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OR I G I NA L ART I C L E
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Abstract
Functional connectivity is defined as the statistical dependency of neurophysiological activity between 2 separate brain
areas. To investigate the biological characteristics of resting-state functional connectivity (rsFC)—and in particular the
significance of connection-wise variation in time-series correlations—rsFC was compared with strychnine-based
connectivity measured in the macaque. Strychnine neuronography is a historical technique that induces activity in cortical
areas through means of local administration of the substance strychnine. Strychnine causes local disinhibition through
GABA suppression and leads to subsequent activation of functional pathways. Multiple resting-state fMRI recordings were
acquired in 4 macaques (examining in total 299 imaging runs) from which a group-averaged rsFC matrix was constructed.
rsFC was observed to be higher (P < 0.0001) between region-pairs with a strychnine-based connection as compared with
region-pairs with no strychnine-based connection present. In particular, higher resting-state connectivity was observed in
connections that were relatively stronger (weak < moderate < strong; P < 0.01) and in connections that were bidirectional
(P < 0.0001) instead of unidirectional in strychnine-based connectivity. Our results imply that the level of correlation between
brain areas as extracted from resting-state fMRI relates to the strength of underlying interregional functional pathways.
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Introduction
The cerebrum of the mammalian brain consists of a large num-
ber of spatially separate and specialized areas which are struc-
turally and functionally interconnected (Bullmore and Sporns
2009; Yeo et al. 2011). Communication between cortical areas is
often examined by means of functional connectivity, defined as
the statistical dependency of neurophysiological activity
between separate brain regions (Friston 2011). Functional con-
nectivity is an important tool to study brain organization and is
often examined by means of resting-state functional magnetic
resonance imaging (rs-fMRI). Using functional connectivity, a
nonuniform distribution of connections across the brain was
observed (Buckner and Vincent 2007; Buckner et al. 2009;
Grayson et al. 2014), combined with the existence of multiple
functional subnetworks (Damoiseaux et al. 2006; Yeo et al.
2011). Moreover, changes in functional connectivity are associ-
ated with several brain pathologies (Tian et al. 2006; Greicius
2008; Keown et al. 2017) and variation in behavior (Yuan et al.
2016; Balan et al. 2017). Properties of anatomical connections
such as the projection distance, spatial location and number of
white matter pathways have been associated with functional
connectivity strength (Hermundstad et al. 2013). Anatomical
connectivity as derived from tract tracing and diffusion tensor
imaging have thus been suggested to underlie interregional
functional connectivity (Kötter and Sommer 2000; Van den
Heuvel et al. 2008; Damoiseaux and Greicius 2009; Honey et al.
2009). The interpretability of functional connectivity strength
remains however complex due to an incomplete understanding
of the underlying biological characteristics of the resting-state
functional connectivity (rsFC) signal (Logothetis 2003; Friston
2011). One of the aspects that remains open is whether varia-
tion in the extracted fMRI connection-wise correlation values is
related to the strength of underlying functional pathways. Here
we studied resting-state functional correlations by comparing
rsFC with information on the biological presence, strength and
directionality of strychnine-based connectivity.

Strychnine neuronography is a classical technique first
employed by Dusser de Barenne and McCulloch around a 100 years
ago. Their studies were among the first systematic studies on brain
connectivity in the mammalian brain (Fig. 1A; Dusser de Barenne
1916; Dusser de Barenne and McCulloch 1938; Dusser de Barenne
et al. 1938). In their experiments, large parts of the macaque cere-
bral cortex were systematically tested for the propagation of locally
induced activity by the administration of strychnine directly onto
the surface of a cortical area (Stephan et al. 2000). Data that was
later collated by Stephan and colleagues into a strychnine-based
connectivity matrix (Fig. 1B; Stephan et al. 2000). In this study, we
combined strychnine-based functional connectivity (stryFC) with
modern-day measurements of rsFC. We show that the correlation
strength of rsFC is related to the presence, directionality and in
particular the strength of stryFC pathways.

