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HIGHLIGHTS

e [t is often important to subgroup tissue cells with distinct multi-molecular profiles.

e Unfortunately, this is complicated by limitations of existing experimental techniques.
® We set an analysis to estimate the frequency of multi-molecular profiles.

e We successfully applied the analytic method to data from adult rat sensory neurons.

e We developed and make available a simple software that apply the proposed analysis.
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Background: Most biological tissues are characterized by high morphological and functional cell hetero-
geneity. To investigate this heterogeneity at the molecular level, scientists have tried to associate specific
sets of molecular markers (molecular profiles) to functionally distinct cell subpopulations, evaluating
their expression using immunochemistry and in situ hybridization techniques.

New method: We propose here a novel analysis that allows the estimation of the frequency of cells express-
ing distinct molecular profiles starting from data on the co-expression of two markers at a time. In order
to facilitate the application of the proposed analysis, we developed and make available a user-friendly
window-based software.

Results: We successfully applied the analytical method to experimental data from adult rat sensory
neurons. In a first application we subgrouped DRG neurons in 11 subpopulations on the basis of the
co-expression of 6 molecular markers (the TRPs type V1, Al, and M8 and the trks type A, B, and C).
In a second application we found that while rat DRG have significant frequencies of peptidergic/IB4-
negative and non-peptidergic/IB4-positive nociceptors, rat TG neurons lack almost completely these two
subpopulations.

Comparison with existing methods: The analytical method here proposed overcomes the limitations of the
presently available experimental techniques, most of which can assess the co-expression of only few
molecular markers at a time.

Conclusions: This new method will allow a better understanding of the molecular and cellular hetero-
geneity of tissues in normal and pathological conditions.
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1. Introduction

Most biological tissues are characterized by high morphologi-

Abbreviations: DRG, dorsal root ganglion; TG, trigeminal ganglion; TRP, transient
receptor potential; IB4, isolectin B4; trk, tyrosine receptor kinase; LPPS, linear pro-
gramming problem solver; CGRP, calcitonin gene receptor peptide; SP, substance
P.
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cal and functional cell heterogeneity. This heterogeneity must be
investigated if one wishes to understand and correlate the pheno-
types of the cell subpopulations present in a given tissue with their
biological functions. A typical case is given by sensory ganglia which
display more than twenty types of functionally distinct sensory
neurons, each transducing a specific form of stimulating energy and
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transporting the resulting signal (i.e. a train of action potentials)
along the axon with a specific conduction velocity (Craig, 2003;
Ma, 2010; Perl, 2007; Darian-Smith, 1984).

In the attempt to understand the function of the various sub-
populations of sensory neurons at the molecular level, scientists
have looked for proteins relevant in the transduction and con-
duction of the various sensory modalities, including ion channels,
neuropeptides, transmitters, calcium-binding proteins, and neu-
rotrophic receptors. It was found, for instance, that ion channels
belonging to the transient receptor potential type M and V are
gated by temperature changes, and are candidate transducers of
skin temperature in both the noxious and non-noxious ranges
(Lumpkin and Caterina, 2007; Julius and Basbaum, 2001; Reid,
2005). The neurotransmitters substance P (SP) and calcitonin gene-
related peptide (CGRP) have instead been linked to nociceptive
function, as both were expressed in a higher proportion of noci-
ceptive than non-nociceptive somatic afferent neurons (Lawson,
2002).

These and other studies clearly show that functionally relevant
molecular markers are differentially expressed in specific sub-
groups of sensory neurons, in accordance with the notion that the
functional heterogeneity of sensory neuron subpopulations orig-
inates from the heterogeneity in the set of proteins expressed.
However, the same studies also show that no single marker neatly
associates with a specific neuronal type, suggesting that the func-
tional properties of a specific cell subpopulation depend on the
particular combination of the markers expressed (Belmonte and
Viana,2008; Gold etal., 1996).To define the degree of co-expression
of several different molecular markers (i.e., to define the molec-
ular profile) for each sensory neuron subpopulation is not easy.
Even the assessment of the full set of molecular profiles resulting
from the use of four markers, although possible in principle, is at
the moment experimentally prohibitive, as most published data
limit the assessment of markers co-expression to few (two, at most
three) at a time.

