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ABSTRACT

Neuroscientists have worked on the problem of estimating synaptic properties, such as connectivity
and strength, from simultaneously recorded spike trains since the 1960s. Recent years have seen
renewed interest in the problem, coinciding with rapid advances in the technology of high-density
neural recordings and optogenetics, which can be used to calibrate causal hypotheses about functional
connectivity. Here, a rigorous causal inference framework for pairwise excitatory and inhibitory
monosynaptic effects between spike trains is developed. Causal interactions are identified by sepa-
rating spike interactions in pairwise spike trains by their timescales. Fast algorithms for computing
accurate estimates of associated quantities are also developed. Through the lens of this framework, the
link between biophysical parameters and statistical definitions of causality between spike trains is ex-
amined across a spectrum of dynamical systems simulations. In an idealized setting, we demonstrate a
correspondence between the synaptic causal metric developed here and the probabilities of causation
developed by Tian and Pearl [1]. Since the probabilities of causation are derived under distinct
assumptions and include data from experimental randomization, this opens up the possibility of
testing the synaptic inference framework’s assumptions with juxtacellular or optogenetic stimulation.
We simulate such an experiment with a biophysically detailed channelrhodopsin model and show that
randomization is not achieved; strong confounding persists even with strong stimulations. A principal
goal is to ask how carefully articulated causal assumptions might better inform the design of neural
stimulation experiments and, in turn, support experimental tests of those assumptions.
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1 Introduction

Various lines of experimental evidence suggest that, in some neuronal pairs, monosynaptic input can reliably produce a
postsynaptic spike response in vivo [2, 3] with a delay and precision that acts on millisecond timescales. Moreover, it
appears that the most plausible explanation for corresponding observations of appropriately-timed millisecond-timescale
correlations is the presence of a monosynaptic connection between the two cells. What is more, there is evidence
that the magnitude of such fine-timescale correlations co-vary with the synapse’s strength [4]. This suggests that a



careful study of millisecond-timescale correlations in simultaneously-recorded spike trains might be a tool for studying
synaptic dynamics during behavior [5].

In practice, the hypothesis that monosynaptic effects can act on millisecond timescales is often incorporated into their
analysis by a statistical formulation of a separation of timescale hypothesis. This formulation can be appreciated
by looking at anecdotal examples of cross-correlograms (CCGs) from studies [2] that offer support for a causal
interpretation by juxtacellular and optogenetic stimulation of putative presynaptic neurons in vivo (see Figure 1).
Nevertheless, causal claims in highly connected systems ought to be treated delicately. It has been suggested that
isolating fine timescale effects might be a way to sidestep such concerns [6, 7]. While many methods have been
proposed for monosynaptic inference, relatively few have modeled causal relationships explicitly (but see [8, 7]).
Furthermore, many such methods operate on the CCG, and even under a timescale-separation assumption, the CCG is
insufficient to identify synaptic properties even in quite simple models (Figure 1) [9].

The primary focus of this study is to contribute to the development of robust and rigorous approaches to monosynaptic
inference in which the causal inference is explicit. We develop a causal inference framework for monosynaptic
interactions that is based on separation of timescale hypotheses that are robust to strong forms of nonstationarity
in the background dynamics (the concern we have most heavily emphasized in the context of spike train analysis
more generally [10, 11, 12]), among other forms of model misspecification. Unbiased estimators and confidence
intervals for causal quantities are derived under rigorously-articulated statistical assumptions, and we develop accurate,
efficient algorithms for computing these quantities. The performance of causal inference is then examined over broad
parameter ranges in simulations of increasing complexity, ranging from point process models to adaptive exponential
integrate-and-fire (AdEx) neuron models.

We also use simulations to examine the correspondence between the causal metrics for monosynaptic interaction
developed here and the probabilities of causation, as developed in Tian and Pearl [1] and elsewhere, which quantify
the necessity and sufficiency of causation probabilistically. While the correspondence is studied in a setting that relies
on strong idealizations, variations that are more finely tuned to experimental work that incorporates system-specific
constraints might use an analogous correspondence to test the model’s assumptions in vivo or calibrate its free parameters
via stimulation. Toward this goal, we use a biophysically detailed opsin model to simulate such an experiment in silico.
Using a theoretically motivated stimulation paradigm, we demonstrate that common input correlations might be difficult
to disentangle from common causal influences with current experimental technologies, motivating future research on
that point.

2 Preliminary considerations and general architecture

We begin with a general discussion of causal models to facilitate a uniform comparison between models and simulations
instantiated at different levels of abstraction. As has been widely discussed, the key motivation for explicitly modeling
causation is to distinguish association from causation. An intuitive model for doing so can be described by potential
outcomes [13, 14, 15, 16]. We write Y (X=2) 45 the ‘potential outcome’ of the random variable Y if the variable X is
‘forced’ to take the value . The random variables X,Y , as well as those of the form Y (X=2) are presumed defined
on a common probability space. We distinguish observational from experimental trials in this way. In experimental
trials, the behavior of an agent external to the system (i.e., an agent that intervenes on the system) is explicitly-modeled;
in observational trials, there is no such intervention. For example, in a drug efficacy trial, let { X, = 0} represent the
event that patient k takes the treatment and let { X, = 1} represent the event that patient & takes a placebo. Then, if
Y. represents the measured outcome (mortality, for example) for patient k in an observational trial, then Y,;Xk:l)
represents the measured outcome for patient k in an experimental trial, such as a randomized control trial (RCT), in
which patient k£ has been assigned to take the treatment by a mechanism or agent external to the modeled system.
Potential outcomes represent answers to questions of the form ‘What would happen if an external agent intervened on
the system?’ and are used to define causal relations. In this case, the causal effect of the drug on the measured outcome,

for patient k, is Yk(X’“Zl) — Yk(X’“ZO). It is commonly pointed out that the challenge of causal inference is that one of
Yk(X’“:l) and Yk,(Xk:O) is unobservable. The potential outcomes notation makes it straightforward to demonstrate that

an RCT is designed to infer average causal effects across a population, e.g., £ YI(%XR:U - YéXR:O)

] , where Ris a
patient chosen in a simple random sample. (The latter demonstration assumes consistency, which is the assumption that
the events {Y;, = y, X = «} and {Yk(szm) = y} are identical.)

A constructive way to model potential outcomes is by explicitly modeling interventions in terms of how a structural
causal model [17] is simulated. In this approach, the structure of a system is modeled via the relationships among its
variables, specified by a set of functions, as in a dynamical system. This set of functions can be put in correspondence

2



with a directed graph by associating each variable with a vertex: a source vertex and a target vertex has a directed
edge if one of the functions has the source in its domain and the target in its range. It is required that the directed
graph is acyclic, which is equivalent to requiring that there is a consistent (sequential) method of simulating the system,
whose ordering respects the graph. The background variables (noise variables) — those variables whose corresponding
vertices do not have incoming edges — are instantiated as independent random variables and represent the influence of
the world external to the system, in the absence of interventions. We can then think of the simulation as a closed system.
Random variables can be sampled by simulation. The background variables are sampled as noise terms. Probability
propagates via the functional relationships to induce a joint probability distribution on the entire system of variables.
This joint distribution specifies all probability distributions (conditional and marginal distributions) of interest. All such
probability distributions can then, in principle, be estimated by simulation. This is a more or less standard probabilistic
point of view. The language of association is the language of conditional distributions. The association between random
variables X and Y describes the distribution P(X |Y"); there is no association if P(X|Y) = P(X).

We can describe interventions explicitly in the sequential simulation just identified. In this description, intervening on
some variables means explicitly resetting their values before the functions that call them are evaluated (in the sequential
method of simulation). These resets are the interventions; interventions model the action of agents external to the
system. The random variables sampled in simulating the intervened system are potential outcomes. The Y (X=F)
encodes the outcome for variable Y but in the intervened system in which X is reset to the value k before its use in
function calls. As before, the probabilities propagate via the functional relationships and the interventions to induce a
new joint probability distribution on the entire system. This joint distribution specifies all probability distributions of
interest in the intervened system. All such probability distributions can again, in principle, be estimated by simulation.
Causal language can then be understood as a vocabulary for discussing how interventions modify probabilities of
interest. Pearl [17] uses the term do(-) to specify probability distributions for intervened systems. P(Y |do(X = x), Z)
represents the conditional distribution P(Y'|Z) when the system is intervened upon by assigning random variable X to
the value x, where assigning is taken in the sense of ‘resetting’ above. Thus P(Y |do(X = ), Z) is another way of
writing P(Y (X=2)| Z(X=2)) In what follows, we use either notation freely, for convenience.

Where does this language — in which interventions by agents are explicitly modeled — improve upon more familiar
statistical modeling? A textbook example is “Simpson’s Paradox”, a phenomenon where the observed statistical
association between variables in a population is the opposite of that observed within each subgroup of a partition
of the population (see [16, 18] for more explanation). In neurophysiology, perhaps the most familiar object used in
the laboratory for synaptic inference is the cross-correlogram (CCG). To motivate the framework of this article, we
construct examples where the CCG and presynaptic ACG [19, 20] are insufficient for causal inference. The CCG hides
information about time-dependent background correlations and presynaptic bursts that produce associations in the CCG
that are not causal. The situation is analogous to Simpson’s Paradox where statistical associations must be isolated in
strata of confounders that have specific properties. The CCG collapses over these strata of the confounders. Figure 1
illustrates these ideas in some point process examples, with a detailed mathematical explanation of the simulations
given in Appendix 6.1.
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Fig 1: Toy examples of confounding in monosynaptic interactions. Simulations for examples are explained in detail
in Appendix 6.1. A: A CCG from a hippocampal pyramidal cell and interneuron in vivo from the study of English
et al. [2]. The pyramidal neuron (hypothesized to be presynaptic) spontaneously spikes (black) or spikes in response to
experimental juxtacellular stimulation (green). Data like these motivate timescale separation assumptions. B: CCG
from Example 2 for Situation A where €4 = 0.2, Ag 4 = 0.2, Ay 4 = 0.7. Left panel is a simulation, right panel is
analytic for all rows. C: Situation B in Example 2 where eg = 0.8, A\g g = 0.8, Ar, 5 = 0.1. Note the observed CCGs
are the same in B and C but the causal stories generating the data are quite different. D: Situation A in Example 3 E:
Situation B in Example 3. For D-E the parameters are 04 = 10 ms, 0% = 90 ms, 02 = 2.5 ms, d = 4 ms, o = 0.005,
w = 20 Hz. The observed CCGs in the left panels of D and E are quite different but in the right panels the number of
causal spikes (the areas of the green regions) are identical and the presynaptic trains, and thus their ACGs, are also
identical.



Table 1: Description of symbols and notation in monosynaptic causal inference model

Symbol Description

(Ak)kez~ An ordered sequence (Ay, A1, ...)

A A set of numbers {44, Ao, ...}
A A matrix
a A vector
|A] The cardinality of a set A or A’s absolute values if A is a scalar
1{A} The indicator function of the event A
Al The set of all subsets of cardinality n from a set A
XY Generic sets of points (e.g., spike times) often reused
Na(X) Number of spikes from X in the temporal regions A
~(t) The A coarse temporal interval containing ¢
T'(X) An abbreviation for (N, (ax) (X))rez-
S(X,0,7)  The union of all ¢ length intervals centered around the 7 shifted elements of X
6,7, A The synaptic timescale and lag, and background timescale (model parameters)
0d The Dirac delta function
Yy (@) The potential outcome of a spike train Y if a spike train X is forced to be «
R,B,I, T  Thereference, background, interaction, and target events, respectively
Osyn The number of interactions caused by a synapse
q(R,x) The conditional probability some x € B will be found in S(R, ¢, T)
q(R,T™)  The collection (¢(R, z)), e
G The set of reference spikes with no target spike found in their interaction regions
K An index set for T'
J The indices of K labeling which elements of T" equal B when 0, > 0
L The indices of K labeling synchronous elements of T" when 6, > 0
U, Vi Indices of L corresponding to two limiting cases for the hypothesis 05y, = h > 0
o One minus the confidence level
g, J ,j Hypotheses for J given the hypothesis 05,, = h > 0
VA Candidate points that might be near inhibitory events T'(?) \ TR
K An index set for Z
J The indices in K for points in Z near 7" \ TR
nod ,j' Hypotheses for J given the hypothesis 04y, = h
X(£,X,Y) The sample cross-correlation function between spike trains X and Y’
C(R,T,a) 1— «confidence interval for 6,,, > 0

3 Monosynaptic causal inference model

3.1 Formulation for primary model

Let X be a finite set of spike times for an experiment of duration D. For any A = U;[a;, b;), let No(X) == | X N 4|,
termed the increment of the point process X in A [21, 22]. Assuming the time origin is randomized in the experimental
sense, implicitly define a partition of R into A length intervals with a function that for any time point £ € R retrieves
the unique coarse interval containing ¢,

~(t) = {Ie{[kAJchLA):keZ*}:teI}. (1)
Thus the k-th interval will frequently be written by taking ¢ at its left endpoint, v(kA). However, in future sections, it

will be equally convenient to access interval k by letting ¢ equal any spike time in interval k. Abbreviate the sequence
of spike counts for some spike times X in the coarse intervals with the special symbol

L(X) = (Nyka)(X))kez = (Njo,a)(X), Nja 24)(X), -.) 2
and for any X denote the union of all § length intervals centered around the 7 shifted elements of X as
1
X,0,7) = : —s < =
S(X,6,7) Lgx{s o7 sl_2} 3)



where the second two arguments will often be suppressed from the notation when the context is clear, i.e., S(X). Let
Y (*) be the potential outcome of a spike train Y if a spike train X is forced to spike at a set of times z with otherwise
fixed background conditions. That is, introduce the counterfactual notion that Y @) would have been the set of times Y’
spiked if X had been « [15]. As previewed above, we will work with a reference spike train, R, and a target train, T,
and the scientific question is to ask if R acts on T" with a monosynapse. Further suppose the target train is constructed
from latent point processes B and I, termed background events and interactions, respectively. A causal model is then
defined with the deterministic relation,

. T — B U (I'” \ Uye,{S(r) : Ng(,y(B) > 0}), excitatory model @)
’ | B\ Urer{S(r) : Ng(y(I™) > 0}, inhibitory model

where T'(") references the intervention do(R = r). Notice, by construction, the background events B are invariant
to any action do(R = 7). While one might argue this is a strong simplification, it is appropriate to compare it to
the assumption that smooth features in the CCG are non-causal [23] which, for Poisson-based models, is necessarily
a subset of the simplification just made (Figure 1C-D). We will be concerned with estimation of the parameter
Osyn = Ns(r)(T) — Ng(r) (T(@)) where 6,,, > 0 for excitatory interactions, 6, < 0 for inhibitory interactions,
and 6, = 0 for non-interacting neurons. In the following, it will be useful to define,

q(R,x) = % s 1{t e S(R)N~(x)} dt. Q)

That is, ¢(R, x) is the proportion of times ¢t € ~y(z) that are within a distance §/2 of a point in {r + 7 : r € R}.
Constructing confidence intervals for 0,,, will require some additional notation. First, let us set up objects that will be

used for an exact excitatory confidence interval. Denoting T}, = fo(k), fix any bijective mapping fo : K +— T that
satisfies

‘We will write
q(R,T®) = (¢(R. T1),q(R, T5), ..., q(R, Ti|)). @)

Let J denote the subset of K indexing the true background events, B, in the sense that J satisfies {7 : j € J and J C
K} =B.