Methods
Strychnine Neuronography

Strychnine neuronography connectivity data was adopted from
the study of Stephan et al. (2000) who collated 19 studies of
Dusser de Barenne and McCulloch among others (Dusser de
Barenne 1916; Dusser de Barenne and McCulloch 1938), combin-
ing in total 3897 in vivo strychninization experiments in the
macaque cortex (Stephan et al. 2000). The methodology
employed in the strychnine neuronography studies remained
as originally developed by Dusser de Barenne (Dusser de
Barenne and McCulloch 1938; Stephan et al. 2000). The 3%
strychnine solution used, was dyed with toluidine blue to visu-
alize the strychninized surface of the cortex. Approximately 1
to a maximum of 4mm2 of cortex was included per strychnini-
zation experiment (Dusser de Barenne 1916). The activation
patterns observed using strychnine neuronography were
shown to be similar to the connectivity patterns after electrical
stimulation of the same patch of cortex (Dusser de Barenne
and McCulloch 1938; Dusser de Barenne et al. 1938; Bailey et al.
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Figure 1. Strychnine neuronography. (A) Graphical representation of corticocortical and corticostriatal connections of the macaque cortex as observed with strychnine

neuronography (McCulloch 1944). (B) The strychnine-based functional connectivity matrix of the macaque, containing absent/unreported connections (gray), weak/

unknown strength (light blue), moderate (blue) and strong (dark blue) connections as measured by strychnine neuronography and collated by Stephan et al. (2000).
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1944; Chusid et al. 1948; French et al. 1948). Robustness of this
technique was further substantiated by the observation that
the measurements were electrophysiological and spatially
reproducible within the same animal and per area across ani-
mals (Dusser de Barenne and McCulloch 1938; Dusser de
Barenne et al. 1938).

Strychnine acts as a partial antagonist for cortical inhibitory
γ-aminobutyric acid-α (GABAA) and as an antagonist for glycine
receptors (GlyR) (Shirasaki et al. 1991; Takahashi et al. 1994).
The application of strychnine therefore caused a (partial and
reversible) temporal discontinuation of inhibitory postsynaptic
potentials (Davidoff et al. 1969; Curtis et al. 1971). Strychnine
induced disinhibition led to a locally increased neuronal firing
rate and signal propagation along the efferent pathways of the
strychninized area (Dusser de Barenne and McCulloch 1938). A
distinct cortical activation pattern was revealed for each sepa-
rately strychninized source area.

Dusser de Barenne (1916) further described that they could
not observe motor symptoms (e.g., twitchings, hyper-reflexia)
in response to strychninization of the motor cortex. They
stated that this may have been due to the slight application of
strychnine which was probably confined to the more superficial
layers of the cortex, with motor neurons (Betz cells) located in
deeper layers (Dusser de Barenne 1916; Kiernan and Hudson
1991). Moreover, experiments of isolation of the whole sensory
cortex (as the connectivity profile was measured within this
group of brain regions) by deep undercutting (i.e., cutting
through all white matter connections) did not change
strychnine-induced activity patterns (Dusser de Barenne and
McCulloch 1938). It was thus concluded that the strychnine-
induced activity was facilitated by corticocortical association
fibers and not by corticosubcortical fibers (Dusser de Barenne
and McCulloch 1938).

In the original strychninization experiments, signal propa-
gation between cortical areas was measured using electrocorti-
cography (ECoG). The strength of every connection was
classified by Stephan et al. (2000) into different categories based
on the amplitude of the ECoG signal in the target area. The
strychnine neuronography results were then mapped onto a
39-by-39 Walker-Von Bonin & Bailey 1947 (WBB47) connectivity
matrix by Objective Relational Transformation (Stephan et al.
2000). More details on the parcellation atlas used in this study
can be found in Figure S1 and Table S1 in the Supplemental
Information. The resulting matrix consists of connections
between region pairs represented as “0” (absent, no connection,
n = 428), “1” (present, weak connection strength, n = 51), “2”
(present, moderate connection strength, n = 20), “3” (present,
strong connection strength, n = 26), “4” (present, unknown con-
nection strength, n = 124), or “-” (n = 833) where no information
on a corticocortical connection was described (Stephan et al.
2000). All data on both hemispheres were pooled and combined
into one unihemispheric connectivity matrix (Fig. 1B; Stephan
et al. 2000). Binary strychnine connectivity data (describing the
absence/presence of connections) was used in the analysis on
the presence of connections, as well as in the analysis on the
directionality of connections. The weighted version of this
strychnine-based connectome, including information on the
strength of strychnine connections, was used for the evaluation
of the strength of resting-state functional connections.

