TR - A contribution of our study was to examine effects of inactivating interneurons while Model includes h-current but it remained mathematically difficult to separate from
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| M maintaining excitation levels within physiological limits. We provided pyramidal cells the adaptation current in pyramidal cells. A more realistic pyramidal cell model can

171 i " /I & - N R A s AT AN R R L S with a constant current injection to offset the effects of inactivating inhibitory ) ] _ o ]
» Synchronizing mechanisms promote coordinated activity and \%\\ﬁ/\ 2, interneurons on level of excitation. Isolating effect of interneurons on excitation level, allow examination of its role specifically and separate from spike-frequency

Time (ms)

Include inhibitory feedback, non-rhythmic external input and recurrent revealed their role In rhythm generation by acting as synchronizing mechanisms. adaptation.

D1 pyramidal cells spikes is observed (Not shown) 10 We here emphasized the role of the OLM-pyramidal cells sub-network in providing

excitatory connections. resonance in theta frequency, however OLM cells also do participate, as do many Another area of future interest would be to examine how individual theta generators

Interneurons, as a synchronizing mechanism. - - - - .-
" " I RSSO A S e ST B L v' Fast spiking basket cells as synchronizing component for theta generation: Interact with rhythmlc external mpUt- Results can vary from competltlon and
> SOme CIrCUIt COmponentS can prOVIde bOth resonance and — — 1000 {meOOO 1o 20 =20 4o so DBCscansynchronize pyramidal cells spikes to a degree where BCs themselves begins to Interference to synergy
" I - " I " Frequency (Hz) receive increasingly synchronized excitation from pyramidal cells, and in turn provides i ) A ) .
Syn_ChrS)n Izatlon. E_X. Rhythmlc eXternaI InpUt and EXCItatO ry to SIOW E1 STD inactivation andlstronger pyr-BC colnnections are required x 103 theta rhythmlc InthItIOr\, thus ampllfylng the rhythmlc activity. Flg (ZE) ComblnathnS Of IntrInSIC theta generatOrS mlght aISO respond dlfferently than
Inhibition connections. L] oo o PR R n e e | v Competition and interference: Individual ones.
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B A T e o A S KR | /\Vm The model predicts conditions were inactivation of a resonant or a synchronizing
" " " " " 1 Stong Pyr-BC Sy PR s S T PR R hani ight enh hythmic activity, indicating that thei Interfered -
> Our.g-oal |S-t0 examine Interaction .betV-Veen clrcuit Components that ! oo 2000 . 1_0Fr62;?en03_%2;{0 3 vaﬁz gpl:z:nagilge girrlle?er:ti)ersr. ythmic activity, indicating that their presence interfere Concl USIOnS
participate in theta rhythm generation in CA3. m—
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Fig (3.1) Pyramidal cells slow currents and OLM-pyramidal cells loop are the two resonant mechanisms. 6000
(A)The power spectra of 6 simulations. The ‘None’ experiment had no theta generating components with isolated
pyramidal cells with no slow currents, and direct unique Poisson input with no correlations. The following
N etWO r I\/I et O S experiments activated one theta component at a time and examined the power spectrum. The recurrent connections
were activated in ‘+RC’ and produced a small bump in the 2-4 Hz range. BCs activated in ‘+BC’ produced no
spectral peaks. Routing input through the EC added correlations in the external input and shift the power to low
frequencies but did not produce theta peaks. Adding OLM cells ‘“+OLM’ produced a robust theta peak. Activating
the slow currents in pyramidal cells also produced a small but significant peak in theta frequencies ‘+RES’.
EC to CA3 B) relative theta calculations. ‘+RC’, ‘+EC’ increased relative theta due to a less specific increase in slow
— — - DG to CAS3 pyr frequency power. S S
C) firing rates were kept within physiological range using the following current injections. None: 7 mA, +RC 8 None +RC +BC +EC +OLM+RES None+RC +BC +EC +OLM+RES

mA, +BC 5 mA, +EC 10 mA, +OLM 1 mA, +RES 1 mA. Pyramidal cells adaptation can interfere with theta produced by slow inhibition.

Fig (3.2) Resonant mechanisms can substitute for and compete with each other.

< ' path 4 6 8 10 i i - i inacti - i ivi i
6}{'\‘ DG _ | _ A) Schematic of this experiment with EC inactivated and input directly arriving at CA3 pyramidal cells. Both
"\i GC: 386, BC: 36, HIPP: 36 Longitudinal distance (mm) OLM cells, BCs, and the recurrent excitatory connections were active.
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As a conceptual framework for hippocampal theta generation, we propose a
useful distinction between resonant and synchronizing components.
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We found the most robust rhythm generation to require at least one resonant
component and one synchronizing component.
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—ast inhibition can either substitute for or interfere with rhythm generation by
slow inhibition, depending on the cholinergic state.