With this notation fresh in mind, we define a background model using the principle of conditional uniformity, which
has been motivated and developed as a canonical assumption in previous work [24, 25]. For our purposes here, the
following technical definition is sufficient (see [22] for more on point processes and their characterization).

Definition 1. Conditionally uniform point process: Define g(Y , A) = |Y N~(inf A)|, where Y is a point process
and A is a subset of R. A point process Y is conditionally uniform, conditioned on T(Y') and X , if

P ("™ {|Y N Ag| = n }ID(Y), X) = ﬁ (Q(Y’A’“)) <f2“>nk <1 - 'i’“')g(ymnk : ®)

n
k=1 k

ifng < g(Y, Ag) forall k € {1,2,...,m}, for any disjoint finite collection Ay, As, ..., A, of subsets of R that satisfies:
i) for each j, A; C [k; A, k;A + A) for some integer k; and ii) y(inf A;,) # ~(inf A;,) whenever j1 # jo.

A common way of modeling point processes is with conditional intensity functions [21]. While the formulation just
outlined does not make use of them, later we will simulate from conditional intensity function models to demonstrate
this formulation is compatible. In continuous time, the conditional intensity function Ax (¢) for a point process X is,
Ax (t) = lima¢—s0 B[Ny 14-a¢) (X)|H¢]/ At where H, is the history of the system prior to time ¢.

Remark 1. In neuroscience, the term “rate” might refer to one of several ideas [12]. In the current work, we use the
word rate with regard to samples of a conditional intensity function and highlight the normalization when used.

3.2 Assumptions

Assumption 1. Conditional uniformity: B is a conditionally uniform point process, conditioned on T'(B) and J.

Assumption 2. Timescale separation: For some T, 0, and A, I " cs (r), for all v, where § < A. (7, 8, and A are
model parameters.)



Assumption 3. Positivity: 0 < q(R,kA) < 1, forall k € 7.
Assumption 4. Consistency: I = I'®) and T = TF),

Assumption 7 will be abbreviated as .A.i. There have been debates about whether 4.4 (consistency) is an assumption
or axiom of causal inference [26, 27, 28]. Here, we take it as an assumption in the sense of highlighting where it is
invoked or self-evident. Similarly, one can view .4.3 (positivity) as an identifiability condition, and in our case, its
validity can be determined with observational data. For this reason, one could simply define 6,,, in terms of regions
of an experiment that provide identifiable causal information. However, following the causal inference literature [29]
and for full conceptual clarity, we make it an assumption which more easily accommodates an explanation of both
perspectives, leaving scientists to make their own judgment within the context of specific questions. In particular, the
assumption interrelates with various other issues, including choosing free parameters, which will be discussed at length.
For this purpose, the following will be useful.

Definition 2. Synchrony saturation: Synchrony saturation refers to an observation of the model where A.1 (conditional
uniformity) and A.2 (timescale separation) are true but A.3 (positivity) is violated. That is, we say an observation is
synchrony saturated if there is an interval identified by k € 7Z* such that (R, kA) = 1.

The primary motivation for 4.2 (timescale separation) is empirical [3, 5, 2, 4] although this assumption will be
investigated in simulations of dynamical systems in later sections. Finally, .A.1 (conditional uniformity) is motivated by
the observation that in vivo spike trains are nonstationary [30, 31], and likely rapidly-varying. Hence, distinct points
in time cannot be averaged to estimate conditional intensity functions or their variants, such as the cross-correlation
function [12, 24], a matter made worse by confounding. As discussed in past work [25], the particular use of uniformity
is motivated by the fact that the uniform distribution is the maximum entropy distribution on a finite interval.

3.3 Point estimation

Perhaps the key task of causal inference is to identify confounders and adjust for them. In the assumptions just put forth,
it is conceived that the processes B, R, and I (R) may have non-trivial correlations that confound 6s,,, on a A timescale.
In causal inference, adjustment often ensues by stratifying the probability of the outcome variable conditioned on the
treatment variable into different levels of the confounder. Similarly, here, the key to estimation will be to stratify time
into A length neighborhoods and perform statistical adjustments locally (i.e., in time) via conditioning on the spike
counts in those intervals. Note that a quite different approach would be to use the CCG for estimation where the spiking
activity has already been averaged across levels of confounding. Figure 1, and its associated examples, essentially
demonstrated that the decomposition of the CCG into causal parts is an ill-posed problem since information about
confounding is hidden after averaging. Notice in the formulation section no assumptions were made about R and
no assumptions were made about I®) except for A.2 (timescale separation). In the following theorem, an unbiased
estimator is provided for ¢,,,. This precise deconfounding of the synaptic effect comes at the cost of not modeling the
time-dependent shape of the synaptic gain onto the postsynaptic neuron. Instead, .A.2 (timescale separation) simply
requires interactions I(#) to be a subset of S (R). This does not require that no shape exists, it is simply not inside the
model. Another potential source of confusion is that the idealization that there exist two processes B and I(®) does
not mean there are two levels of synaptic efficacy. Since the events B are invariant under all the actions do(R = r),
they indeed have zero effective synaptic weight. However, every event in I(¥) may be generated from a different
state-dependent effective synaptic weight. That is, .A.2 (timescale separation) is a statement about timescale, and no
assumptions about synaptic gain were made or its dependence on other factors in the model.

Theorem 1. Under A.I (conditional uniformity), A.2 (timescale separation), A.3 (positivity) and A.4 (consistency) an
unbiased point estimate of 05y, in the excitatory and inhibitory models Eq. (4) is given by one expression,

b = 3 Natbnsmy (T) — a(R, kAN, 1) (T)

1— q(R, kD) ©)

keZ*

Proof Idea: The observed (confounded) synchrony in A-length temporal intervals can be expressed as a function of the
hidden variables for each outcome. An appropriate conditional expectation yields calculations that isolate the causal
effect as a function of observational data. Linearity of expectation across temporal intervals then recovers 0, (see
Appendix 6.2).

Under violations of the identifiability assumption 4.3 (positivity), one can easily salvage estimates from segments of
the observation from which causal information is available.

Corollary 1. Suppose synchrony saturation occurs such that (R, kA) = 1 where k € X, X C Z*. Define the set,
v = Ugex(kA) and the parameter 0, = Ns(r)nv(T') — Ns(r)nw (TD). Then,
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b— S Naainsim (T) — o KA, (T)

syn _
kEZ*\X 1 Q(R’ kA)

(10)

is unbiased under A.l (conditional uniformity), A.2 (timescale separation), and A.4 (consistency).

Proof Idea: The proof (not shown) is exactly as before while highlighting the use of linearity of expectation mentioned
in the previous proof idea.

3.4 Confidence intervals

The intuition behind the confidence intervals proposed here can be understood by explaining a naive algorithm for
computing them. The algorithm’s task is to explain the monosynaptic synchrony in a spike train pair in terms of the
model. Consider the classical technlque of obtaining a confidence interval by inverting a hypothesis test [32]. Intuitively,
a confidence interval for §,,,, is the set of hypotheses for which we fail to reject the null hypothesis Hy : Oyyn = j.
A naive algorithm for calculating this interval would be to start with the hypothesis Hy : 6,,, = 0. In this case, we
assume all the observed spikes in the target train arise from the process B. Taking monosynaptic synchrony as our test
statistic, the test might reject the null hypothesis that is placed under the supposition that all spikes are non-causal and
thus conditionally uniform (A.1). In that case, for an excitatory interval, we proceed to conduct more hypothesis tests
7 =1(1,2,3,...). Computationally, one can imagine that before each new hypothesis test, we delete synchronous target
spikes from the target train, subtract away their contribution to the test statistic, and calculate the null distribution of the
test statistic under the supposition that the remaining data are conditionally uniform (.4.1). We continue this process
until we fail to reject the null (i.e. until the observed synchrony is explained).

The key question is, which spikes should be iteratively deleted from the target spike train in this naive algorithm? As
will be shown analytically, we want to iteratively select synchronous target spikes that minimize or maximize the change
in the tail probability of the test statistic. Under the model’s assumption, this corresponds to removing synchronous
target spikes that occur when the reference neuron’s spike counts are either lowest or highest. Intuitively, suppose
confounding events, B, tend to occur when the reference neuron’s firing is highest; the confounding synchrony will
be maximal. In that case, 0,,,, needs to be minimal to explain the synchrony. At the other extreme, if confounding
events, B, tend to occur when the reference neuron’s firing is lowest, the confounding synchrony will be minimized,
and thus 6, needs to be maximal to explain the synchrony. This is how 6., is bounded. We will now proceed to a
more formal explanation of these intervals and prove they are exact. While the naive algorithm just described was for
the purpose of intuition, a more sophisticated algorithm will also be developed for implementation later.

3.4.1 Formulation and derivation for exact excitatory confidence interval

Define L == {l € K : T; € S(R)} and let U}, be any set that satisfies U, C L such that |Uy,| = Ngg)(T) — h
and max;{¢(R,T;) : i € U} < min;{q¢(R,T;) : i € L\ Up}. Similarly, let V}, be any set that satisfies V}, C L
such that |V},| = Ng(g)(T) — h and mini{q(R,T;) : i € V},} > max;{q(R,T;) : i € L'\ V},}. U}, and V}, identify
Ng(r)(T') — hindices (specified by fo) of the synchronous target spikes with the smallest and largest ¢(R, -) values,
respectively. Then define

J, =U,U(K\L) (11)
JF =V, U(K\L). (12)

The conditional pmf for Ng(g)(T') — 0syn = Ng(r)(B), conditioned on g(R,T') and J, is

ar1).7) = ¥ [lar1) ] (-aR17). (13)

IP(NS(R)(B) =n
QeJhlieQ keJ\Q

Let ¢~ (q(r,t), 7) specify a lower (conditional) critical threshold for Ng(g) (B) in the sense,

e (atr.t).d) = mpx {7 (NS(R) (B) < Ka(R.T) = a(r 0.7 =3 ) < a2 (14)
—max{ Z Z qu t;) H (1—q(r,tm))<a/2}. (15)
n=0 Qe M i€Q me(F\Q)



In the same sense, let ¢*(g(r, t), 7) specify an upper (conditional) critical threshold for Ng(g)(B),
ct(q(r,t),j) = mkin {k : P(NS(R)(B) > k‘q(R7 T)=gq(r,t),J = j> < a/2}. (16)

We now develop confidence intervals for 0,y,.
Lemma 1. Let

D(R.T) = {3:1il = 171, (K\ D) < 4}, (a7
Abbreviate D(R, T) as D. Under A.l (conditional uniformity)
;.. € angmin{ e (a(r.0).)} (1s)
syn jep
and
Jet € argmax{c*(q(r,t),j)}. (19)
yn jep

Proof Idea: The cdf corresponding to the critical regions can be explicitly differentiated with respect to the labeling.
Proving that J_ . minimizes Eq. (18) follows from contradiction. Eq. (19) is shown in the same way (see Appendix

6.2).

An elementary idea embedded in Lemma 1 above is that if X1, Xo, ..., X,, are independent Bernoulli random variables
with parameters ¢1, g2, ..., gn, respectively, and those parameters satisfy ¢; > r;, for all i € {1,2,...,n}, then

P (Zfil X; < ¢) is alower bound for the same tail probability derived from a sum of independent Bernoulli random
variables with parameters r1, 79, ..., 7y, respectively. All of these Bernoulli random variables are presumed to be
mutually independent. In fact, there is a more general result [33] which implies that the confidence intervals developed
are robust to certain violations of .A.1 (conditional uniformity).

Lemma 2. Denote X1, Xo, ..., Xi—1, Xit1,...s Xn as ; X. Then suppose X1, Xa, ..., X;, are Bernoulli random vari-
ables (not necessarily independent) satisfying

foralli € {1,2,...,n}, and for some random variable Z. Then

]P(ZXigk‘Z> g]P(ZK-gk),Vk 1)
i=1 i=1

if Y1,Ys,..., Y, are conditionally independent Bernoulli random variables, conditioned on Z, with parameters
p1(Z),p2(Z), ..., pn(Z) respectively, and X1.,, and Y., are conditionally independent, conditioned on Z.

Proof Idea: The proof is by induction (see Appendix 6.2).

First we first demonstrate that an exact hypothesis test for Hy : 6, = h follows from the previous results.

Proposition 1. Under A.1 (conditional uniformity), A.2 (timescale separation), and A.4 (consistency) { Ng(r)(T') —
h < c (q(R,T),J;)} and {Ngr)(T) — h > c"(q(R,T), J;")} are a/2-level critical region for all P in Hy :
Osyn = h. That is, for all P in Hy : Oy, = h,

P (Ngr)(T) —h < ¢ (q(R,T),J;)) < /2 (22)

and
P (Nsr)(T) — h > ¢"(q(R,T), ;) < a/2. (23)

Proof: Appendix 6.2.

Finally, an exact confidence interval is constructed by inverting the hypothesis tests established in Proposition 1.
Theorem 2. [Confidence interval for 05yy,.] Define

C(R,T,a) = {h ¢ (q(R,T),J;) < Nom)(T) — h < ¢t (q(R,T), Jf[)}. (24)
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Then under A.1 (conditional uniformity), A.2 (timescale separation), and A.4 (consistency) C(R, T, ) isa (1 — «)-
level confidence interval for O,y > 0. That is,

P(fsyn € C(R,T,)) > 1 —a. (25)
Proof. By construction,

syn

{Hsyn € C(Ra T, a)} = {C_ (q(Ra T)a J(9:yn> < NS(R) (T) - esyn < C+(q(Ra T)7 J9+ )} . (26)
Therefore,
]P(esyn € C(Rv T, a)) =P (67 (q(Rv T)ﬂ Jé)—syn) < NS(R) (T) - gsyn < C+(q(Rv T)ﬂ J(Zyn)> >1l-ca. 27

The final inequality follows, under the model, from Proposition 1. ]

3.4.2 Sketch of inhibitory confidence interval and computational implementation

In Section 3.1, we modeled inhibition as a process that censors the elements of B where B is given the same properties
as in the excitatory case. This approach is inspired in part by Spivak et al. [19] and, because of the superposition
principle of Poisson processes [22], similar models are implied by CCG-based methods with heuristic reliance on
Poisson assumptions that identify inhibition via short-latency troughs in the CCG [34, 35, 23]. However, we should
regard this model with much greater skepticism, as inhibitory neurons may play a greater role in regulating downstream
spike timing [36, 37] and few experimental studies exist that include causal manipulations of inhibitory neurons [38]
in a manner relevant to functional connectivity. Nonetheless, we will sketch an algorithm for computing a bound for
inhibition, particularly since it has been hypothesized that axo-axonic cells may function to precisely censor principal
cell output in vivo [38]. Since the problem has a tenuous empirical foundation, we forgo any rigorous probabilistic
interpretation of the algorithm’s output. Hence, we prioritize assumptions here that permit the simplest, rather than the
most precise, articulation of a concept. Perhaps experimentalists who wish to provide ground truth data for this problem
may find this sketch useful while designing their experiments. Varying assumptions and comparing the resulting bound
with measurements taken under experimental interventions might help to refine the assumptions needed for an inhibitory
model (see Section 5.1). We emphasize that, for now, this sketch is wholly supported by intuition and simulation,
guided by the philosophy that mathematical precision should yield to scientific constraints, which, as just explained, are
scarcely available for inhibition.