In the attempt to overcome these limitations and define the
molecular profiles of the various cell subpopulations present in
biological tissues, here we propose a new analysis capable to
assess the frequency of occurrence of all the possible molecular
profiles, using as input data those obtained from experiments
assessing the co-expression of two markers at a time. To facilitate
the application of the reported analysis, we developed a simple,
ready-to-use, window-based software, available as supplementary
data of this paper.

2. Theory

Let us consider N different markers that can be either expressed
or not expressed in the cells composing the tissue under study. In
terms of the considered markers, there are 2V possible molecu-
lar profiles that cells can belong to. As a practical example, if we
consider three markers A, B, and C, there will be 8 (i.e. 23) possi-
ble molecular profiles, namely A*B*C*, A*B*C—, A*B-C*, A*B—C-,
A-B*C*, A"B*C-, A-B~C*, and A-B~C~. Our goal is to estimate the
fraction of cells within the population under study that is charac-
terized by each of the possible molecular profiles, i.e. to determine
the frequencies f; = number of cells showing the molecular profile
iftotal number of cells, where i represents one of the possible 2N
profiles, ZJ,- =1,and 0 <f; < 1 foralli. In our problem there are two
types of known experimental (input) data: (1) the frequencies of
cells expressing each of the N markers, P;, where i represents one of
the considered markers; (2) the frequencies of cells co-expressing
two given markers i and j, P, where i # j. Thus our problem con-
sists of 2N unknowns (the f;) and at most N+ (N ! /2(N — 2) ) +1 input
data, i.e. the N P;’s, the N!/2(N—-2)! Py’s and the additional con-
dition that the sum of all profile frequencies must be unity. The

number of input data will be lower than N+ (N !/2(N—2)!)+1 when
not all possible co-expressions between two markers are experi-
mentally tested.

To better understand the properties of our problem, we can
express it as a system of linear equations, that is conveniently writ-
ten down in the following matrix form:

Ax=Db

In the above equation x represents a vector of size 2N con-
taining the unknown frequencies f;, b represents a vector of size
M<N+(N!/2(N-2)!)+1 containing the input data. Finally, A is a
N x M coefficient matrix, having all terms equal to either O or 1. For
the case of the three markers A, B, and C reported above the matrix
form of our problem will be
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For the case of interest here, where M <N, the system of linear
equations is underdetermined, and can either have no solutions (in
the case that two or more equations are incompatible) or infinite
solutions. In the latter case the solution space can be written as
a particular solution x, added to any linear combination of N-M
vectors v;, which are said to be in the null-space of matrix A

X=Xp+S1V1 +S2V2 + - +SN-MUN-M

In the above equation the sy, 9, ..., Sy_p can vary from —oo to
+oo, thus allowing each x; to assume all real values. However in
our particular problem not all solutions x have a realistic meaning,
since for many of them the frequency associated to one or more
molecular profiles will unrealistically assume values outside the
range O < f; < 1. Consideration of the above reported condition for
all f; will result in a restriction of the range of possible solutions x.
Our problem is thus to find the extremes of the allowed ranges for
each f;, by solving the linear system of equations Ax = b subject to the
conditions 0 < x < 1. This problem can be conveniently expressed as
the following linear programming problem:

Foralli=1,2,...,2N
Minimize: XM = x;
Subject to:

Ax=b
and0<x<1
And maximize: XM = x;
Subject to:

Ax=b
and0<x<1

for which efficient computational algorithms exist (Press et al.,
1992). The above linear programming problem is however still
incomplete for our purpose, since we do not exactly know the
input data b needed to find a solution. We have indeed only an
experimental estimate of b, b*, that differs from b because of exper-
imental errors, err. In other words, we only know that the vector
b will lie with high probability somewhere between b" — err and
b" +err. A meaningful value for err could for example be given by
the experimentally estimated standard errors for b. By including
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