Resting-State fMRI Functional Connectivity

Cortical functional connectivity was derived from 327 resting-
state fMRI recordings, divided over 5–6 scanning sessions of 4

macaques (3 males, 1 female), as acquired in previous studies
(Mantini et al. 2011, 2013). The awake animals were trained in a
mock MRI scanner to fixate on a red dot that was centered
upon a blank screen (Vanduffel et al. 2001). Upon reaching a
95% fixation rate, the monkeys were placed in a 3 T MR
Siemens Trio scanner after which each individual completed
either 5 (1 animal) or 6 (3 animals) resting-state scans with a
duration of 10min (all scans were acquired over a period of 6
months). A gradient-echo T2-weighted echo-planar sequence
was used to obtain the functional images (40 slices, 84-by-84
in-plane matrix, repetition time (TR) = 2000ms, echo time (TE) =
19ms, flip angle = 75°, voxel size = 1.25mm by 1.25mm by
1.25mm, 300 volumes per run). Each separate scan consisted of
14 resting-state fMRI runs on average (minimum 7, maximum 24
runs per session), which led to a total of 327 imaging runs.
Accompanying T1-weighted anatomical images were obtained
during different sessions using a magnetization-prepared rapid
gradient echo (MP-RAGE) sequence (TR = 2200ms, TE = 4.06ms,
voxel size = 0.5mm by 0.5mm by 0.5mm). During the anatomi-
cal scans, the animals were sedated using ketamine/xylazine
(ketamine 10mg/kg I.M. 1 xylazine 0.5mg/kg I.M., maintenance
dose of 0.01–0.05mg ketamine per minute I.V.). Preprocessing of
the data was performed using SPM8.0 software (http://www.fil.
ion.ucl.ac.uk/spm; last accessed 18 December 2018). Functional
time-series were realigned, coregistered to the anatomical images
and normalized to F99 macaque brain template (Van Essen 2004).
The time-series were band-pass filtered (0.01–0.1Hz), nuisance
corrected for ventricle and white matter signal by means of
regression analysis, and motion-scrubbed for movement arte-
facts. A complete run was excluded when more than 25% of the
frames were removed in the motion scrubbing analysis, this led
to exclusion of 28 out of 327 runs (Power et al. 2012, 2014), result-
ing in 299 remaining runs. In other runs, the frames affected by
motion were removed from the correlation analysis. More infor-
mation on data acquisition and preprocessing steps can be found
in the publications using this dataset (Mantini et al. 2011, 2013;
Van den Heuvel et al. 2016).

For cross-model comparison with the strychnine dataset, a
3D volumetric version of the WBB47 atlas was used in which
each voxel was assigned a WBB47 label. This volumetric MRI
atlas was overlaid with the normalized fMRI data (Van den
Heuvel, de Reus et al. 2015) and for each region an average
time-series was computed by taking the mean of the time-
series of all voxels within each region. Pearson correlation coef-
ficients were calculated as a metric of rsFC between all region
pairs. The individual connectivity matrices were then averaged
across runs per session, then across sessions and across indivi-
duals to obtain one single group-averaged macaque functional
connectivity matrix. In coherence to the collated data on
strychnine neuronography, the rs-fMRI data were averaged
over the 2 hemispheres to construct a single connectivity
matrix as depicted in Figure 2.

Data consistency was verified by computing intra- and inter-
subject variability. Intrasubject FC variability was calculated as
the average correlation between all pairs of sessions of one
subject (r = 0.57) and intersubject FC variability was calculated
as the average correlation between all pairs of sessions
between subjects (r = 0.53). Averaging FC matrices across ses-
sions for each subject led to an average intersubject correlation
(r = 0.79), which is comparable to human intersubject correla-
tion (r = 0.60). Human FC data were adopted from 466 subjects
of the Human Connectome Project (more details in
Supplemental Information; Van Essen et al. 2012; Van Essen
et al. 2013; Van den Heuvel, Scholtens et al. 2015).
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Main analyses were performed without global signal regres-
sion. Analyses were repeated confirming that similar findings
were revealed when global signal regression was included
(Murphy and Fox 2017).