As in Section 3.4.1, we must again consider what beliefs about B reasonably explain how the data were generated for
inhibition. In particular, here we will suppose some elements of B are censored in empty synchrony regions and we
must calculate null distributions corresponding to those suppositions and identify limiting cases to bound 6, < 0.
The problem is not directly analogous to before because, in the excitatory case, the candidate hypotheses for B include
all possible subsets of T'. However, for inhibition, the candidate hypotheses for inhibition include all possible subsets of
S(G) where G := {r : r € R, Ng(,7(T) = 0}; that is, all time points in empty synchrony regions in the observed
train 7'. It is here that we will make a significant simplification and suppose, by assumption, that censored elements of
B are simply a subset of G, and compute intervals in simulation thinking of this as an approximation. Inherent in this
approximation is we ignore edge effects and assume that no more than one event of B is censored per synchrony region.

Define Z := T U G. Z now represents approximate candidate locations of background events for the excitatory and
inhibitory models simultaneously (no generality is lost for the excitatory case in this notation). As earlier let an index

setbe K = {1,2,...,|Z|} and define a bijective mapping f, : K — Z as follows. Referring to f (k) as Zy, let f1 be
any such mapping that satisfies,

(R, Z1) > q(R, Z) > ... > q(R, Z|g))
ZLeG for 1<k<|G|
(R, Zig|+1) < ¢(R. Z|g+2) < - S 4(R, Z|G |+ Ng(ny(T)) -

Zr€TNS(R) for |G|+1<kL|G[+Ng(r) (T)

(28)

Notice there are no constraints on the mapping for the largest |T'| — Ng(g)(T) — 1 elements of K which f; maps to
the (non-synchronous) points in 7" \ S(R). (A mapping such as f; always exists since G and T' N S(R) are mutually

exclusive.) With these simplifications, we can once again imagine two limiting cases of how the data might have been
generated given a hypothesis that 8, = h,

10



|G|+ Ns(r)(T)~h |G| +|T|
i) U ( U i), if h >0
F— . i=|G|+1 i=|G|+Ns(r)(T)+1
T =9 e 29
U 4, ifh<0
i=|G|+h+1
G| +|T|
U 4, ifh>0
F+ . ) i=|G|+h+1
In=93 2, G+ (30)
(Uiu( U 1i),ifh<o.
i=1 i=|G|+1

For a hypothesis of the form 6, = h we will posit the existence of some censored background events, with associated
probabilities that will then need to be convolved with a function representing a proposal about the distribution of
Ng(r)(B). As before, these hypotheses are made at limiting cases where the spike counts of R on A timescales are
either minimal or maximal (this is builtin to Egs. (11)-(12)). Noting that we give no rigorous interpretation of these
probability statements, let us use the notation (x;cN0;) (k) = ¥ * Uz * Us... to denote the convolution of many vectors
where k runs over the support of the resulting vector. In particular, consider the vectors ¥; = (1 — ¢(Z;), ¢(Z;)) for

i € K and define,
k

e (atr.2).3) = e {k+ Y (es)0) < /2 a1

Jj=0

[]+1
T (q(r,2),3) = Irgn {k : Z (*ic0:)(J) < a/Q}. (32)

j=k+1

Then let an approximate bound be,

C(R.Z.0) = {h ¢ (q(R, 2),J7) < Ny (T) — h < #*(q(R, z>,-i,f>}. (33)

While presented under distinct notation to incorporate inhibition, this set is identical to the rigorous confidence
interval derived previously for excitation when 6, > 0. Using this notation, we present two algorithms for efficient
computation of these confidence intervals. The algorithms use various tricks to minimize redundant computations and
leverage state-of-the-art methods for fast and accurate tail probability computations for a sum of independent random
variables. A detailed description of this approach, along with its rationale, is provided in Appendix 6.4. For the reader
interested in direct application, we state Algorithm 1 and 2 immediately without explanation. Algorithm 2 is the main
algorithm that computes, as an example, the lower bound for 6, in the excitatory case. For clarity, Algorithm 1 is
separated but repeatedly called from Algorithm 2 and houses machinery for accurately computing tail areas for sums of
independent random variables.
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Algorithm 1 Hybrid convolution power with shift plus sparse exceptions

S S U
DA A e

—_— =
[e BN o)

_.
0

[NS I\
—_ O

A A cd b

. Pps «Concat(ps,
: s <Concat(gs,
. by « D((D7s

Input: Scalar Ly;, for Lg;,-fold convolution power, p’ = (po, p1, ..., pn) probability vector to apply Lg;,,-fold
convolution power, § = (go, g1, -..gar) residual probability vector, yo the observed test statistic
function SDPNT(s, P, §)
/@;?(s), /@/g(s) + the derivatives of the CGFs of j5and g evaluated at s
> Note: CGF stands for cuamulant generating function
return Ldiq,n;?(s) + nlg(s) — Yo
end function
§ « compute s such that Sdpnt(s,p, §) =0

forallz € {0,...,N} do > apply exponential tilts
Ps(x) < exp [z — Laivki(8) + £5(8)]p(2)
end for

forallz € {0,...,M} do
Gs(x) < exp [8z — Laivk;(3) + r5(8)]g()

: end for
. NB' « 2]’10g2(K(N71)+(M71)+1)]

) pad with zero vector of dimension Ly = Ny — (N + 1)
) where Lg = Ny — (M + 1)

© (Dpis)@Fai) > computed via FFT, IFFT

0r
0r
)

> D, D™, & © are the DFT, IDFT, and pointwise product respectively

: forallz € {0,...,N;} do > reverse tilt

B(r) < exp p(5) + y(5) — salbs(a)
end for

: pval « Zf\fyo b;

Output: pval

Algorithm 2 Coarse-to-fine lower confidence bound computation

Input: Spike trains R and T, o (1-desired confidence level), zo (the measured value of Ng(g)(T')). Laiv
(hyperparameter)

1: (¢(Z1),q(Z3),...) < compute from R & T for an arbitrary G € G

14:

: Tmplement BinarySearch for the case J, on h € (1,2, ..., 29) with search query:

e =ming {he [f(h) + W e 5r a(Z) >y} (1= 2f(h)] > a/2}
where f(h) = exp [ — Ziej,j a(Z)+y+ yln(% Ziej;r q(Z,))} &y=120—h

: CFy, < h* the result of BinarySearch
: CFy < h** the result of analogous BinarySearch for the case J,

= (u1,ug,...) < {q(Z;) : i € ngU} > Unique probabilities for ¢ € ngU

: foralli € {1,2,...,dim(@)} do

i Djeds,, HalZ5) = ui}

m; < [1ni/Laiv ]
w; < Ny — MiLay

: end for

: p < apply DC to binomials with n = m; & p = u; fori € {1,2,...,dim(%)}

: @ < apply DC to binomials with n = w; & p = u; fori € {1, 2, ..., dim(@)}

: Implement BinarySearchon h € (CFL,CFy, + 1, ..., CFy) with search query:

h*** =miny, {h: P(Ngr)(T) — h > 20 — h|(q(X1),q(X2),...),J = J;}) > a/2}
where given each h tested the tail probability is computed via sub-steps:
(13.1) Yo < 20 — h
(13.2) g < apply DC to @ and the distributions w/ success prob. ¢(Z;) for i € JN,J[ \ ngU
(13.3) tail probability < Pass p, g, yo, and Lg;,, to Algorithm 1
Lower confidence bound <— h*** the result of BinarySearch
Output: Lower confidence bound
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4 Causal inferences in simple simulated systems

In the following sections, we will study the monosynaptic causal inference model in simulation. The non-parametric
nature of the model possesses some features that may seem foreign to those accustomed to modeling point processes
with objects such as conditional intensity functions and generalized linear models (GLMs). For example, to define a
background timescale, we partitioned time into arbitrarily phased intervals, each of duration A. The model makes
no use of conditional intensity functions and few assumptions were made about the interaction process I(F). At
first, we will demonstrate the features just mentioned are appropriate in a conditional intensity model ensuring the
process follows the monosynaptic causal inference model’s assumptions only at the level of analogy. Later, we will test
inferences in neural dynamical systems where it is much less clear if the assumptions are appropriate, and thus, various
validations will be necessary.

4.1 Causal inferences in a conditional intensity function model

The conditional intensity model here will exhibit rapid nonstationarities with random phases, but the nonstationary
fluctuations will have timescales with A as a lower bound. This will suggest the idealized construction of ~y(¢) with fixed
A is scientifically appropriate. One can also find theoretical arguments supporting this construction in past work [39].
The conditional intensity functions are made smooth by generating them from normalized Ornstein-Uhlenbeck processes
with non-stationary means that define the background timescales. The synaptic coupling is generated by convolving the
presynaptic spike trains with a truncated exponential kernel. The notion of a synapse with finite strength at infinite decay
time will be abstracted out now and will naturally reenter the study of dynamical systems models later. In addition
to confounding background excitability fluctuations, here, the synaptic kernel has a private background excitability
function, modeling a situation where the postsynaptic dendritic compartment may have its own excitability fluctuations,
confounding the causal relationship. These are all ways to confound the relationship between spike trains while
maintaining a type of separation of timescale.

Motivated by the observation that populations of neurons have downstates and upstates [40, 41], let us introduce
nonstationary fluctuations between neurons on coarse timescales with varying degrees of skew. Furthermore, consider
that monosynaptically-interacting neurons might be at different phases of an oscillation in the local field potential (e.g.,
hippocampal gamma oscillations [42]). This example is concrete and empirical, but it is easy to imagine complex
neural computations generate other types of confounding in pairwise interactions. Coarse timescale nonstationarities
with complex dependence structure can then generate confounding in the CCG even when a separation of timescales
assumption is true.

To generate some limiting cases in simulation, consider a sequence of multivariate skew random variables,

mo,k
mik .
M, = : ~ 205 (1 13 D)O(A T Moy k), Mok € R™ K € ZF (34)

)

Mp—1,k

where ¢y, (7, k; €2) is a zero mean n-dimensional normal density with correlation matrix €2, ®(-) is the standard normal
distribution function, and & is an n-dimensional vector that controls skewness [43]. Let L, ~ U(A,aA) ms, a > 1 and
partition R into contiguous disjoint intervals {[zx_1, z))}7° , such that , = z_1 + Ly and 29 = 0. Associate with

each Ly a sample from the multivariate skew distribution, M ;, with dimension n = 3 and define a set of background
excitability functions as,

bi(t) = Y mipl{t € [wx_1,2)}, fori =0,1,2. (35)
keZ*

In simulation, we thus imagine that the excitability of the reference neuron, by (¢), target neuron, b, (¢), and dendritic
compartment of a synapse between them, by (t), might have arbitrary confounding fluctuations on coarse timescales
generated from a multivariate skew. That is, bo (¢), b1 (t), b2(¢) might be skewed - i.e., rare up or down states [44] - and
these states may have positive or negative correlations with each other.

Define 74 as a conduction delay, 75 as a phenomenological synaptic relaxation time, and v(7) = exp(—7/75)1{0 <
T < Tma } as a synaptic kernel zero everywhere but 7 € [0, 7., ). The model is then defined by the conditional intensity

13



functions,

Ar(t)|Uo(t) = poUo(t) (36)

Ar(8)|U1(t), Usa(t), do(R = 1) = p1Ur(t;) + €Uz(t) /OO vt —T1 —7q) Zéd(t —r)dr (37)

rer

where pg, p1 are normalization factors, € is a coupling constant,

dI;(t)
dt

= —L(t) + bi(t) + orV2TE (1), E(t) ~ N(0, 1) (38)

TI

is used to obtain U;(t) = a,;I;(t) + b;, a; and d; are chosen to min-max normalize U;(t), and a? and 77 are the variance
and timescale of the smoothing agent, respectively. For clarity, we restate the causal interpretation of the model in Egs.
(36)-(37) in relation to the general model stated in Section 2 and Example 1. The system is governed by a common
probability space and under the subcausal model induced by do(R = (}) Eq. (37) reduces to its first term.

The model is simulated in Figure 2. Figure 2A depicts the coupled conditional intensity model in a cartoon fashion.
Each point in Figure 2B represents a distinct simulation as follows. For each simulation, the Vine Beta method, with its

parameter fixed to 0.1, is used to generate a random covariance matrix with strong correlations [45] scaled to set Q and
we sample & ~ U([0,100(2a—1))"™]) where a ~ Be(0.5). We then sample the sequence of independent and identically

distributed (within but not across simulations) multivariate skew vectors M,, ;, and construct the background excitability
functions. As mentioned previously, the motivation for the particular form and parameters of the simulation is to induce
confounding background fluctuations between the simulated neurons, with skewed up and down states, and confounded
state-dependent synaptic efficacy as well. Normalization factors pg and p; are all sampled so that the average firing
rates of all spike trains in the absence of coupling are uniformly distributed between 50 and 200 spikes/second. Finally,
spike are simulated from Ag(t)|Uo(t), A7 (¢)|U1(¢), U2(t), R, and Ap(t)|Uy(t), Ua(t),do(R = 0). From these we
obtain the spike trains R, T', and T'?). We then compute the simulated ground truth Osyn, along with ésyn. Here we
assume 7,,, is known, and so the statistical free parameter § was made one time bin larger. We also assume knowledge
of A and hence set the statistical parameter equal to the value used to simulate the process (which is a lower bound).
For each simulation a point estimate is then computed with Eq. (9) and 95% confidence intervals are computed with
Algorithms 1 & 2. For 101 simulations the empirical coverage probability of the confidence intervals is 0.98.

4.2 Mapping the statistical model onto a dynamical system

Thus far, it has been assumed that a postsynaptic spike train is derived from a latent mixture of background events, B,
and interactions, I It should be clear from the assumptions and from the demonstration in a conditional intensity
model that the division into two classes does not at all mean a constant synaptic weight; the model houses conditional
intensity models where events analogous to T(®) might arise from different state-dependent probabilities. Rather, the
idealization lies in positing that there exist some events B that may be assumed to have zero effective causal weight,
and both classes have timescale assumptions that make 6s,,, identifiable. This might be described as a type of causal
coarsening. However, despite its clear merits in terms of analytic tractability, the clean division of the postsynaptic train
into two classes gave rise to three free parameters J, 7, and A. By assumption, all interaction points are confined to
be members of the set S(R, d, 7) whereas A defines the background timescale. While constructed from conditional
intensity functions, the simulated model of the previous section more or less ensured by construction that causal spikes
would be confined to a set S(R, d, 7) and non-causal spikes would possess no temporal structure for timescales smaller
than A where 6 < A.

