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 The neurorecptoatchitectonic basis of the
language network

» Functional Connectivity and the Cortical
Oscillation

» How to encode information for trnasmission?
* The neural language Circuit

e Bottom-up processes

e Top-down processes
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 The neurorecptoatchitectonic basis of the
language network

» Functional Connectivity and the Cortical
Oscillation

* How to encode information for trnasmission?
* The neural language Circuit

* Bottom-up processes

* Top-down processes
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Caudal / Posterior Rostral / Anterior
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‘uctural and Functional Networks

Anatomical parcellation Recording sites

Histological ov \
imaging data
- - Time series data

Structural brain Functional brain
\ network network
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Graph theoretical analysis
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¥ Functional Language Network

» Macro level: brain activation within the
language network.

e Micro level: neurotransmitters, ex vivo brain
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Neuroreceptorarchitectonic

Action potential

Failed
7 Initiations

Hyperpolarization

o 1 2 2 a -
Time (me)
Neurotransmitter ‘
2 . Neurotransmitter
Synaptic \.\ ./" i3) transporter Axon
vesicle ~ /Y terminal
Voltage- .7
gated Ca* ® 7 ‘
channel - A% . Synaptic
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* Neurotransmitters at the synaptic level
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BV G
(/\1 » Different densities of neurotransmitter
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\\’ receptor- binding types
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Receptor fingerprint

~ « Different densities of the neurotransmitter
receptor-binding

* Specific receptorarchltectonlc structure of

the brain region
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Brain areas within a functional network, have
similar molecular characteristics
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» BA 44: syntactic processes

» BA44d: phonological-memory-related
processes in syntax

* BA44v: crucial for hierarchical processing
» BA 45: Semantic Processing (anterior)

» More posterior BA45: involved in some
syntactic studies
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» Hypothesis: brain regions of the larger
language network are characterized by a
large similarity in receptorarchitectonic
fingerprints (Postmortem brain)

* Indirect Indication of their functional
neurophysiological connectedness through
neuronal potentials.
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Figure 4.1

Reg;ptomrchitectonic clusters of brain regions in the left hemisphere. (A) Localization of receptorarchitectoni-
cally examined cortical regions projected on the lateral surface of the single-subject MNI template brain (Evans
et al, 2012). Areas color-coded in red are areas that have been found to be invelved in different aspects of
speech and language processing. These are 44d (dorsal BA 44); 44v (ventral BA 44); 453a (anterior BA 43);
45p (posterior BA 45); 47 (BA 47); IFSL/TF] (areas in the inferior frontal sulcus (IFS) and at the junction (IFT}
between the inferior frontal and precentral sulei); pSTG/STS (areas of the posterior superior temporal gyrus and
sulcus); Tel (primary auditory cortex, BA 41); Te2 (auditory belt area, BA 42). Dark blue, dark green. vellow.
and black encede the primary somatosensory, auditory. and visual corfices, and the hand representation region of
the motor cortex, respectively. Light blue encodes [PL areas, whereas hight green represents prefrontal. supenor
panetal, cingulate, and extrastnate fusiform areas. BA: Brodmann areas (Brodmann, 1909). (B) Hierarchacal
cluster tree and mmltidimensional scaling of receptor fingerprints in 26 cortical brain regions. Hierarchical chaster
tree of receptor distnibution patterns in the left hemisphere. (C) Multidimensional scaling resulting in a 2D dis-
play of the 13-dimensional receptor feature vectors of the receptor fingerprints of 26 cortical regions measured
in the left hemisphere. Adapted from Zilles et al. (2014). Common molecular basis of the sentence compre-
hension network revealed by neurotransmitter receptor fingerprmts. Cortex, 63: 79-89, with permussion from
Elsevier.
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Figure 4.2

The language network in the left hemisphere. The language network as defined at (A) the functional level, (B) the
structural level, and (C) the molecular level. (A) Adapted with permission from Wolters Kluwer from Friederici,
Makuuchi. and Bahlmann (2009). The role of the posterior superior temporal cortex in sentence comprehension.
NeuroReport, 20 (6): 563-568. (B) From Friederici, Bahlmann, et al. (2006). The brain differentiates human and
non-human grammars: Functional localization and structural connectivity. Proceedings of the National Acad-
emy of Sciences of the USA, 103 (7): 2458-2463. Copyright (2006) National Academy of Sciences, U.S.A. (C)
Adapted from Zilles et al. (2014). Common molecular basis of the sentence comprehension network revealed by
neurotransmitter receptor fingerprints. Cortex, 63: 79-89, with permission from Elsevier.
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Left Hemisphere