Statistical Analysis

Binary Presence of Connections
The association between the presence of strychnine-based func-
tional connections and rsFC strength was analyzed. The assign-
ments of present (n = 221) and absent (n = 428) region pairs were
based on the binary stryFC matrix. Connections indicated as “-”
(i.e., unmeasured connections) were excluded from the analysis.
A permutation test was used to asses statistical significance
between the rsFC strength of present versus absent stryFC con-
nections, by randomly redistributing the experimental values
over 2 “random” groups (10 000 permutations). A P-value was
assigned as the proportion of random effects exceeding the orig-
inal measured difference.

Connection Strength
Jonckheere–Terpstra test was used for statistical evaluation of
an ordinal structured organization of rsFC strength classified
based on stryFC strength (strengths “1,” “2,” and “3”; n = 51, n =
20, n = 26, respectively; Terpstra 1952; Jonckheere 1954; Cardillo
2008). rsFC correlation values of the corresponding strength “1,”
“2,” and “3” in the strychnine-based connectivity matrix were
hypothesized to be organized as; strength “1” < strength “2” <
strength “3.” In the main analysis, the connections classified as
present but with unknown strength (“4”) were left out of the
analysis. For validation, the same analysis was repeated when
these connections were reclassified as the most prevalent
strength in this dataset (“1,” present but weak connections), or
when connections were relabeled as the middle strength class
(“2,” present with moderate strength).

Directionality of Connections
The rsFC correlation of bidirectional (n = 109) and unidirec-
tional (n = 112) stryFC connections was examined by means of
a permutation test (10 000 permutations). Furthermore, the
rsFC strength of uni- and bidirectional connections within one
class of stryFC strength (“1,” “2,” and “3”) was examined in an
identical fashion (permutation test, 10 000 permutations).

Distance and Global Mean Correction
Main analyses were repeated after applying distance regression
to the rsFC dataset to rule out the effect of spatial distance on
the rsFC strength between cortical areas. The Euclidian dis-
tance between each region pair i–j in the WBB47 atlas was com-
puted as the average distance between all voxels in region i
and the voxels of region j. The rsFC matrix was regressed by
the distance matrix, after which the residuals were used for
further analysis. In addition, analyses were repeated with
global mean correction.

Structural Connectivity
StryFC and rsFC were compared with anatomical tract-tracing
data from the CoCoMac dataset (SC-CCM; Stephan et al. 2001;
Kötter 2004) and the Markov–Kennedy dataset (SC-MK; Markov
et al. 2013; Markov et al. 2014). For a description of the
CoCoMac and Markov–Kennedy databases we refer to the SI.
First, stryFC and rsFC strength were compared separately for
absent and present connections in SC-CCM using permutation
testing (10 000 permutations). Second, stryFC was examined to
explain unique variance in rsFC, independent of SC-MK and
distance. A multilinear model using stepwise regression with
solely SC-MK as a predictor variable was used to examine
whether adding stryFC to the model led to a better fit in pre-
dicting rsFC strength. Connections were included in these
analyses when data was present on all modalities (stryFC, rsFC,
and SC). Connections classified as present but with unknown
strength (“4”) in the stryFC data were only included in the
analyses for which binary stryFC data was used. Two additional
structure–function analyses are reported in the SI.

Results
Binary Presence of Connections

A significantly higher rsFC strength was observed for connec-
tions present in the strychnine-based connectome as compared
with absent region-pairs (Fig. 3A, P < 0.0001, permutation test,
10 000 iterations). Similar results were obtained after control-
ling for distance (P < 0.0001), as well as when global signal
regression was applied (P < 0.0001).

Strength of Connections

A significant ordinal organization of rsFC strength, classified
based on the strength of respective stryFC connections (weak <
moderate < strong), was revealed using Jonckheere–Terpstra
analysis (P < 0.01, Fig. 3C). Similar results were obtained after
controlling for distance (P = 0.03) and when including global
signal regression (P < 0.001). A similar outcome was observed
when connections labeled as present but with unknown
strength (“4”) were reassigned as connections that are present
but weak (“1,” P = 0.04) or when these connections were rela-
beled as present with moderate strength (“2,” P < 0.001).
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Figure 2. Resting-state functional connectivity matrix. Functional connectivity

matrix of the macaque as measured by rs-fMRI. In coherence to the collated

data on strychnine neuronography, the rs-fMRI data was mapped onto the

WBB47 atlas and averaged over the 2 hemispheres, resulting in a group-

averaged connectivity matrix (details in Methods). Color bar shows color indices

for the rs-fMRI correlation values.