It is now natural to challenge aspects of that idealization in some settings even more foreign to the one in which the
model was derived. A sensible choice is dynamical neuron models, which well-capture features of cortical neurons [46]
and where ground truth causal information is available by recycling the concept of frozen noise to be applied to
stochastic input currents. We first must ask if a 7 and § can be chosen such that the simple division of a postsynaptic
train into events B and T*) might approximate the causal action of a presynaptic input through a dynamical system.
The second question to consider is if, given knowledge of § and 7, a A can be chosen to recover causal counterfactual
quantities in the midst of confounding.

We do not provide a method to choose d, 7, and A from first principles with observational data and are skeptical that the
task is even possible, particularly in the case of A. Rather, we regard them as free parameters in the physicist’s sense.
So the task here is bent toward understanding the qualitative mapping of these free parameters onto some mechanistic
features. As such, in contrast to our previous work [7], as a matter of interpretation and robustness, we study commonly
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Fig 2: Point process demonstration. A: A cartoon depiction of the conditional intensity model described in Egs.
(36) - (37). Ar(t) and Ar(t)|do(R = () are denoted in black. The synaptic excitability function by(t) is not depicted
but modulates the height of the synaptic gain (the green gain on top of Ar(t)|do(R = 0)). To generate confounding,
the coarse timescale amplitudes of background rates and synaptic efficacy are generated from a multivariate skew
distribution with strong correlations. The synaptic gain modulation is represented as the gray colormap. B: One hundred
and one simulations from the model of Egs. (36) - (37) with empirical coverage probability 0.98. Point estimates are
always shown, whereas confidence intervals are not drawn if the null hypothesis Hy : 6, = O fails to reject.
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used dynamical mechanisms (e.g., LIF, EIF, AdEx) throughout future sections. This will demonstrate that the statistical
framework’s validity is also a matter of qualitative considerations. For example, when one asserts that the synaptic
process IF) is fast, the word fast clearly has meaning only relative to the background timescale and hence what is of
true theoretical interest is the ratio of the effective synaptic and background input timescales. The reader should make
judgments about the quantitative plausibility from real data, for example, by consideration of the fine-timescale effects
studied by English et al. [2], for which standard integrate-and-fire type models might be insufficient [7].

4.2.1 System of feedforward leaky integrate-and-fire (LIF) neurons

Consider first a system of standard leaky integrate-and-fire (LIF) neurons with instantaneous conduction delay driven
by background input currents and a synaptic conductance from a presynaptic neuron (z = 0) into a postsynaptic neuron
(=1,

Cn dd‘f = =91(Vi = E1) = 9590(Vi = Esyn)1{i = 1} + I, fori = 0,1 (39)
dgs
Tan " = —0s + Y (1= gs)da(t =) o)

reR

where V is the voltage (mV) of neuron i, g; and g, are the leak and synaptic conductances (mS/cm?), E; and By, are
the leak and synaptic equilibrium potentials (mV), C,,, is the specific capacitance (uF/cm?), go and Ts,,, are the peak
synaptic conductance (mS/cm?) and timescale (ms), and I; is the background input (zzA/cm?) to neuron 4.! If at time
to, V(to) = Vr, a spike is tabulated followed by the reset condition limg_,o.c>01 V' (fo + €) = E; and clamped there
for a refractory period of 7,.. We map the system Egs. (39)-(40) onto the monosynaptic causal model by identifying
R={t:Vo(t)=Vo}, T ={t:Vi(t, R) = Vr},and T") = {t : Vi (¢, do(R = 0)) = Vi } where the last line refers
to the trajectory V; () under the deterministic modification of Eq. (40) do(R = ) = g, = 0,Vt € R in the sense
that the voltage trajectories may change but the I; remain constant (i.e., frozen) for all realizations of the stochastic
input current. In other words, unlike in Remark 1, here, the probability space is defined directly over the background
input current, and the dynamical system determines the functional relationship between the reference and target train.
To study the interpretation of the monosynaptic causal inference model in terms of dynamical mechanisms, here we
simplify the form of the background model while maintaining confounding common input,

I; =U; + U,, fori € {0, 1} 41
dU;
TI,iE:Ui'f’Mi'i‘Ui\/QTI,i i(t), fOTiE{O,l,Q} 42)

where &;(t) ~ N(0,1) and Uy, U7, Us are all independent Ornstein-Uhlenbeck processes with means p;, variances
o2, and timescales 77 ;. It is not entirely clear from Eq. 40 where one ought to look for spiking events that may
be well-attributed to a synaptic process like T(F). Certainly, we may first assume that they tend to occur after and
not before the spikes R. Furthermore, we would imagine that their tendency to occur decreases as a function of
distance from the spikes R given the exponential decay model of synaptic conductances. These are elementary and
routinely applied assumptions but do not yet appeal to causal inference concepts. Let us make the simplification of
instantaneous biophysical conduction delay, 7; = 0, and measure counterfactual spike counts in the spectrum of sets,
{S(R,26,0) : § € [0,00)}. For this purpose define the function,

9(6) = Ns(r,25.6)(T) — Ns(r,26.5)(T?). (43)

Assume for now g(d) is monotone and that

B = lim [g(9)] (44)
d— o0
exists. Then for any 0 < By < 1 let,
.0 1g(d)] . 9(0)]
ming { = : —— = if36 € Rt sit. 4 =
5o = 5 {2 3 /30} 3 Bo 45)
0 otherwise.

Intuitively, dp describes how large the time interval after the reference spikes must be to capture some proportion, g, of
the causal difference in spike counts between the counterfactuals relative to the causal difference at some long-term
value S.

'We continue to work in these units throughout.
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Fig 3: Mapping the statistical monosynaptic causal inference model onto a leaky integrate-and-fire (LIF) system.
Functions g(d) and Ng(g,24,5)(T) normalized by a factor |R| - dt for ¢ € [0, 20] msec are plotted in green lines and
black lines respectively. Vertical lines are g for 5y = 0.95. Different line styles correspond to three variations of
one postsynaptic parameter per plot. Each biophysical parameter setting corresponds to a long simulation of 27.77
simulated hours. The left column is for an excitatory synapse (Es,,, = 0 mV), and the right is for an inhibitory synapse
(Esyn = —70 mV). A: The synaptic decay time constant 75, € {1,5,9} msec. B: The peak synaptic conductance
go € {0.01,0.02,0.03} mS/cm?. C: The membrane time constant 7,,, € {6, 10, 14} msec. D: The postsynaptic noise
amplitude o7 o5 € {0.5,1,2} pA/em? (referred to as 01 post i the figure but defined as oy in the text).

17



4.2.2 Simulations validating the mapping

Figure 3 shows simulations of Eq. (39)-(40) and plots Ng(g,2s,5)(T") and g(0) for 6 € [0,20] ms. Both these functions
are normalized by a factor | R| - dt. Each panel displays six lines: Ng(g,24,5)(T") and g(d) for three different values of

a dynamical parameter. Vertical lines mark Jo, which is obtained by setting 5o = 0.95 and where (3 is approximated by
taking |g(d)| at 6 = 1000 ms. Plots are shown for both excitatory (Ej,, = 0 mV) and inhibitory (Es,,, = —70 mV)
synapses. In the LIF neuron, g(¢) tends to rise roughly monotonically and saturate quite quickly, although different
dynamical parameters have a significant impact, particularly the synaptic timescale 7y,

Figure 3A demonstrates simulations of the LIF model system with 7,,,, € {1,5,9} ms. For both the excitatory and
inhibitory synapses, at 7oy, = 19, do = 2 ms whereas at 7.y, = 9, do ~ 12 ms. That long synaptic decay times
increase the timescale of causal action on the postsynaptic neuron coincides with intuition. Figure 3B shows the
effect of peak synaptic conductance, go, on dy; the effect on dy is less dramatic than 7,,,,. For go € {0.01,0.02,0.03}
mS/cm?, & clusters around §y ~ 7 ms for an excitatory synapse and §y ~ 6 ms for an inhibitory synapse. Figure 3C
shows the analogous plots for membrane time constant, 7,,,. The effect on Jj is slightly more pronounced than peak
synaptic conductance but still less than synaptic decay time. In the excitatory case, for 7,,, = 6 ms, dg &~ 4 ms whereas
for 7,,, = 14 we observe dyp ~ 6.6 ms. In the inhibitory case §y is clustered around Jy ~ 6 ms with a slight positive
trend with 7,,,. Figure 3D again shows the analogous plots for the postsynaptic Gaussian noise amplitude which is
known to influence postsynaptic response dynamics [47]. A negative trend is seen between the postsynaptic noise
o1 € {0.5,1,2} pA/cm? (refered to as 01 post in the figure) and dy. No trend is detected in the inhibitory case.

Figure 4 plots monosynaptic point estimates and confidence intervals for the LIF system varying the same parameters
as the previous plot. To make sensible comparisons across plots, here parameters are normalized as g(do)/(|R| - dt),

termed causal rate in the figure. Estimates are é;yn /(| R| - dt) For each plot, different levels of causal rate are produced

by varying go € [0,0.1] mS/cm? with eleven equally spaced values for both excitatory (Es = 0 mV) and inhibitory
(Es = —70) synapses. For estimation, we must also choose a value for the statistical parameter A. Recall that 4.2
(timescale separation) requires that some 7, §, and A exist such that ™ cs (1), for all r. In simulation Jy is chosen
such that 5y = 0.95 to approximate this assumption. On the other hand .A.3 (positivity) requires 0 < g¢(R, kA) < 1,
for all k € Z*. Once 9 is chosen to be Jp, an observer can choose some A and at least verify 0 < g(kAg) < 1, for
all k € Z* because this condition only requires access to the observed data to verify. This is not as useful as it may
seem, however, because, of course, A is unknown, and an appropriate selection of it determines the validity of A.1
(conditional uniformity) which cannot be assessed from observational data. Furthermore, 4.2 and 4.3 are orthogonal
assumptions: one can be true while the other is false. In these simulations, the common background input timescale
was chosen to be rather large (77 2 = 50 ms) so that a simple heuristic might automate the choice of A given dy which
strongly biases this inquiry toward assessing c. In this figure, without too much thought, we choose Ag = dy + 4 ms,
which typically well-approximates the .A.3 (positivity) in the regimes explored here, although some misestimation

arises from violations. To study causal identifiability, in all plots to follow, we use é;yn from Corollary 1 as an estimate
and always define 0., as the ground truth value.

It is worth reminding the reader that A is unknown, and perhaps unknowable, in these simulations. The timescales of
the membrane, background input, and synapse likely interact and might even produce a statistical background timescale
that is smaller than the timescales of the physiological variables involved. Similarly, the assumption that the inequality
0 < A can be true while satisfying the other assumptions cannot be known in the simulation and, in fact, is one of the
primary motivations for testing estimation in dynamical systems models while varying physiological parameters. That
is, good estimation is regarded as evidence for the fulfillment of the assumptions.

The qualitative results of Figure 4 can, for the most part, be predicted by the results of the previous figure. That is, the
estimation procedure provides highly accurate estimates to the degree that the model’s assumptions are approximated in
the sense of the mapping proposed earlier. Figure 4A shows point and interval estimates for 75, € {1,5,9} ms. As
Figure 3A predicts, as 7, increases dp also increases which puts stress both on .A.1 (conditional uniformity) and 4.3
(positivity). One ought to heed the point just made about A being unknown in dynamical simulations.

Even at an unrealistically small synaptic timescale of 7,,, = 1 ms, the magnitude of the inhibitory causal rate is
slightly underestimated with empirical coverage probability 0.82 for the confidence intervals. As 7,,, increases, both
the magnitude of excitatory and inhibitory causal rates are underestimated, however, the confidence intervals behave
more conservatively in this regime and have empirical coverage probability 1 for 75, € {5,9} across all simulations.

In 4B we observe that the qualitative behavior of estimation with respect to synaptic timescale 7, is recapitulated
for membrane timescale 7,,, although to a less pronounced degree. That is, Figure 3C indicates §y will increase as
membrane timescale 7, increases and accordingly in 4B the magnitude of causal rate is slightly underestimated for
excitatory and inhibitory interactions as 7,,, increases.
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A notable feature of Figure 3 was that all else being equal, increasing 7, or 7, increased the causal rate for all
¢ and for the most part trended positively with §y. More intuitively, as the temporal scale of causal effect (i.e., &p)
increased more spikes were causal, naturally. But this appears not to be the case for oy (termed o7 y0s¢ in the figure).
For excitatory interactions, in Figure 3D increasing o increased &y, however, the magnitude of causal rate decreased as
dp increased unlike in the case of synaptic timescale 7, and membrane timescale 7,,,. Yet, like the case with 7, and
Tm, Figure 3D and Figure 4C in combination show that estimation is accurate to the degree J; is made small by a small
o1. This all suggests, not at all in conflict with intuition, that the model’s validity has some mechanistic independence
so long as the causal behavior at the level of spiking abides by the formal assumptions proposed earlier.

The idea that causal effects of inhibitory synapses can be estimated from spike trains has far less existing support from
in vivo experiments. Furthermore, here, the estimation of inhibitory synapses is only highly accurate for unrealistic
parameters for inhibitory synapses [48]. For these reasons, the latter figures primarily focus on the study of excitatory
interactions, except in a few idealized settings where the math quickly implies an inhibitory solution. In that case, this
cautionary statement still applies. However, it should be noted that physiological parameters interact, and they are
typically measured in settings where the interactions may not be present, such as in vitro studies. Thus one cannot rule
out the possibility that, at the level of spiking, the temporal scale of causal action for inhibitory synapses is still small in
vivo, meaning the deficiency resides in the biophysical models. However, until more basic evidence of such mechanisms
exists, we must remain skeptical that the inhibitory model proposed in this study has any relevance to neuroscience.

Table 2: LIF base circuit parameters

Parameter Name Symbol  Unit Value/Distribution

Cellular Properties

Membrane Capacitance Cm uF/em? 1
Leak Reversal Potential E; mV -65
Leak Conductance aq mS/cm? 0.1
Spike Threshold Vr mV -50
Voltage Reset Vr mV E;
Refractory Period T ms 2
Synapse

Peak Synaptic Conductance 9o mS/cm?  0.04
Synaptic Reversal Potential Egyn mV 0
Synaptic Time Constant Tsyn ms 3
Conduction Delay Td ms 0
Background Input

Input Timescale T, ¥ ms 50
Input Mean i ¥ uAlem? 0
Input SD o; * pA/em? 1

*: fori € {0,1,2}

4.3 Causality and spike history in feedforward adaptive exponential (AdEx) integrate-and-fire neurons

After developing a causal inference model in Section 3.1, we proceeded to test the model in a series of numerical
experiments that challenged the model’s assumptions. The point process experiments of Section 4.1 challenged aspects
of how we constructed the background process to account for confounding; namely, the definition of ~(¢) and A.1
(conditional uniformity). The LIF system experiments of Section 4.2, with intrinsic dynamics and conductance-based
synapses, challenged aspects of how we constructed the interaction process to account for coupling effects; namely,
the definition of () and A.2 (timescale separation). In this final subsection, we take this challenge further and
try to identify a case where the causal effect of synaptic input is perhaps more complex than a transient increase in
postsynaptic spiking probability followed by exponential decay (Section 4.2).
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Fig 4: Causal inferences in the LIF model as a function of various dynamical parameters. Inference of postsynaptic
parameters studied in the previous figure. dy is assumed to be known. The true causal rate is defined as g(do) /(| R| - dt)
and the estimate é;yn /(|R] - dt) for §y. For each plot, different levels of causal rate are generated by varying
go € {0,0.01,0.02, ...,0.1} mS/cm? both for excitation (Fsyn = 0 mV) and inhibition (Fyy, = —70 mV). Across all
panels, the empirical coverage probability equals 0.9894. Parameters sweep left to right. A: 7., € {1,5,9} ms. B:
Tm € {6,10,14} ms. C: 07 post € {0.5,1,2} pA/em? (referred to as oy in the text).