Receptoarchitectonic similarity was observed
across the regions of the left hemispheric
language network (but not across nonlanguage
regions within the same hemisphere)

* BA44p/ IFS/ sSTG/STS

* Increased receptoarchtectonic smilarity: was
specifically found for regions belonging to
syntactic network. (BA44, 44v, 44d)
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* Right hemisphere: not reveal such a similarity

* Only areas that are part of language network
in the left hemisphere show a similar
multireceptor organization.

* Prerequisite for computational processes
underlying language functions
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¥

¥ Syntax Processing

* Fronto-temporal network
» BA44, pSTG/STS

A) Functionally involved in processing complex
sentences

B) Structurally connected by long-range white
matter fiber tracts (Dorsal Pathway)

C) Receptoarchitectonically most similar,
effective cooperation
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Functional Connectivity and
Cortical Oscillations

LANGUAGE SN OUR BRAIN
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Functional connectivity

» Maps of synchronic brain oscillation

» Brain Dynamics is often assessed by Functional
Connectivity

» Synchronic brain oscillations in brain regions.
» Direction of data flow?

» Methods that assess functional connectivity: quantify
the synchronicity of neuronal charge/ discharge

alternation in local and remote brain networks (EEG,
MEG)

» Resting-State Functional Connectivity
» Language Dependent Functional Connectivity
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##¥0nal charge/ discharge alternation

¢ Direct Data sources (EEG)
¢ Indirect (fMRI)

EANIGUAGE TN OUR BEAIN
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' Effective Connectivity

Allows us to determine the information flow
between defined regions in the neural
language network.

» Statistical-mathematical approaches: Assess
the direction of data flow
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9fMRI as a basis for functional
Connectivity Analysis

» Resting-state fMRI: these data are usually
correlated with behavioral language processing
data gathered independently.

» Task-related fMRI

Both approaches when combined with
behavioral language data can provide
valuable data.
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Resting State Functional

Connectivity
» Low frequency fluctuations

~» Unconstrained cognitive processes during
resting state.

A ROMHMa-whala brain B ROI40-ROI

Broca's area

Wernicke's area
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~ Functional Connectivity with
seeds in Broca’s area and
Wernicke’s area

 Functional connectivity between Broca’s area and
Wernicke's area: including prefrontal and parietal

and subcortical regions (basal ganglia and
thalamus)

» Three subregions of Broca’s area: BA44(pars
opercularis), BA45(pars triangularis), BA47 (pars
orbitalis) connects to the subregions in temporal
cortex: pSTG and MTG, inferior posterior MTG,

~posterior Inferior Temporal Gyrus
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Question

» To what extent is the neural language network
~ the same across languages?

» Certain generality of the intrinsic neural
network.
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Language-Dependent

Functional Connectivity
» Psychophysiological Interaction Analysis

* Multiregression analysis

* To specify interaction: between regions of
interest (as revealed by fMRI)

Psycho physiological interaction
allocation difference as covariate

Suod: rLOFC
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analysis for language
comprehension
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Dynamic Causal Modeling

¢ Tests various models that are formulated as
neurophysiologically plausible against each
other.
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=, The |5t Dynamic Causal
| Modeling Study

|dentified 4 activation clusters for processing
syntactically complex sentences in four different
regions

Inferior Frontal Gyrus(BA45)

Premotor Cortex

Posterior Superior Temporal Sulcus

» Anterior Middle Temporal Gyrus

Bidirectional Intrinsic Connectivity between these
4 regi o n S MNetwark modulation during corn_plcx ayntaclic processing

(Den Ouden et.al 2012) : 2,
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Reading Experiment/ varied

Syntactic Complexity

-~ BA44

~ Inferior Frontal Sulcus

~ Inferior Parietal Cortex

» Middle Temporal Gyrus

» Reading study: Fusiform Gyrus

» Bottom-up information flow: from fusiform to
inferior Parietal Sulcus (IPS): Phonological
Working Memory System