Biological Characteristics of Resting-State Functional Correlations Pijnenburg et al. | 4649
D

ow
nloaded from

 https://academ
ic.oup.com

/cercor/article/29/11/4646/5298363 by Vrije U
niversiteit Am

sterdam
 user on 16 June 2023



Directionality of Connections

Region-pairs with bidirectional strychnine-based functional
connections showed significantly higher rsFC strength as com-
pared with region-pairs with unidirectional connections
(Fig. 3B, P < 0.0001, permutation test, 10 000 iterations). Similar
results were obtained after correcting for distance (P < 0.0001)
and global mean correction (P < 0.0001). To rule out the possi-
bility that significant differences between bi- and unidirectional
connections might be driven by the strength of the stryFC con-
nections, the directionality per stryFC strength class was
tested. Permutation testing revealed that the bidirectional con-
nections classified as “1” in stryFC, showed significantly higher
rsFC compared with the unidirectional “1” connections (P <
0.001, 10 000 iterations, n = 21 bidirectional connections and n =
30 unidirectional connections; P = 0.011 including distance
regression; P < 0.01 including global mean correction). No spe-
cific difference was found between bi- and unidirectional con-
nections of strength “2” and “3” (n = 8 vs. n = 12 and n = 6 vs.
n = 20, respectively). Note that only few connections were classi-
fied as “2” (n = 20, P = 0.95) and “3” (n = 26, P = 0.85), resulting in
low statistical power.

Structural Connectivity

Examining a SC-FC relation, significantly higher functional con-
nection strength was observed when a structural connection

was present as compared with when no structural connection
was present, for both rsFC (P < 0.0001) and stryFC (P < 0.0001).
An improved model fit was observed when stryFC was added to
the SC-rsFC model (explaining 2% [nonglobal mean corrected]
to 5% [global mean corrected] additional variance, P = 0.04; non-
significant with distance correction included, P = 0.11).

Discussion
Our findings substantiate the biological underpinnings of rsFC
strength. Regional temporal co-activation correlation coeffi-
cients of rs-fMRI were related to data on stryFC. The presence
of a physical connection facilitating strychnine-induced signal
transmission was shown to correspond to a higher level of
functional connectivity as measured by rs-fMRI. Higher rsFC
correlations further corresponded to bidirectional connections,
with unidirectional connections showing lower rsFC strength.
In particular, the level of rsFC correlation between brain areas
is related to the strength of underlying functional pathways.

The results of this study demonstrate the significance of vari-
ation in connection-wise rsFC correlation strength. Providing
evidence that grounds this interpretation is of importance as
there is ongoing discussion on how to best interpret correlation
values derived from resting-state fMRI (Smith 2012). On one
hand, the accuracy of rsFC networks has been suggested to be
influenced by artefactual correlations due to cardiac- and
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Figure 3. Evaluation of resting-state and strychnine-based functional connections of the macaque cerebral cortex. (A) Resting-state functional connectivity was stron-

ger (P < 0.0001, 10 000 permutations) for region-pairs reported as present (n = 221) in strychnine-based functional connectivity as compared with absent region-pairs

(n = 428). (B) Panel shows resting-state functional connectivity strength of unidirectional connections (left, n = 109) and bidirectional connections (right, n = 112) as

measured by strychnine neuronography. A significant difference was observed between uni- and bidirectional connections by means of permutation testing (P <

0.0001, 10 000 permutations). (C) Relationship between resting-state functional connectivity strength and the classification of strychnine-based connection strength.