Consider a system of AdEx model neurons [49]. As before, let a presynaptic neuron (¢ = 0) drive a postsynaptic neuron

(=1,

dv; V; — Vi ,
Cmﬁ = —q(Vi — E1) + gika,i exp (k:T) — 9590(Vi = Eayn)1{i = 1} = L,; + I (46)
a,i
AL, , |
g = it aVimE)+ Wi=1} 3 bidat—y) + Ui =0} Y bidalt—r) @D
yeT(R) reR
dgs
Tsynﬁ = —gs + Z (Sd(t — r) (48)

reR

where the LIF model has been embellished with a nonlinearity with activation slope %k, and with an adaptation current
I, with subthreshold adaptation coupling parameter a and spike-triggered adaptation parameter b. A spike is triggered
when V' (t) obtains the value Vi + 5k, at which time the voltage V' (¢) is as before reset to E; for a refractory period of 7.
The counterfactual interpretation of the system Eqs. (46)-(48) is exactly analogous to the LIF system of Egs. (39)-(40)
as already discussed noting that under the intervention do(R = () the spike-triggered adaptation trigger times become
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T . As alluded to in the previous section, here we focus on excitatory synapses only. Parameters were chosen
separately for each neuron so that the presynaptic and postsynaptic cells emulate a neocortical pyramidal neuron and
fast-spiking interneuron, respectively [50]. Technically, under these parameters, the AdEx model for the postsynaptic
neuron reduces to the exponential integrate-and-fire neuron (EIF), as it is a special case of the former.

As earlier with the LIF model, the synaptic conduction delay is set at 7 = 0 and Figure SA plots normalized versions
of Ng(r,26,5)(T') and g(0) for € [0,20] ms. The AdEx system produces an apparent non-monotonic behavior in this
regime in g(d). This observation should be examined in the context of functional connectivity methods that use the
CCG as the primary object of inference. For example, Spivak et al. [19] argues that presynaptic autocorrelation can
produce secondary oscillations in the CCG and should be corrected for by a deconvolution procedure. We plot the CCG
from the simulation of Figure SA in Figure 5B. The secondary oscillations seen here are characteristic of those thought
to arise from presynaptic autocorrelation. Under the assumption ¢g(d) is monotonic, secondary oscillations in the CCG
would indeed be an artifact manifesting when finely-timed presynaptic bursts coincide with finely-timed postsynaptic
spikes arising causally from one of the presynaptic spikes in the burst (see Example 3). The causal postsynaptic spike
then contributes to the mass of the CCG in at least two places: the large primary short-latency CCG peak [2] as well as
in one of the secondary oscillations. Whether the causal postsynaptic spike arises from the first or second spike in the
presynaptic burst dictates whether it contributes to the duplicate mass in the secondary oscillation residing in the region
of negative or positive lag.

Here, we have observed that g(d) is not monotonic, indicating, by this fact alone, that part of the secondary oscillations
is causal and not an artifact due to duplicate mass in the CCG. Yet, the model neocortical pyramidal neuron does have
regular bursting as well. To tease apart the contribution of each factor, we append another simulation to the AdEx
system simulation as follows. Let us reuse the AdEx simulated presynaptic train R to keep presynaptic autocorrelation
constant and reuse T'® to keep confounding partially constant. We take the counterfactual target spike train T®) and
add |T'| — |T(®)| spikes to it via a conditional intensity model of synaptic gain, taking the union of spikes induced by
that model synapse with T'(?) (this is termed “artificial synapse" for short). More precisely, define the synaptic gain
function

Aa(t)|do(R=1r) = e/ vo(t — 7 — 74) Z dq(t —r)dt (generates spikes I (%))

rETr

where making a modification from before the kernel is not truncated in the direction of positive infinity: vo(7) =
exp(—7/7s)1{r > 0}. Here, 7, is chosen to maximize the correlation of the resulting CCG with the CCG obtained
from the initial AdEx simulation. e is also chosen to produce approximately |T'| — \T(®)| spikes (from the initial
simulation) and then some interactions, I(®), simulated from this gain function are randomly omitted so the number of
causal spikes in the second simulation exactly equal |T'| — |T(?)| from the initial AdEx simulation. The resulting CCG
from the artificial synapse is also displayed in Figure 5B. Secondary oscillations persist in the CCG due to presynaptic
autocorrelation which is confirmed by the fact that for the artificial synapse g(9) is now monotone in Figure 5C as
expected. However, this does not capture the whole behavior of the initial AdEx system CCG with a biophysical
synapse in Figure 5B. This indicates that these secondary oscillations are not pure epiphenomena but instead include
some causal effect that is, in fact, confounded by presynaptic autocorrelation. This was already clear by the definition
of (&) as well, which indicates that some fraction of the causal spikes contributing to the secondary oscillations is, in
fact, comprised of “first spikes” in response to presynaptic input (i.e., not “second spikes” in a rapid burst).

While the synapse is excitatory, the non-monotonic behavior of ¢g(¢) in the AdEx system also implies some negative
gain at some points on the curve. This is likely due to a combination of the refractory periods and bias selection that
causes some spikes not to occur that would have happened if the synapse had not existed. This highlights several
reasons why unbiased causal effects cannot be obtained from correlation functions, including deconvolution of the CCG
with the presynaptic auto-correlogram (ACG) outside neatly controlled cases. Furthermore, it must be stressed that
there might exist many other causes, including network oscillations, that give rise to secondary oscillations in CCG, and
so spiking correlation functions, in general, fail to address the fundamental problem of causal inference: confounding.

Estimation of the AdEx system ensues exactly as before. In Figure SD-F point and interval estimates are plotted for all
simulations just explored using eleven equally-spaced values for g € [0,0.1] mS/cm? to generate different levels of
causal rate. Figure 5A displays estimates for the full AdEx system defining 0,,, as g(dy). While all the confidence
intervals still cover the true parameter, there is a clear underestimation. However, Figure SE is obtained from the
artificial synapse with the same presynaptic spike trains as Figure 5D and the bias vanishes. Thus, we may deduce that
the bias observed in Figure 5A is not due to presynaptic autocorrelation. This is expected, as no assumptions were
made about R in the theoretical development of the monosynaptic causal inference model. One possibility is that the
monosynaptic causal inference model does not best approximate this dynamical system using dy. Instead, we tried
using §; = arg maxg g(9). While the resulting estimates are not as precise as in the LIF, it appears in this model that
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Fig 5: Causality and spike history effects in an AdEx system of a neocortical pyramidal cell driving a fast-spiking
interneuron. The model neurons exhibit strong spike history effects. A: ¢(6) and Ng(r,25,45)(T') are plotted for the
AdEx system in a simulation lasting 27.77 simulated hours. Note the non-monotone fluctuations in g(d). B: The green
CCG is the observation x (R, T') from the same simulation. The gray-filled CCG is x (R, T'?)) from the corresponding
frozen noise simulation with the synapse removed. The black line is a CCG constructed by adding synchronous spikes
to T (termed “artificial synapse™) such that the total spike count equals |T'|; the synchronous spike times are added
with a time constant chosen to maximize correlation with x (R, T'). Note that secondary oscillations persist in the black
CCG due to presynaptic autocorrelation, but the full behavior remains unexplained by assuming independence of the
causal spikes in the postsynaptic train. C: ¢(9) for R and T is plotted in green. Plotted in black are g(d) for R and the
modified target train constructed by adding the artificial synapse to T'®). Note the non-monotone fluctuations vanish.
D: Estimates are biased for g(dg). E: The bias vanishes with the artificial synapse. F: Bias is also slightly reduced by
estimating g(d) at §; = arg maxs g(4), however perhaps at the cost of less precision and a Type 1 error for g(d;) = 0.
Different levels of causal rate are generated by varying go € {0,.01, ...,0.1} mS/cm? as before.

g(01) is better identified than g(do) for most coupling strengths as shown in Figure 5F. As a tangential point, this also
shows that estimation, in general, might be reasonable across some range of 4.
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Table 3: AdEx Circuit Parameters

Parameter Name Symbol  Unit Value

Cellular Properties

Leak Conductance qi mS/cm?  1/15
Refractory Period Tr ms 5
Membrane Capacitance Cnm uF/em? 1
Leak Reversal Potential E mV -65
Voltage Reset 1% mV E;
Adaptation Current Timescale Tw ms 500
Spike Threshold Vr mV -50
Synapse

Peak Synaptic Conductance go mS/cm?  0.05
Synaptic Reversal Potential Egn mV 0
Synaptic Time Constant Tsyn ms 3
Conduction Delay Td ms 0

Pyramidal Neuron

Activation Slope ka0 mV 2
Adaptation Conductance ao mS/cm?  2.04
Adaptation Increment bo pA/em?  0.02

Reset Condition Vro mV Vr + 5kq0
Interneuron

Activation Slope kan mV 0.5
Adaptation Conductance aq mS/cm? 0
Adaptation Increment by pA/cm? 0

Reset Condition Vra mV Vr + 5kq. 1
Background Input Currents

Input timescales Tri* ms 50

Input Mean Wi ¥ uAlem? 0

Input SD o; * pA/em? 1

*:fori € {0,1,2}

5 Neural perturbations for testing assumptions and fitting free parameters

The frequently invoked separation of timescales hypothesis in monosynaptic inference [3, 10, 2, 51, 19] to some degree
suggests we may learn something useful by studying a toy model of instantaneously coupled Bernoulli processes in
discrete time. Importantly, this setting possesses the feature that presynaptic and postsynaptic spikes can be thought
of as sequences of binary treatment and outcome variables. When the synaptic effect is very fine-timescale, as is
often observed in vivo [7], and when firing rates are sparse, this might be a reasonable approximation. Of course,
the analogy breaks in obvious ways including long synaptic decay times, temporal summation of PSPs, spike history
effects, etc. But the toy model can clarify issues about causality and, fortunately for neuroscience, well-developed
causal inference concepts for binary treatment and outcomes variables can then be applied to pairwise spike trains in a
fairly straightforward way. In this section, we make this simplification to discuss how perturbation experiments (e.g.,
optogenetics) could test the monosynaptic model’s assumptions or fit free parameters.

5.1 Monosynaptic model calibration in an ideal neural perturbation experiment

For simulations in this setting, we will also retreat back to point process simulations that are even simpler than the one
of Section 4.1. As building blocks, piecewise constant excitability functions will be used for various purposes,

bi(t;) = Y mipl{(k—1)A <t; <kA}, fori=0,1 (49)
keZx
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where the m; j, are repurposed from a multivariate skew of dimension n = 2 (see Eq. 34), with discrete time points
{t;} j€{0,1,...,p} for an experiment of duration D, and where A is the bandwidth of the amplitudes chosen as a constant
equal to the statistical free parameter of the same name defined in previous sections. This will be used to construct
conditional intensity functions in an idealized monosynapse model. Working in discrete time, sets of spike times in this
section will be defined as sets of integers.

Here the relationship between 0s,,, and the probabilities of causation of Tian and Pearl [1] is demonstrated in simulation.
This provides an alternative set of assumptions to identify causal effects that utilize observational and experimental data.
As before we work in the toy case of instantaneously coupled Bernoulli processes in simulation. For 0 < 5 < D, define
the conditional intensity functions,

Ar(t;)[bo(t) = pobol(t;) (50)

/\T(tj)|b1(t),dO(R=T') Zplbl(tj)+e]].{tj € ’l’} (29
where pg and p; are normalization factors and € is a fixed instantaneous coupling constant chosen such that Ap(t;)| R
remains a proper intensity function. We map this toy model onto the monosynaptic causal model by identifying R and
TR as the sets of spike times generated from Ag|bo(t), Ar(t;)|b1(t), R respectively.

We implement the model structurally by extending the analogy of Example 1, with R and T" conditionally independent
given knowledge of the (causal) conditional intensity functions (51). Expanding on that, define an idealized neural
intervention of the presynaptic neuron as one that causally induces a new reference train ro; do(R = () is imple-
mented by independently sampling the reference train from a constant intensity function Aoy, (¢;) = Ao inducing an
experimental version of the postsynaptic intensity, A7 (;)|b1(t), do(R = ro) = p1b1(t;) +€l{t; € ro} with outcomes
T(™0). Here (in discrete time) this is effectively the common notion of experimental randomization whereby every time
bin is assigned to spike by mechanisms that act independently and homogeneously across time.

Returning to probabilities of causation, in the general case of Bernoulli random variables X and Y, respectively, Tian
and Pearl [1] define these probabilities as follows,

PN =1 (Y(XZO) =0X=1Y = 1) (probability of necessity) (52)
PS =T (Y<X:1> — X =0,Y = o) (probability of sufficiency) (53)
PNS =P (Y(X=1) — 1, y(X=0) o) (probability of necessity & sufficiency). (54)

For example, probability of necessity (PN) is the probability that { X = 1} is a necessary cause of the effect {Y = 1}. It
is the probability that, given the event that {X = 1} and {Y = 1} both occur, Y is 0 when X is forced (via intervention)
to be 0. More loosely, X would be 0, were it not that Y is 1; that is, X is the necessary cause of Y. PS and PNS have
similar interpretations. We refer the interested reader to Ch. 9 of Pearl [17] for a fuller review.

To map these probabilities into our experiments (e.g., spikes simulated from the structural causal model in the
specification above, including Egs. (50)-(51)), let V be a random time: V' ~ Uniform{1,2,...,D}. Then X :=
1{V € R},andY := 1{V € T'} and apply Egs. (52-54). Hence, in simulation, we will identify the ground truth of PN
with its intervention-inferred numerical estimate PN = 6s,,, /| R N T'|. This is the true proportion of causal synchrony
to observed synchrony. (Note that the noise processes are not iid, so there is an additional, implicit assumption that the
noise processes are mixing quickly enough to make the error in this identification negligible. We do not analyze this
error, or incorporate a variability assessment.)