w

B) The power spectra of four experiments as follows: “full” simulated with both OLM cells and adaptation in
pyramidal cells intact, “~-OLM” was run with OLM cells inactivated, “-sPYR” had OLM cells intact but adaptation
and h-current were removed from pyramidal cells, and finally “-both” had both pyramidal cells slow currents and
OLM cells inactivated. The power spectra indicate that theta activity persisted with at least one resonant
mechanism intact, but also interestingly showed that pyramidal cells adaptation as a resonant component may
~ have interfered with the OLM-pyramidal cells resonator.
10 mm ~ C) Relative power in the theta band (4-12 Hz) divided by total power (0-50 Hz) and normalized to the value of the
é h EIS 1'0 “full_”_model run. N o _ _ o _ _

D) firing rates were kept within physiological range using the following current injections to pyramidal cells in the

R B S R These results begin to shed light on the conflicting evidence produced by
ongitudinal distance (mm ifferent experiments were as follows. Full: 3.5 mA, - 4.2 mA, -sSPYR: 3mA, -Both: 8.2 mA. Full -OLM-Res -Both Full -OLM -Res -Bot - - - - - - - - -
renerperiments were s llons PS5 MA OLILAZMA, R SmA, Al Bamd 0 m W 0 o s studies inactivating circuit components, and also predicts circuit states where
OLM to Pyr : : : Fig (4.1) Functional separation at the extremes of cholinergic modulation minimizes interference |naCt|Vat|ng d Component kﬂOWﬂ tO par“Clpate |n rhythm generatlon mlght

— — - BC to pyr between resonating mechanisms. - - - .
Current injections to compensate for variation in firing rates: ACh 0: Full: -2 mA, -OLM: -2 mA, -sPYR: 0 parad OXI Cal Iy en hanCe I’hyth MIC aC“Vlty
mA, -Both: 2 mA. ACh 1: Full: 3.5 mA, -OLM: 4.2 mA, -sPYR: 3 mA, -Both: 8.2 mA. ACh 2: Full: 4

mA, -OLM: 5 mA, -sPYR: 3.5 mA, -Both: 8.5 mA.

We found that there is a potential for interference between the two resonant mechanisms R efe re n CeS

in our model. Different cholinergic states engage different theta mechanisms [2]. we
theorized that by functionally separating the two mechanisms, cholinergic modulation

Fig(1): Network 3D structure and CA3 |ocl:a| circuitry [3] | | ;g:g | | | might reduce the interference between the two resonant mechanisms. Examination of . BUZSé-ki1 G (2002) "Theta OSCi”atiOnS in the Hippocampus-" Neuron 33(3)

(A) Schematic of the network implemented showing the modeled regions EC, CA3, and DG with their dimensions, cell numbers, and lamellar connectivity pattern. Neurons in 5 i relative theta power in these conditions revealed that in the extremes of cholinergic 32 5 3 40
EC are more likely to send_connections to DG and CA3 neurons in the_ir longitudinal vicinity. S_imilarly, pG granulg cells in the same longitudinal r)eighporhood are likely modulation (low and high), the pattern of slow currents interfering with OLM generated B .
to project to CA3 neurons in the same lamella. Cells were compacted into three sheets of cells, in the radial dimension, representing stratum-pyramidale in CA3 and the .
granular layer in DG. theta disappeared .

(B) Schematic with details of CA3 internal circuitry. Excitatory connections terminate in arrows and inhibitory ones in black filled circles Hummos’ A and S S Nalr (2017) "An Integratlve mOdeI Of the IntrInSIC

- - 1 - PP At - - - | | s Fig (4.2) Synchronizing mechanisms can substitute for or interfere with one another - " .

C) Gaussian connection probability functions. The longitudinal organization of EC inputs to CA3 is compared to DG inputs. Inputs from DG had a more focused pattern of m m

(©) connectivity P Y : : P P P P P Recurrent connections and EC were inactivated, leaving the two synchronizing mechanisms in the model, h I ppoca pal th eta rhyth . P I—OS O N E 12 (8) . 60182648 .
: OLM cells and BC cells. We tested three conditions, first with both OLM and BC cells active (+OLM

(D) Projections from MF to BCs had a wider longitudinal extent, compared to the ones from MF to CA3 pyramidal cells (pyr). +BC), and then with BCs inactivated (+OLM -BC) and finally, with OLM cells inactivated (-OLM +BC). . : um mOS, A | et al . (2014) . " I ntl’l nS|C meChan |SmS Stabl I Ize eﬂCOd | ng and

(E) The probability of an interneuron connecting to a pyramidal cell depended on the distance between the two in the longitudinal and transverse planes. Note that probability g p tion in firi - ACh 0 h _ _
for the OLM domain exceeded one to ensure that OLM cells made dense connections in their immediate neighborhood. Current injections to compensate for variation in firing rates: ACh 0: +both: -7 mA, -BC: -6.5 mA, -OLM: _ i _ i i i . " -
: 7.5mA. ACh L: +hoth: -3mA, -BC: 1 mA, -OLM: -6.1mA ACh 2: +both: -1mA, -BC: 28 mA, -OLM: retrieval circuits differentially in a hippocampal network model." Hippocampus