» Comprehension of Syntactically Complex
Sentences: working memory system Inferior

LAN

[! Frontal Sulcus/ Inferior Parietal Sulcus

Figure 4.3

l-'lﬂ;lrlional connectivity for sentence processing. Significant endogenous connections and significant modulatory
effects on connections by the increased working memory load. (A) Hierarchical diagram for the fimctionally seg-
regated regions (WM, core language, and visual systems) and their conmections. Pars operculans (BA 44), nfenor
frontal sulcus, mid portion of middle temporal gyms (mMTG), inferior parietal suleus (IPS), and fusiform gyrus
(FG). Statistically significant endogenous connections and sipnificant modulation of connections are shown by
arrows. Black arrows indicate endogenous connections. Fed amows indicate significantly increased connection
strengths by the factor distance between relevant words. The vertical gray arrow to the FG represents the mput
to the visual system. (B) Sigmificant endogenous connections plotted on a schematic bram. (C) Sigmficantly
modulated connections by the factor distance between relevant words plotted on a schematic brain. For more
details see text. Adapted from Makunchi and Friederici (2013). Hierarchical functional connectivity between
the core language system and the working memory system. Cortex, 49 (9): 2416-2423, with permission from
Elsevier.
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NBVL How language related brain

regions work together
e Coritco-cortical evoked brain potential
~» Electrocoricogram: eplilepsy

» Stimulation of Broca’s area: elicited evoked
potentials in the middle and posterior Superior
Temporal Gyrus

» Middle Temporal Gyrus
 Supramarginal Gyrus =%, =, 2.
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Cortico-cortical evoked
potential

llad

o A Broca’s B Posterior Temporal
Stimulation Stimulation

.

O site of stimulation ~ —» direction of impulse projection
fibers excited by single pulse stimulation

Figure 4.4
Cortico-cortical evoked potentials. Schematic illustration of presumed connections between the antenor and pos-
terior language areas. The gray circle denotes the site of stimulation. Arrows indicate the direction of impulse
projection evoked by single-pulse stimulation. The excited fibers are shown as thick black lines, and those not
EANGUAGE IN OUR BRAN excited as thin gray lines. Reprinted from Matsumoto et al. (2004). Functional connectivity in the human language
system: a cortico-cortical evoked potential study. Brain, 127: 2316-2330, by permission of Oxford University
# !" Press.
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Neural Oscillations
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Neural Oscillations

» EEG/ MEG: direct way of approaching neural dynamics within a
language network (with a less restricted localization)

» Neural Ensembles: Synchronous Oscillation in a frequency range:
30-80 Hz( gamma band)

» Coherence in spatially extended ensembles of oscillation is
reflected in lower frequency bands (Beta |15-30Hz, theta 4-8 Hz,
delta 0.5-4 Hz)

* Reflect general processes (not domain specific)
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Frequency Bands and Mental
Processes

¢ Gamma (30-80 Hz) : binding information and learning

* Beta(l5-30Hz): Conscious Thinking

Alpha: bridge between conscious and subconscious mind
Theta(4-8Hz):Working memory Processes

Delta (0.5-4 Hz): Neural Oscillations that can be
localized to regions of the language networks using
EEG/MEG source-localization techniques

0.5 -3 Hz
Delta \/\WN\/\/N"'\»A Deep Sleep
4 -7 Hz
Deep Meditation
Theta MWW\*I\'W and Dreaming
8 - 13 Hz
Alpha MW A A rrnan Vi Sualization
T and Meditation
14- 40 Hz
y Beta MW\MM Wakefulness
Gamma < ~—————" “~———— Heightened Perception
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Speech Envelope

» Spectral component of sounds in the sound
waveform of speech

» Gamma effect: non-primary auditory cortex

Higher order processing regions: Broca’s area and STG
(conscious syllable processing

Gamma power: noun/verb , content words/ function
words
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Beta-gamma oscillations in
language

- » are related to the predictive coding: because
beta effects correlated with N400 in ERP
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N i W)
EEG » Event-related brain potentials (ERPs) L sl ’V
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* Neural ensembles syllable and word
processing: gamma oscillation

» Retrieval of words from the lexicon or
memory is associated with :beta and theta

range.
» Sentential Level: alpha, theta, delta (top-down
processes)
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How to Encode Information for

Transmission?