Pearl identifies several ways to identify PN from observational and experimental data [17]. For our purposes, an
acceptable assumption is monotonicity, which here simply requires a synapse to be strictly excitatory (¢ > 0) or strictly
inhibitory (e < 0). Let us explain the excitatory case. The inhibitory case follows precisely the same logic but redefines
the outcome variable as silence rather than a spike. We follow Pearl [17] and for finite data assert by hypothesis an
alternative estimate for PN = 0,,,,/|[R N T| as,

. TARN\ '/|T| [T
vy (LR (I 20
D D D — |r]
where as defined earlier D is the duration of the experiment. The estimator uses spontaneous and perturbation data as just

outlined. Under the monosynaptic causal inference model, the analogous estimator is denoted PNObS = ésyn /|IRNT|
requiring only observational data under its assumptions. Likewise, we suggest PN.S = ¢ in the toy model with the
alternative estimator,

),ifezo (55)

. (o) (ro)
PNS.up = e ) I AR N PO (56)
7o D — |rol
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The monosynaptic causal inference model’s corresponding estimate will be PNSps = ésyn /| R|. Notice this gives a
more principled account of what neurophysiologists often call efficacy [52] or spike transmission gain [53], which are,
loosely, the excess probability of a postsynaptic spike given that a presynaptic spike occurred. We use the word loosely
because the word excess has no universal interpretation (see excellent review in Stevenson [20]), and to our knowledge,
none have formally interpreted excess in terms of counterfactuals and potential outcome random variables. Finally, for
the ground truth numerical probability of sufficiency let v == (Z* N [0, D))\ (RUT). Then, PS = |T"“) N |/1 with
alternative estimate,

. D—|TUR|\ " /|T™) nrl |T]\ .
PSeyp = — 1) ife> 7
Seap < 5 ) ( o 5 ) ife=0 (57)

and estimated from observational data only by the monosynaptic causal inference model as,

-1
PSops = <D_|11;UR|> (PNSobs — (TBRPN0b5>). (58)

As mentioned before, these quantities can be obtained for inhibition in the exact same way where the queried postsynaptic
outcome variable is silence. For visualization purposes, in the inhibitory case, we define the probabilities of causation
through multiplication by —1 so that an estimate of inhibition can be plotted simultaneously with excitation and
compared with 6,,,, on its negative support. For example, in the inhibitory case, we will have,

; [R\T|\ ' (D—|T| D—|T") U
PNgyn = 1( D ) ( 5 D —Tro] ),€<O. (59)
The significant observation is that the probabilities of causation are obtained from experimental and observational data
without appeal to some of the assumptions that make 6,,,, identifiable from observational data alone. Namely, A.1
(conditional uniformity) and .A.2 (separation of timescales) are not required to identify the probabilities of causation.
For this reason, if these idealized concepts could be extended to fit more realistic aspects spike trains recorded in vivo,
we have here provided an experimental test of A.1 and .A.2 that could be conducted in the laboratory. Essential in this
endeavor would be confidence limits, say for PN, with finite data, which is research currently being pursued [54].
However, the final section of this study will argue that such an experiment is not easily achieved by current experimental
technologies (e.g., optogenetic stimulation). These alternative estimators also might provide a route to estimate the free
parameter J, 7, and A.

We conclude this section by simulating spike trains from the toy model in Egs. (50)-(51). Simulation details are exactly
analogous to those in Figure 2. Figure 6 shows the results of forty-two simulations (twenty-one for excitatory and
inhibitory estimates) as just described and each plot shows the corresponding point estimates for PIN'S (Figure 6A), P.S
(Figure 6B), and PN (Figure 6C). In each case, a tight correspondence is shown between the ¢,,,,-derived estimates,
which come from observational data, and the alternative estimates, which use a combination of experimental and
observational data.
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Fig 6: An idealized experimental test of the monosynaptic model’s assumptions. In sparse firing conditions where
presynaptic and postsynaptic spikes can be approximated as binary treatment and outcome variables, the monosynaptic

model can be related to the probabilities of causation of Tian and Pearl [1] in a toy spiking model. PNS caps PS caps

and PNEW are derived directly from Tian and Pearl [1] and provide alternative estimates for monosynaptic causal
effects by combining neural intervention data with spontaneous data and thus require fewer assumptions on the
background processes, providing an experimental test of the monosynaptic causal inference model’s assumptions.
PNS obs» PS obs» and PNObS are different normalizations of ésy” obtained from observational data as described in
the text. A: Probability of necessity and sufficiency (PN.S) corresponds to ¢ in the toy model. B: Probability of
sufficiency (P.S). C: Probability of necessity (PN).

5.2 Even strong perturbations might quite strongly fail as randomized experiments.

In the previous section, we explored conceptually the notion of an ideal neural intervention in a toy spiking model. The
purpose of this was to highlight connections between 6s,,, and more well-established causal inference concepts and to
speculate about avenues for future research that might make the interventions suitable for more realistic dynamical
models. Another concern persists, which is the degree to which current experimental technologies actually achieve
the theoretical notion of an infervention in causal inference. Recently, Leppergd et al. [8] fruitfully analyzed the
confounding that arises from optogenetic stimulation activating many neurons that may be unobserved. However,
while it is well-understood that stimulation often increases the empirical rate of the presynaptic neuron on a coarse
timescale [2], it is not clear in a dynamical system how much deconfounding occurs at the level of voltage and hence
what the proper interpretation of juxtacellular or optogenetic stimulation is. In this section, we caution against simple
interpretations (and thus show the difficulty of obtaining the ideal intervention we proposed in the previous section)
by injecting stochastic input currents into correlated but unconnected LIF neurons, as well as stimulating them with a
biophysically detailed channelrhodopsin model [55].

A simple example to consider is two unconnected LIF neurons with common input that produces structure in the CCG.
An ideal intervention, where each point in time is randomly assigned a presynaptic spike or not (see Section 5.1) should
destroy all structure in the cross-correlogram during stimulation, yielding a flat histogram. Consider two LIF neurons,

dv;
dt
where as before if at time tg, V (tg) = Vr, the voltage is reset to E;. With the same form as Eq. 42 but with a slight
change in notation, I.(¢) is common OU noise to both neurons, I;(t) for i = 0, 1 is independent OU noise for each

neuron. I,,(¢) is either an injected current identical to the stimulus to be described momentarily or the same stimulus
filtered by the channelrhodopsin (ChR2) model of Williams et al. [55].

Let S(t) be the stochastic stimulus, then

Cm—— = —q1(Vi = Ey) + Le(t) + Li(t) + I (t){i = 1}, fori = 0,1 (60)

I,(t) = S(t) (for current stimulation) (61)
I,(t) = gchr2G(V)(O1 + v02)(Vo — Echr2) (for optogenetic stimulation) (62)

where in the notation of Williams et al. [55] gc,r2 1s the max conductance of the photocurrent, Ecy, g2 is the reversal
potential for channelrhodopsin, G(V) is a voltage-dependent rectification function, O, O2 are open state probabilities,
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and ~ is a normalization factor. Eq. (62) is identical to Eq. 1 in Williams et al. [55], and we replace what in their
notation is termed Sy () in their Eq. 11 with our stimulus S(t). We refer the reader to the rest of that study since
the channelrhodopsin model is rather complicated and has various state variables and parameters. We used identical
parameters from the original study for channelrhodopsin.

In simulation, we take S(¢) to be a special discrete construction of a Gauss-Markov process with Hurst or Holder
parameter H € [0,1]. The motivation for this is to generate repeatable spike patterns in the presynaptic neuron
regardless of the level of other sources of noise [56], constituting the notion of experimental intervention. The parameter
H plays the same role as in fractional Brownian motion, intuitively describing how rough (small H) versus smooth
(high H) the trajectory is, however the process used here is colored (i.e., its power spectrum is not flat). The process
was developed as an injected current in previous work to suggest that more reliable spiking patterns can be induced into
a LIF neuron to the degree that H is small regardless of the neuron’s level of independent noise [57]. The construction
of the process is described in Appendix 6.3. In this setting, it is simply being employed as technology to produce
reliable spiking responses to stimulation [58, 59], although the tenability of this very statement in this setting is what is
being tested in the simulation. Consider that if a spiking pattern were perfectly reliable to a repeated stimulus, then an
experimentalist would know that they are deconfounding in the sense of the do(-) operator of causal inference.

Figure 7 simulates the system in Eq. (60) for different parameters of the stochastic input current or light stimulus; the
timescale 7y and Holder parameter H. In each simulation, the timescales of the intrinsic processes Iy(t), I1(t), and
I.(t) were set to 10 ms, and their amplitudes to unit variance. The amplitudes of the stimulations were then adjusted so
that the reference neuron’s empirical rate during stimulation was approximately 470% greater than the spontaneous rate
as in the experiment of English et al. [2]. Equalizing firing rate across experimental conditions in this way, surprisingly
quite strong common input correlations persist for current injection and optogenetic stimulation. Furthermore, varying
the input parameters H and 7y leads to hardly detectable differences in the deconfounding as measured through the
CCG. If current or optogenetic stimulation fulfilled the notion of do(-) as applied to spike trains in Section 5.1, the
CCQG during stimulation should be flat.
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Fig 7: Strong juxtacellular or optogenetic stimulation might fail to be randomized experiments. Two LIF neurons
are driven by common inputs, and their CCG is plotted (black plots). With the same frozen noise input, the model
system is subjected to either (1) current injection in the pattern of a Gaussian process (gray plots) or (2) photocurrent
stimulation in the same pattern on a biophysically detailed opsin model affixed to one of the LIF neurons (green plots).
A special Gaussian process is utilized from a theory that predicts reliable spike patterns to be produced to the degree
that a parameter H € [0, 1] is small. The timescale of the stimulus, 7y, is also split into two conditions, 5 ms and
50 ms simulations. The variance of the stimulations was adjusted for electric current injection or photostimulation
such that the stimulated firing rate was approximately 470% greater than the spontaneous rate [2]. Even for this strong
perturbation, confounding common synaptic input correlations persist and do not significantly differ given the character
of the input when the variance of the stimulation is adjusted to produce equal firing rates across conditions.
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6 Appendix

Table 4: List of abbreviations

Abbreviation Definition

ACG Auto-correlogram

AdEx Adaptive exponential integrate-and-fire neuron
CCG Cross-correlogram

cdf Cumulative distribution function

CGF Cumulant generating function

ChR2 Channelrhodopsin-2

DC Direct convolution

DFT/IDFT Discrete-Fourier transform and its inverse
FFT/IFFT Fast-Fourier transform and its inverse

iid Independent and identically distributed
INT Interneuron

LIF Leaky integrate-and-fire neuron

(0]8) Ornstein—Uhlenbeck process

pmf Probability mass function

PSP Postsynaptic potential

PYR Pyramidal neuron

SD Standard deviation

6.1 Examples of confounding and non-identifiability in the CCG

To prepare for examples that demonstrate this issue, let R and T be a finite set of spike times (a point process) for an
experiment of fixed duration. We will, in general, consider a reference spike train R hypothesized to be presynaptic,
and a target spike train 7", hypothesized to be postsynaptic. A goal is to quantify the evidence for that hypothesis and for
a number of its characteristics. We are thus interested in the potential outcome random variable, T(R=7) abbreviated
T(’")7 which is the target train, in a causal model, induced by do(R = r). That is, we are interested in the causal
influence of R on T'. For any spike trains X and Y define the unnormalized sample cross-correlation function (sample
CCF) as,

UX,Y,7) = /Oo > Galt—x) Y dalt—y+7) dt (63)

X zex yeyY

where 44 is the Dirac delta function. We will also write x(X,Y,7) = E[x(X,Y, 7)] and will occasionally assume
the spike trains are discrete, reinterpreting the notation accordingly when specified. The term unnormalized cross-
correlogram (CCG) likewise refers to a binned version of ¥ (X,Y, 7).

The following examples motivate the approach of this article. Figure 1 illustrates their simulation and the causal
decompositions described in the examples. Example 1 presents an example of a causal model in terms of point process
models, and subsequent simulations will utilize this definition of causality.

We start with the simplest model one might imagine.

Example 1 (Instantaneously-coupled Bernoulli processes with fixed coupling constant €). Define a probability space
which contains w = (w1, ...,wan ), a vector of 2N independent uniform [0,1] random variables. Then consider the
following potential outcomes model: R(w) = {t; : w; < Ag} and TE=")(w) = {t; : wjsn < Ay + €l{t; €
r}}. By independence, there is no confounding (of R and T'). The average causal effect of the coupling at time t,
E[l{t € T} — 1{t € TE=D}] is e. Consider, for example, the intervention do(R = 0): TB=D(w) = {t; :
wisn <A +el{t; €03} = {t; : wirn < Ap}. TE=D(w) is defined as a function on the same probability space
as the functions R(w) and T(w) = T (w). (w1, ws, ..., wan ) are so-called ‘background’ variables. We think of a
particular realization of w as encoding the state(s) of the ‘external’ world. Interventions modify the relations between
R and T to define potential outcomes for T', given that the state(s) of the world (i.e., the background variables w) are
fixed (i.e., ‘frozen’) over potential outcomes.

Example 2 now examines the behavior of the CCF for Example 1 demonstrating that € is not identifiable.
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Example 2 (Identical CCGs with different coupling strength) One can verify from the independence relations that
a normalized CCF for the model in Example 1 is x(R, T'® 7)/N = E[Zt (It —7 € R}y1{t € T®}|/N =
AR(AT + €)1{1T = 0} + (ArAr + Mhe)1{T # 0} dlsmlssmg edge effects. Since in this model the CCF is flat
everywhere but the coupling lag at T = 0, the CCF peak, p = x(R,T® 1 = 0) — x(R,TW 1 = 2) for any
z # 0, can be related to the average causal effect as € = p/(Ar — \%) where we have normalized the peak by \r
which is standard in functional connectivity studies. € and p are not equal. Consider two situations. In Situation A
the model has parameters \r _a,€a, A, A. In Situation B, an identical \r-normalized CCF is obtained by setting
ArB=1—€a,ep=1—=ARpa, Ar.B = Ar,a + AR, A€4 — Ag, B€R. For example, we can have the average causal
effects be e 4 = 0.2, in Situation A, and eg = 0.8, in Situation B, and yet their CCFs are identical.

In the previous example, e is identifible if supplemented by one additional unknown, Ar. Here that is trivial if the
process is stationary, however neural data is known to be highly nonstationary [31, 30] leading to extreme difficulty in
estimating analogous time-varying quantities [12]. When Ag is unknown, one can verify through level set analysis
that the model parameters in the example can vary widely for fixed ¢, suggesting large relative bias if g is slightly
misestimated, even when Ag is small.

Related to the observation that A confounds estimation in Example 2, it has long been understood that presynaptic au-
tocorrelation might in some way influence the CCG between two neurons [60] leading to suggestions that deconvolution
of the CCG with the presynaptic ACG might help in deconfounding, particularly under stationarity assumptions [19].
In the next example, we examine the nature of this confounding in a nonstationary setting. Two neurons are given
confounding oscillatory backgrounds. In addition, the presynaptic cell emits a burst of three spikes approximately every
second. As a thought experiment, imagine these bursting events alternate such that the spike times in the bursts are
either generated by a Gaussian with small variance or large variance. Causal conclusions from the CCG vary widely
in their dependence on whether the causal interactions tend to occur among the bursts with small or large variances,
highlighting the non-identifiability of causal inference from correlation functions altogether. Later, we use this intuition
to construct confidence intervals by supposing causal events occur at these limiting cases of presynaptic firing, thus
bounding the estimate over this uncertainty (Section 3.4.1).