Graph shows the rs-fMRI strength per group of strychnine-based strength (absent: n = 428; weak: n = 51; moderate: n = 20; strong: n = 26). A significantly ordered pat-

tern in terms of resting-state functional connectivity strength (P < 0.01, weak < moderate < strong) was observed using Jonckheere Terpstra analysis. Box-and-

whisker plots show the median and the second and third quartile range as the box. The whiskers represent a 90% confidence interval, observations outside this range

are plotted separately.
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respiratory movement (Wise et al. 2004; Birn et al. 2008) and a
limited spatial and temporal resolution of the cortical haemody-
namic response to neuronal activity (Aguirre et al. 1998; Smith
2012). On the other hand, multiple studies point toward the
direction of a functional and structural neurobiological influence
on rsFC dynamics. Studies have shown that fluctuations in the
BOLD signal are associated with (simultaneously recorded) local
field potentials and neuronal spike rate (Shmuel et al. 2002;
Logothetis 2003; Shmuel and Leopold 2008). Others have
observed significant overlap between the magnitude of rs-fMRI
correlations and electrophysiological recordings, substantiating
the neuronal influence on rs-fMRI correlations (Nir et al. 2008).
As verified in the datasets used in this study, functional resting-
state connections partially reflect the structural connectivity
architecture in the macaque brain (Kötter and Sommer 2000;
Scholtens et al. 2014) and most resting-state patterns occur
between brain regions that are both anatomically and function-
wise similar (Damoiseaux et al. 2006). This study linked
strychnine-based connectivity strength to rsFC strength and led
to evidence of rsFC correlations to reflect biological functional
connectivity between distant brain regions.

Strychnine neuronography is thought to be a well-suited
measure to map the level of biological functional connectivity
between different brain areas (Stephan et al. 2000). Application
of strychnine creates a condition in which the stimulating
effect of the source area on its target areas is increased by tem-
porarily suppressing the GABA signaling within the source area
(Shirasaki et al. 1991; Takahashi et al. 1994). Brain areas with
predominantly excitatory receptor profiles and low GABA levels
are associated with elevated levels of rsFC strength between
cortical areas (Kapogiannis and Reiter 2012; Kapogiannis et al.
2013; Arrubla et al. 2014; Stagg et al. 2014; Bachtiar et al. 2015;
Van den Heuvel et al. 2016). Therefore, strychnine application
experimentally increases the functional connectivity between
distant areas, enabling electrophysiological recordings of the
strength of underlying functional connections. There are sev-
eral considerations to be kept in mind. First it should be con-
sidered that, similar to rsFC, strychnine neuronography
includes the possibility of a third region being involved in the
communication between a pair of regions. Simulations of
strychnine-induced activity demonstrated that monosynaptic
signal transmission does not fully fit to the observed activation
pattern (Frankenhaeuser 1951; Kötter and Sommer 2000), mod-
els reflecting polysynaptic signal propagation showed a signifi-
cantly better fit for the strychnine-based experiments (Dusser
de Barenne and McCulloch 1938; Kötter and Sommer 2000).
Transmission of strychnine-based connectivity, like the corre-
lations in resting-state fMRI, is thus likely to reflect polysynap-
tic coupling rather than monosynaptic signal propagation
(Kötter and Sommer 2000; Stephan et al. 2000). Polysynaptic
coupling being reflected by stryFC and rsFC may partly explain
the moderate overlap with structural connectivity (Kötter and
Sommer 2000; Lu et al. 2011; Buckner et al. 2013). Second, con-
nections between cortical regions were included in our analy-
ses when information was available for both stryFC and rsFC
(stryFC contains 833 unmeasured connections; Stephan et al.
2000). Obtaining a complete map of stryFC would complement
our analyses, but strychnine neuronography is no longer a
commonly used methodology. Future studies combining obser-
vations from multiple modalities are important for gaining
insight in the biological characteristics of rsFC strength and
hence the interpretability of rsFC dynamics. Potential techni-
ques to map the brain’s direct functional connections may
include intracranial microstimulation (Ekstrom et al. 2008) and

optogenetics (Gerits and Vanduffel 2013). The development of
other, noninvasive techniques, like magnetic resonance guided
focused ultrasound (MRgFUS; Bystritsky et al. 2011), transcra-
nial magnetic stimulation (TMS) or transcranial direct current
stimulation (tDCS) may be appropriate in enabling translation
to humans.

In conclusion, rs-fMRI functional connectivity strength is
underpinned by biological features such as the presence, direc-
tionality and in particular the strength of underlying functional
pathways as assessed by strychnine-based connectivity. The
findings reported in this study provide an additional founda-
tion for improved interpretation and comprehension of the bio-
logical characteristics of rs-fMRI correlation strength, which in
turn may improve our understanding of often reported func-
tional dysconnectivity effects in brain disorders.
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