« Single cell models: developed using the Izhikevich formulation [4]. The equations for a model neuron were as follows: LA mA
Running the three conditions under three different cholinergic states revealed different ( ) 30 8

dv
where v is the membrane potential of the cell, u is a recovery variable, vt is the ‘instantaneous threshold” beyond which the cell will fire an action potential, vr is the Interaction modes between the two synchronizing mechanisms. In low ACh, they were E M I Zh i kevi Ch "S i m p I e model Of Spl ki ng neurons " i n I E E E TransaCti ONs on
n n n ’ ,

— =—k(w-v)@w-v)—-u—-h+I; %= —a(b(v—v,) —u); if v>vpeak thenv=candu=u+d
resting membrane potential, | is the current injection, k is a constant used to adjust the input resistance and rheobase, vpeak is the threshold above which a spike is e B e = e o] e i equally effective at generating theta, and only one mechanism appeared necessary. With
deemed to have occurred and the membrane potential is reset, and a, b, ¢, and d are parameters used to tune the behavior of the system to model the neuro- + + i + + ) + + ) . . . . TR U “ i
computational properties of the desired cell. h is the h-current value, and &, b, are parameters used to tune the behavior of the pyr and OLM cells. L'M LM LM LM LM LM LM LM LM Ir;]CI’Ie_asmg_] ChO“nerr?IC !eveli’ Bgs (_:OhngB\L/lltlon 0 theéaﬁlmmmhed’ and in high NeU ral NetWO rkS, VOI . 14, NnO. 6, pp 1569'1572, NOV 2003
% Synaptic currents: AMPA, NMDA, GABA,,, and GABAg currents were modeled and their dynamics such as rise and decay time constants and delays were matched to +h e +B + u® +h + - ® +h cholinergic states they interfered wit generated theta. M ) k K d G B k 2013 " P f d k d d . t . b t f
available literature [3] Sy S ACh 1 Sy ACh 2 . . . . - 1zuseki an uzsaki ( ). "Preconfigured, skewed distribution o
Activity-dependent plasticity: For this study, long-term plasticity was excluded from the synapses. Model synapses, however, exhibited short-term synaptic plasticity. Fig(4.3) Recurrent connections and BCs cooperatively synchronize theta oscillations. : g :
Acetylcholine effects: To implement the effects of ACh on model neurons and synapses, w ¢ used a variable ‘ACh’ to represent the ACh state. The variable ACh had values
of 0 (low), 1 (baseline), and 2 (high). Cholinergic stimulation has differential effects on synaptic transmission of different pathways in the hippocampus and enhanced
cellular excitability and depolarized the resting membrane potential of principal cells, eliminated AHP, decreased spike frequency adaptation and induced rhythmic burst
activity.
Inputs: For the full model and sub-circuit cases considered, either EC cells or CA3 pyramidal cells (figures(2,3)) received external input as trains of Poisson-distributed
spikes. We studied two model cases: one with external input arriving at EC, and the other with input arriving directly at CA3 pyramidal cells. To determine the base rates of

RC: -2mA . Royer, S., etal. (2012). "Control of timing, rate and bursts of hippocampal
the Poisson processes generating these input trains, we considered place cells in CA3. Place cells respond to certain areas in the environment and their firing rates ] o ] ] ] - . - . -y =, = " -
approximate a lognormal distribution with an average of ~7 Hz [5] . A constant current injection was added to the voltage equation and the current amplitude was adjusted to Running the three conditions under three different cholinergic states revealed a stable p I ace Cel IS by dend ritic and somatic in h | b 1ition. N at N euroscl 15(5) 769_775_

maintain the physiologically reported average firing rate and lognormal distribution of firing rates. .| .. B .. engagement of BCs in theta generation while recurrent connection had a stronger
Data analysis: we summed the spikes of all cells of each type in a region (e.g., CA3 pyramidal cells) in 0.1 ms bins and computed the fast-Fourier transform of the resulting engagement in lower cholinergic states.
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Effects of component inactivation can only be predicted in the context of what
other components are present and on the neuromodulatory state of the circuit.
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H-current : % = —a,(b,(v —v,) — h)
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OLM cells and EC were inactivated, leaving the two synchronizing mechanisms in the model, recurrent - . . - " .

connections and BC cells. We tested three c%nditions, ¥irst with bo%h recurrent connections and BC cells fl [l ng rates In the h I ppocampus and entorh I nal Cortex Cel I Rep 4(5) " 10 10'
active (+RC +BC), and then with BCs inactivated (+RC -BC) and finally, with recurrent connections

inactivated (-RC +BC). Current injections to compensate for variation in firing rates: ACh 0: +both: 5 mA, 102 1 .

-BC: 6 mA, -RC: 1 mA. ACh 1: +both: 2 mA, -BC: 5 mA, -RC: -2 mA. ACh 2: +both: -2 mA, -BC: 5 mA,

Relative theta
Relative theta
Relative theta

Software's used: NEURON (Model) and Matlab (Analysis)