Example 3 (Different CCGs with identical coupling strength). Consider the following generative model for
an experiment of duration D. Let background intensity functions be Ag(t) = Ap(t) = acos(wt) + « for
t € [0,D),« € [0,1/2) both generating sets of real-valued points Ry and Ty, respectively. Define a sequence
of latent events 0 < {1, 4a, ..., L < D such that £, — L1 ~ Uniform(0.8,1.2) seconds. Let these latent events be
the center of a burst of three spikes, Xy ; ~ N (I, 0 a1{k is even} + o 1{k is odd}) for i € {1,2,3}. Collect these
eventsina set Ry = UgeN U?Zl Xy.,; and define the presynaptic spike train as R = RoUR,. Also, let Yy, ; ~ N(Xk,i +
d,os1{k is even}++/20% + o21{k is odd}) fori € {1,2,3} and X = Utk evm}U?:lYk,i andY = Uy, oaa) U3 Vi
Now consider two situations. In Situation A, T™") = T, and T'® = T, U X. Since cross-correlation is a linear
operator and the constituent processes are in superposition, the unnormalized CCF can be expressed in approximate
closed—form as XA(Rv Ta T) = X(ROa TOvT) + X(RlaT07T) + X(ROa X T) + X(RlaX T) Da2/2 COS(Wt) +
o + D™HE[ R[] E[|To]] + E[I X[ E[|Rol]) + 5 E[|R:[IN(7]d, 05) + >3+ E[[Ri[IN(7]d, /207 + 02) where
we have dismissed edge effects. In Situation B, T") = Ty and T(R) = TO UY and by the same logic
x5(R,T,7) ~ Da? /2 cos(wt) + o + D~ (E[| Ry|| E[|To|] + E[[Y [ E[| Rol]) + 5 E[| Ri[IN (7]d, /207 + 02) +
S E[| R[N (7]d, /20% + 20% + 02). In both cases, we write 252 E[| Ry |] 1o hlghllght that there are three causal
events per burst, we subtract one as it has already been counted in the penultimate term, and such a scenario occurs for
half of the presynaptic bursts contributing to the unnormalized CCF. If 0 4 and og are both small and not appreciably
different and o 4 << o g, the penultimate term of x a(R, T, T) will appear as a monosynaptic feature and the penulti-
mate term of xg(R, T, ) will appear as a background feature, leading to very different causal conclusions in both
situations although the causal effects - in the sense of | X |/|R| = |Y |/|R| - and presyaptic spike trains are exactly
equal in each situation, demonstrating that mere knowledge of the CCG and presynaptic ACG would be insufficient for
causal inference.

These examples are intentionally dramatic to be instructive and often exceed plausible neurophysiological behavior.
Namely, the firing rates are often quite high, and we used Gaussian functions for analytic tractability, although they
allow for some causality to occur in reverse time. However, if the examples are understood in mathematical detail, it’s
straightforward to see that the degeneracy is quite general, especially if we are concerned with the relative error of
estimates. Moreover, the regime of nonstationary, high presynaptic bursting coinciding with information transfer is
perhaps the most biologically relevant [61, 47, 62]. A common way presynaptic bursting manifests in the CCG is as
secondary oscillations visually distinct from the primary monosynaptic peak because of the refractory periods [19].
We explore this in Section 4.3 and Figure 5. Note, however, that in Example 3 the influence of bursting on the CCG
depends on how the temporal resolution of bursting interacts with the temporal resolution of the causal interactions
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they associate with; a concept that should generalize beyond the idealizations made here. So it is not guaranteed that
refractory periods will dissolve the issue. In fact, statistical dependence between the temporal resolution of bursting
and the causal interactions (e.g., from short-term plasticity) might likely make the interpretation even more subtle,
leading to multiple sources of estimation error at different lags of the CCG (that is, a combination of Example 2 and
Example 3). Complex dependencies between background input currents and other forms of nonstationarity suggest that
the toy examples here may paint a forgiving picture of the confounding present in real neural data [6].

6.2 Monosynaptic causal inference model proofs

Theorem 1. Under A.I (conditional uniformity), A.2 (timescale separation), A.3 (positivity) and A.4 (consistency) an
unbiased point estimate of 05y, in the excitatory and inhibitory models Eq. (4) is given by one expression,
= 3 Nywarnsr) (T) = a(R, kAN a) (T)
s 1—q(R,kA) '

©))

keZ*
Proof.
Case 1: Excitation, 0, > 0.

For an arbitrary k£ € Z* we have from the definition of the model Eq. (4) we have, for all r,
Ny eaynsem (TT) = Nyeay TN (JLS() : Ny (B) > 0}) + Nyeaynsim (B)  (64)

rer
where S(r) has been excluded from the subscript of the increment in the first term of the RHS by
A.2. Taking conditional expectations with respect to (I'(T"), R), and applying .A.4 (consistency) and
linearity, we have

E |:N7(kA)ﬁS(R) (T) ’F(T% R} (65)
— BN, (1 U 4800) N (B) > 0))[F(T). (©6)
reR

+E |:N7(kA)ﬁS(R) (B) ’F(T)7 R} :

By A.1 (conditional uniformity),
E[Nyka)nsr) (B)ID(T), R = q(R, kA) E[Ny ) (B)T(T), R]. (67)

Furthermore, Eq. (4) under A2 gives N,a)(I™ \ Uper{S(r) : Ngin(B) > 0}) =
Ny (TM)) = Ny goa) (T®), for all r. Eq. (65) then becomes,

E {Nwmmsm) (T) ‘F(T), R} (68)

=E [N'y(kA)(T) — Ny ea) (T

I‘(T),R] +q(REA)E [NW(kA)(B)‘I‘(T),R] (69)

=E |:N'y(kA)(T) — N,y kay(T?)

r(T), R] (70)

+q(R,kA)E [Nwm) (T) - (N,y(m) (T) — N,k (T<@>)> ’I‘(T), R} (71)

where the substitution of N, 4)(B) inside the expectation of the last term again results from Eq. (4)
under .4.2. Rearranging, we obtain

E [kaA)(T) - Nw(kA)(T(m)’F(T ); R} (72)
o [Nygaynse) (T) — a(R kAN, a) (T) ]
_]E{ T RIA) T(T), R/, (73)
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using the general fact that E[f(Y) E[X|Y]] = E[E[f(Y)X|Y]] = E[X f(Y)] for (measurable)
random variables X, Y, and functions f. Summing over k and taking expectations on both sides of
the above gives

A [ N, r (T) —q(R, /{:A)N EA (T)
B T A (kA0S (r) $(k8) A
[esy”] 2 I~ (R, k) 7
=E Z Nyea)(T) — Nw(m)(T(@))} (75)
- keZ*
=E |Nsr)(T) — Ns(r) (T(m)} = Osyn. (76)

Case 2: Inhibition, 0,,, < 0.

By Eq. (4) and \A.2 the following invariant holds for all realizations of the inhibitory model and every
r,

Nyeans) (T™) = Nygeap sy (TD). (77

In the inhibitory model, Eq. (4) under A.2 gives N, a5 (TD) = N, (a5 (B), ¥r. Using
this substitution and applying similar steps as in Case 1, including 4.4 and 4.1, we have

E [N'y(kA)\S(R) (T)

R,F(T)] = <1 —q¢(R, kA)) E [NW(M)(B)‘R,I‘(T)]. (78)

In the inhibitory model, we again have from Eq. (4) under A.2 N, xa)(T™) = N, xa)(B) —

Nyay(B N Uper{S(r) : NS(T)(I(’“)) > 0}). Using this relation to substitute N.;a)(B) in
Eq. (78) and again using .A.4 for terms inside the expectation,

E {Nw(kA)\S(R) (T)‘R,F(T)} (79)

= (1= (R K) | E [N, (T) 4 8y (B 0 (S(0) s Nt (1) > 0D R ()|
reR
(80)

- (1 —q(R, kA)) E [Nw(m)(:r) — (Nv(m)(:r(R)) — N, (TW’))) ‘R,I‘(T)] (81)

where the change of sign inside the expectation of the last line results from the fact that under A.2
Nyeny(TH) — N .4y (TP) < 0 in the inhibitory model. Rearranging and following analogous
steps as used in Case 1,

_ Nyrans(r) (T) = (1 = g(R, kA)) Ny a) (T)
o == 2 | T (R, KA | 52

Setting this expression equal to Eq. (74) all terms cancel.

|
Lemma 1. Let
D(R.T) = {31l = 171, (K \ D) € 4}, ()
Abbreviate D(R,T) as D. Under A.l (conditional uniformity)
JG_SW € arggergin {c (q(r, t),j)} (18)
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and
JS € argmax{c"‘(q(r,t),j)}. (19)
s JjED

Proof. We will establish (18). (19) can be established in the same way.

]P(Ns(R)(B) <c

Y S [arn) [ G- ar2) (84)

a(R. T)J) (83)

n=0QeJhl i€Q ke(J\Q)
c—1
-y ¥ Il «r1m) J[ Q-aoRT)
n=0 Qe{J\z}!" ic{QUx} ke(J\(Quz))
Cc
n=0 Qe{J\z}In i€Q ke{J\Q}

using {Q € JM 2 € Q} ={QUx:Q € {J\ x}"~U}. For an arbitrary = € J, this implies

0
- < .
c—1
= Z Z Hq(RaTl) H (1 7q(R’Tk))
n=0 Qe{J\z}I" i€Q keJ\(Qux)
> > Jlarm) ] (-eRT) (87)
n=0 Qe{j\z}I" i€Q keJ\(QuUz)
== Z H (R, T;) H (1-¢q(R,Ty)) <0, (88)
Qe{J\z}lel icQ keJ\(Qux)

because ¢(R,T;) € [0,1] for all i € K. Note that 9/0q(R, T,)[P (Ngr)(B) < c|q(R,T), J)] is independent of
(R, Ty).

(Proof by contradiction.) Suppose J,_ ¢ argminjep{c™(q(R,T),j)}. Fixany J* € argminjep ¢~ (q(R, T), j).
Accordingly, assume there exists an = Jy, . such that z* & J* so that q(R, Ty+) < q(R,T,,) for some m € J* by
the definition of .J,_ . (If such an 2™ does not exist, then ¢~ (¢(R,T),J*) =c (q(R,T), J9—syn) by construction.) By
Eq. 88, thisimplies ¢~ (q(R, T'), J*) > ¢ (q(R,T), J*U{z*}\{m}). This is a contradiction as J*U{z*}\{m} € D.

|

Lemma 2. Denote X1, Xo, ..., X;—1, Xit1, ..., Xn as ; X. Then suppose X1, Xs, ..., X,, are Bernoulli random vari-
ables (not necessarily independent) satisfying

P(X; =1:X,2) > pi(2), (20)
foralli € {1,2,...,n}, and for some random variable Z. Then
]P(ZXigk‘Z> gﬂ’(Zifigk),Vk (21)
i=1 i=1

if Y1,Ys,...., Y, are conditionally independent Bernoulli random variables, conditioned on Z, with parameters
p1(Z),p2(Z), ..., pn(Z) respectively, and X1.,, and Y., are conditionally independent, conditioned on Z.
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Proof. The proof is by induction. The case n = 1 is self-evident. Observe that

n n—1
P <ZX1 < k:|Z> =P <Z X; < k‘Z,Xn = 0) (1-P(X, =1]2)) (89)
=1 =1
n—1
+IP<ZXi§k—1‘Z,Xn:1> P(X, =1) (90)
=1

and . .
P(Zyi<k>:P<2n<k>+ﬂ><2n<k—1>pn. O1)
i=1 i=1 i=1

Conditioning on X,, = 0, the induction hypothesis is satisfied for X7, Xo, ..., X;,_1. Therefore,

n—1 n
IP(ZXing,Xn:O)gIP(ZYiSk) (92)

i=1 i=1

and analogously,

n—1 n—1
IP(ZXigk‘Z,Xn:1>gIP(ZEzk-l). (93)

i=1 =1
Also note,
n n n—1 n—1
{Zﬁﬁk}Q{ZKSk’—l}=>IP<ZYZ'§/€>SIP<ZY¢SK‘—1> (94)
=1 =1 i=1 =1
and,
P(X, =1) =Y P(X, =1Z,; X\)P(;X) <Y paP(;X) = py. 95)
iX iX

From this reasoning we obtain,

n n—1 n—1
P(Zi@ﬂ)=1P<ZYZ-SI<:>(1—pn)+ﬂ><2n3k—1>pn (96)
i=1 i=1 i=1

ZIP<7121Y¢§1€> (1]P(Xn1))+]P<nzlyigkl>1p()(n1) 97)
>P (ZX Sk‘Z,Xn=0> (1-P(X,=1))+P (ingk_llz,xn:1> P(X, =1)
. - (98)
i=1 .

Proposition 1. Under A.1 (conditional uniformity), A.2 (timescale separation), and A.4 (consistency) { Ng(r)(T') —

h < ¢ (q(R,T),J;, )} and {Ngr)(T) — h > c*(q(R,T), J;")} are o/2-level critical region for all P in Hy :
Osyn = h. That is, for allIP in Hy : Ogypn = h,

P (Ns(r)(T) —h < ¢ (q(R,T),J})) < a/2 (22)
and
P (Ns(r)(T) = h > ¢t (q(R,T),J;))) < o/2. (23)
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Proof. We will prove the first inequality Eq. 22. Eq. 23 can be proved in the same way.
Note that
P (Nem(T) ~ 1 < ¢ (a(R.T), )

J(R.T), J) <a/2, (100)

by the definition of ¢~ (+), and symmetry. Thus, by the fact that J € D(R,T'), under Hy and by Lemma 1,
c (@R, T),J;,) <c (qg(R,T),J) (101)
for all realizations of the model. We have,

P (Ns@ (T) — h < ¢ (g(R.T). 7 )|¢(R.T), J) (102)
<P (NS<R> (1)~ h< e (a(RT), J>‘q<R, T), J) <a/?, (103)

(almost surely). Therefore
P (NS<R> (T)—h < e (q(R.T), J,:)) (104)
_ E[IP (Nm (T) — h < ¢ (g(R.T)..J;) ‘q<R, T), J) } (105)
< a/2. (106)
|

Remark 2. We found the following intuition useful regarding the conditional inference in Proposition 1. It is not
necessary that the critical region’s boundary term, ¢~ (q(R,T), J, ), be (q(R,T), J)-measurable, because of the
inequality Eq. 101. Yet, a key feature is that it is (R, T)-measurable, so that, speaking informally, its evaluation does
not require “knowledge” of J .

6.3 Construction of multivariate Ornstein-Uhlenbeck process

To try to create reliable spike patterns, we utilize the Ornstein-Uhlenbeck construction of Taillefumier and Magnasco
[57] as an injected current or light stimulus. We describe a multivariate version of the process because it is far more
efficient to sample a multivariate version and then concatenate the dimensions into a longer trial. The process used
for the former task is easily recovered in the one-dimensional case. These authors construct the Ornstein-Uhlenbeck
process U (t) from discrete Haar-like basis functions. We focus on the discrete representation since the primary goal is
to simulate the process. The whole process is divided into dyadic segments, with the following basis functions tiling the
dyadic segments at various resolutions,

og -sinh (Jag|(t — 2k -277))

it (2k)27" <t< (2k+1)27"
V/ap sinh (ay21-m) (k) ( )

Ak(t) = - sinh 2(k+1)27" —t . _ _ 107
#(t) = q on - sinh (jau|(k + 1) D i 2k +1)27" <t < 20k + 12" (107
\/ozH sinh (ag21—7)
0 otherwise,
for 0 < 2k < 2™ with timescale 7y, scaling parameters oy and a7, and where
. — 2) sinh t
Noo(t) = og - exp(—ap/2) sinh(|ag| ) (108)

ay -sinh (ay)

A parameter H € [0, 1] describes how the amplitude of these basis functions scale with the resolution of the support,
Aj. For a multi-dimensional version, for 1 < i < 2n — 1 and 1 < j < n, define the matrices,

M,(i,j) = Wi =2j — 1} + 1{i/2 = j} + 1{i/2 = j — 1} (109)
U, (i,j) = 1{i is even} (110)
V,(i,5) = 1{i is odd}. (111)
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For a multivariate process of dimension M and 2V time points, let the value of the process at each time point be
#; € R™. For aresolution n, arrange the values of the process at the dyadic points (0-2% /27, 0.2V /27 .. 2n.2N /on)
into distinct matrices indexed by n,

fo,QN/Qn
T1.2N /on

X, = ) . (112)
an,,QN/Qn

For numerical reasons, the endpoints are clamped such that X o = [0]2,,,, and the full process X v can then be computed
for 0 < n < N — 1 efficiently by the recursive matrix operations,

— N

—_——N—
fo,QN/2n+1 fo,QN/Qn
1’1,2N/2n+1 1 $1,2N/2n
Toon jonir | <2 cosh™ (Ag /27)Up i1 + V’n“) ® M1 | Ta2v/on (113)
5271+1_2N/2n,+1 52”~2N/2”
i N 67” 1
€12 jon+1
O,
g |1 I3
+ aglrg tanh (Ay /275H)] p— 3.2N /gn+1 (114)
5(27L+17£),2N/2n+1
L Om -
§n+1

where for fixed n E,, contains in its odd rows #id normal random vectors, &, obeying N (0,y,, imm(n)) and zeros
otherwise. That is, each resolution n has a characteristic dependence structure parameterized by the covariance matrices
Z_'],,L7,,L(n) for1 <n < N. f],,L7m(O) is not defined since the endpoints are clamped. For background inputs into the
HH-type model system, we used a constant covariance matrix for all n. As was previously done in the text, the Vine
Beta method, with its parameter fixed to 0.1, was used to generate a random covariance matrix with strong positive and
negative associations in three dimensions. Sampling is made much more efficient by the following. First, for a process
of dimension M sample Eq.(114) instead for a process of M - Ny,.;,; With the covariance matrix for the M -dimensional
process replaced with the block matrix X, ,m.Nyvrum (1) = I @ B (1) where @ is the Kronecker product and T
the identity matrix. Implementing Eq.(114) recursively is efficient up to matrices of moderate size, and finally, then
every j-th column for j € {1,2,...m} of Xy~ can be concatenated together Ni,.;q; times.

When we used the above process as a stimulus in the simulated neural perturbation experiments, both H and 77 were
varied as indicated in Section 5.2.

6.4 Rationale for monosynaptic confidence interval algorithm

Synaptic inference is commonly performed on low-dimensional and easy-to-visualize objects, the CCG in particular, and
the most immediate objection to the theory outlined in previous sections is that it may be computationally prohibitive.
Point estimation via Eq. (9) is quite simple, but for confidence intervals, this objection may be reasonable because
inference is performed on the sequence of spike counts and synchrony in small temporal intervals, which is of much
higher dimension and grows with the duration of the spike trains. Earlier, this objection was neutralized via a principled
algorithm. Here, we describe the algorithms in prose and highlight their rationale.

Given an observation R and T all the probabilities in Eq. (28) can be obtained as well as J ., and J ,j for any h. As
mentioned in the main text, a naive but easy-to-grasp strategy to compute confidence intervals would be to begin with
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the two-tailed hypothesis Hj : 05y, = 0 enacted through convolution of the distributions with success probabilities
q(R, Z;) fori € J; and then evaluation of tail areas given the observed value of Ng(g)(T). Then, if we reject the
null hypothesis at the upper tail proceed to test positive values for Hy : 05, = h in the sequence h € (1,2,3,...)
recomputing the tail probability each time for distributions arising from J, until we fail to reject. If, instead, we fail to
reject the null hypothesis at the left tail, proceed to test negative values h € (—1, —2, —3, ...) until we fail to reject. The
process then needs to be repeated for J ,;" except for the case h = 0. Each value £ tested is expensive because we must
compute a sum of independent random indicators and a central question is how to reuse computations most effectively
across these tests. For most data of reasonable size a much faster strategy is to apply standard binary search [63] to
the sequence (0, 1,2, ..., Ng(gr)(T)) (i.e., the values of h to test) with the search query being the location of adjacent
values in the sequence for which one and not the other fails to reject the null hypothesis Hy : 0yn = h.

The next question is how exactly to convolve the distributions that emerge from every step of binary search so that the
tail area can be evaluated; that is, we must compute the cdf of a sum of independent but not necessarily identically
distributed indicators. While in practice this is often computed with the Fast-Fourier transform (FFT), FFT can have
very large relative errors for small tail probabilities [64]. In contrast, direct convolution (DC) is the most accurate
method and uses only the convolution definition of the distribution function of a sum of random variables. While its
runtime complexity is O(N?), typically motivating the use of FFT, Biscarri et al. [65] observe that DC is still most
efficient when convolving a small number of vectors or many vectors of small dimensions (e.g., Bernoulli vectors)
suggesting DC and FFT can work in concert in a divide-and-conquer scheme. Through both theoretical considerations
and experimentation, we adopt a similar mixed approach, also taking inspiration from Peres et al. [66]. These studies
address the general problem of convolving independent indicators, while the problem here is to construct confidence
intervals, and there are various other domain-specific constraints that we can exploit. For example, a special feature of
our problem is we may assume many of the random indicators to be convolved will have equal success probabilities [67].

The overview is as follows. First, as a first pass, we compute a conservative confidence interval using Chernoff bounds
to estimate tail probabilities at every iteration of binary search. Then, in a second pass of binary search, we refine the
Chernoff confidence interval on a much-narrowed search space by computing tail probabilities with a mix of DC and
FFT accompanied by a method for recovering the relative accuracy of FFT via exponential tilting [68]. The strategy
also exploits redundant structure in various ways to minimize computations. We digress to quickly introduce Chernoff’s
bound to those unfamiliar.

Remark 3. The following is a well-known result. Let X; ~ Be(p;) fori € {1,2,...n}. Consider the condition the sum
is above some bound t,

> Xi>t. (115)

By multiplying through by a constant \, exponentiating, and applying Markov’s inequality the generic Chernoff bound
is obtained,

P(ZXZ- > t) < exp(—At) Elezp(A Y X))). (116)
In the case of sums of independent indi;ators a bit more work can yield the :’esult,
P(ZX,» > t) < (pe/t)te " (117)
such that In(t/p) = Xand p =", p; [69]. Z

Denote Ccr as confidence intervals for 6, obtained by using Chernoff’s bound as a tail probability estimate. If
we substitute computation of the exact cdf with Chernoff’s bounds, it is guaranteed that Cor 2 C. Furthermore,
unlike the exact cdf, iterative computation of Chernoff’s bound is very cheap for binary search on the sequence
(1,2,..., Ng(r)(T)) relative to its imprecision.

After Cop is calculated, the search space is significantly reduced and we can now choose a more accurate method to
implement a second pass of binary search on the sequence (CF,, CFr + 1,...,CFy — 1, CFy) where CFy, and CFy
are the lower and upper confidence bounds for 6, obtained via Chernoff’s bound. The first pass with Chernoff’s
bound also guarantees that we need the lower confidence interval to be at least C'F,, meaning we are assured that at
least C'F, random variables will not need to be convolved in the second pass. On the other hand, the first pass assures
that at least Ng(g)(T') — CFy + |T \ S(R)| random variables will need to be convolved and hence we can design an
algorithm that only computes those convolutions once then reuses the result.
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We will describe the process for computing exact confidence intervals that ensues for the case of i > 0 and for the
tail corresponding to J. ,j . The other cases are analogous, and we will conclude by highlighting alterations. For the
remainder of this section, we will describe the strategy in words to supplement the description with rationale. Where
ambiguity might be present here, the reader can refer to the precise description as summarized in Algorithm 1 and
Algorithm 2.

Given C'F, and CFy, the Ng(gr)(T) — CFy + T\ S(R)| random indicators that Chernoff tells us must be summed
are those with success probabilities ¢(Z;) for i € jg F,,- The second pass of binary search will test values for h in
(CFL,CFL+1,..,CFy — 1,CFy) and, for each new value h, the distributions with success probabilities ¢(Z;) for
ied ,f \ J g r,, Will need to be appended to previous computations to obtain the tail probability.

Let us now ask how we can efficiently compute the initial convolution that Chernoff tells us must contribute to the
final result and is quite likely to comprise the bulk of the final result, with the foresight that subsequent iterations will
need to reincorporate this bulk into various distinct new tail probability computations until the second pass of binary
search halts. We may ask if we can choose a number L;,, such that the success probabilities ¢(Z;) for i € Jg F,, canbe
divided into L4;, groups. In particular, we wish to divide them into L, groups such that each group contains precisely
the same mixture of constituent success probabilities. To reiterate once more, we require that each group is an identical
mixture of perhaps unequal Bernoulli vectors. If we then calculate the sum of the random indicators within each of
Lg;, groups, the result will be Lg;,, iid distributions as an intermediary step. This strategy has three advantages that
easily compensate for the additional overhead of determining the Lg4;, groups. First, we only need to compute the
within-group sum of indicators once, not L;,, times, since each group is iid. Second, this one convolution needed will
contain a small number of random variables of low dimensions to the extent Lg;, is large, and thus, we can exploit DC
in the regime it is efficient [65] with great payoff. Third, since the Lg4;, groups are iid, to obtain the distribution for the
sum over groups, we can use highly efficient L 4;,-fold convolution power, meaning we need only compute one FFT
rather than Lg;,, FFTs to obtain the final result (L4;, also cannot be too large to avoid numerical errors in FFT but the
algorithm has robust performance for a significant range, say Lq;,, € [22,2%]).

Finding Lg4;, itd groups is easy and useful to the extent that the initial mixture of success probabilities contains a small
number of unique values relative to the total number of indicators. This condition is highly applicable to the scientific
context. Clearly, if every initial success probability were unique, it would be impossible to divide them into L 4;, groups
giving rise to Ly, iid intermediary sums. Even if there are many repeated success probabilities in the initial mixture, it
is unlikely to find a L4, in a helpful range to achieve the objective since that requires the frequencies of each unique
occurring Bernoulli vector to have L4, as a common divisor. In contrast, it is easy to split the initial mixture into L,
iid groups if we tolerate one group of “residual” success probabilities to be triaged and dealt with as a special case. This
is the approach we take.

From the probabilities ¢(Z;) for i € J, g F,,» compute the unique success probabilities and the frequency of occurrence
for each unique vector. Then divide each of the frequencies by Lg;,, and round down. The resulting numbers will be
how many random indicators of each unique success probability will contribute to one of L ;, intermediary sums.
Rather than using DC to convolve all the Bernoulli vectors in this one group, instead firstly directly compute binomial
distributions for the underlying unique groups of iid Bernoulli vectors with the number of trials for each binomial as the
frequency of the unique occurring Bernoulli vectors divided by Lg4;,, rounded down. Then, use DC on the resulting
binomial vectors; at this stage, DC will still be efficient if L4;, is large enough. Denote ' as this resulting probability
vector that will be the input to Lg;,,-fold convolution downstream. In the steps just described, the operation of dividing
the frequency of each unique vector in the initial mixture by L;,, and rounding down produces “leftovers” - to become
the triaged group - because of rounding. Denote the probability vector of the triaged convolution sum as a@. This
concludes the preparation for the second pass; the distributions with success probabilities ¢(Z;) for i € J, g F, I NOW
encoded in @, p, and Lg;,,.

During the second pass of binary search, a is itself immutable but convolved per iteration with distributions that
arise from new hypotheses Hy : 0, = h producing as a result a temporary vector g. Specifically, for each new
h, g is obtained by convolving @ with distributions with success probabilities ¢(Z;) fori € J ;Z' \ J, g Fy, - These new

distributions are convolved with @ using DC since the dimensions are likely to still be small to the extent Chernoff’s
bound is close to the exact answer.

Finally, for each h tested on the second pass, p’and g are sent to an FFT-based step with an exponential tilt to correct
for the errors typically induced by FFT. Denote the exponentially tilted versions of p'and § as p; and g3, respectively.
Specifically, the convolution for each h occurs via L 4;,-fold convolution power for p; and point-wise multiplication
of the result with g; in the frequency domain (each embedded in the dimension of the final result). It is important to
mention that one might argue we only need to compute the FFT of p; once after the first pass, and hence pj can then
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sit idly in the frequency domain during the second pass waiting to be point-wise multiplied with new versions of g
for each new test h encountered by the second pass of binary search. However, this does not work because every new
convolution requires a new exponential tilting parameter. That is, p; is a temporary vector that changes each iteration
because a new tilting parameter is required. While this prohibits such reuse [68], it offers extraordinarily large increases
in accuracy in return. We prioritize accuracy over this decrease in speed at this juncture. Overall, the algorithm is still
competitively fast.

The iterative FFT convolution with exponential tilting is detailed and given its own description in Algorithm 1. The
overall procedure is then summarised in Algorithm 2 for an excitatory lower confidence bound. There are three more
cases: the excitatory upper bound as well as inhibitory lower and upper bounds. The other cases are very similar but we
quickly remark here on the differences. First, a lower bound of 6., corresponds to the right tail probability of the test
statistic whereas an upper bound for §;,,,, corresponds to a left tail probability of the test statistic. Exponential tilting is
suitable for computing right tail probabilities, but for any random variable X the left tail probability can be obtained by
computing the right tail probability of —X. Last, the initial implementation of binary search using Chernoff’s bound
for excitatory intervals searches h on the sequence (1,2, ..., Ng(g)(T')) but for inhibition the sequence searched is
(1,2,...,|G)).

Algorithm 2 begins with the assumption that the null hypothesis Hy : 05y, = 0 has already been rejected and code
posted online tests Hy : 6y, = 0 and breaks if it fails to be rejected. The philosophy behind this decision is that in
large-scale neural recordings, most neurons will be unconnected, and computing confidence intervals for all pairwise
interactions will be expensive and not insightful. A very rapid approximation, such as the normal approximation, can
be used for the test Hy : 05y, = 0, and a p-value can be calibrated for the precision a specific question requires. The
confidence intervals can then be applied to significant pairs and still may include 0 when the exact method is employed.
Code posted online also gives the option to return confidence intervals computed with p-values obtained from the
normal approximation which is much faster for large spike trains. Preliminary numerical experiments suggest spike
trains of moderate size will yield normal approximations very close to the exact solution. However, the proximity to the
exact solution depends upon many factors and the tolerance for error depends on the scientific question, necessitating
specific use case evaluations.

6.5 Simulation software and hardware
To ensure careful handling of frozen noise inputs, all numerical simulations of dynamical systems were programmed

from scratch and integrated with modified Euler’s method in Python. Long simulations were optimized often through
parallelization and concatenation. This was done in Google Colab using the NVIDIA T4 GPU.
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