* How the communicating regions encode and decode the
information content. (how content is tranformed?)

» Hypothesis: content as a semantic meaning or syntactic
structure.

» Content is represented by a number of neurons within a
neuronal ensemble within each neuron represents a
specific feature

* Bird: (semantic feature neurons) animate, nonhuman, has

wings
» Successful transfer: these neurons have to be activated
simultaneously Widtype Panxt KO
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Encoding and Decoding Content

 For transmission: the neurons within the
neuronal ensemble of the decoding region
activate simultaneously

« Electrical potentials are propagated to the
receiving region in which neurons representing
the same features are activated.

* Decoding of the content: requires the activation
of at least a number of the same features that
represent the content in the encoding region.

¢ In the decoding regions these neurons have to be
activated simultaneously in order to achieve a
......successful transfer.
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NBVIL
| Mrror Neurons

* Perception-action domain of monkey
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* A mirror neuron is a neuron that fires
both when an animal acts and when the
animal observes the same action
performed by another.Thus, the neuron
"mirrors"” the behavior of the other, as
though the observer were itself acting.
Such neurons have been directly observed
in human and primate species, and birds.

Sl a8 layg e 5l cide cudlad o ls 525 b 6l lan] Sg)9 aeize 45 C8 )T am D g co CubdS A5 s
Sl (pl (B ;0 S5 (65970 3390 L3 sl (2liST50, 5 61550, y0 P laatiin aleish ol 250

pomse boludloolaiul 5,90 by 0 4 jshailes gl oo glalls cely aS aijls ol Sligen



language
* To achieve successful communication: Partial
but sufficient activation of neurons representing

the same feature in the encoding and decoding
regions.

» A non-sufficient overlap of features: lead to
errors in understanding

The Mirror Neuron System
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Bottom-up Processes in Temporal
Cortex
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» Initial stage in the auditory language
comprehension process in auditory perception.

* Acoustic-phonological analysis: processing
phoneme: left middle STG

* Processing auditory presented words: anterior to
Heschl’s gyrus (left STG)
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From Auditory Perception to
Words and Phrases
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K Words vs. pseudo word: ultrarapid (50-80 ms)

-« |nitial response to a word syntactic category
~ error (40-90 ms)

» MEG: very early word recognition effect: left-
presylvian sources and right temporal lobe
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Phrase Structure Building

| Processes
« Anterior superior

temporal cortex

o [20-150 ms after word
category information :

automatic syntactic
processes.
e syntactic violation
paradigms: anterior STG g 1.
» Natural listening
. paradigm i
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* Posterior-to-anterior gradient

* Primary auditory cortex to anterior
STG/STS: phonemes to words and phrase
structure

Primary auditory
cortex

anterior I

Inferioe frontal gyrus ’

» posterior ’

Suparior

ARISHAGY N OUK BRAIN - ‘ /
temporal gyrus /
Superior
J tamporal sulcus
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e Lexical-semantic access: | 10-170 ms after
the word recognition

» But N400 effect (350-400 ms): reflect
controlled processes

* Middle Temporal Gyrus

 Sentential:Anterior Temporal Lobe,
posterior Temporal Cortex/ Angular Gyrus
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» Anterior Temporal Lobe : Semantic and
Syntactic Processes at the sentential level

¢ General Combinatorial Processes

* Information from anterior STG Inferior
Frontal Cortex for Higher-Order
Computation
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&> From Temporal to Frontal
¥ Cortex:Toward Higher-Order
Computation

 Frontal Operculum and pars opercularis
(BA44): Syntactic Processes

* Pars triangularis (BA45) and pars orbitalis
(BA47): Semantic Processes
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Syntax

» Anterior STG

* Frontal Operculum: assembling words
independent of any syntactic structure

» The most ventral portion of BA44: buildin%
syntactic hierarchies (even the lowest level of
hierarchy)

» BA 44 (pars opercularis): clearly marked
phrases

» Posterior BA445, BA 44: recomputation of

arguments that are moved from subordinate
. sentence
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NBML

Semantic

 Sentential: argument noun phrases and verbs

» Semantic Aspects: more anterior Inferior
Frontal Cortex BA47/ Anterior BA45
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» The computations must be transferred
from Anterior Temporal Cortex to Inferior
Frontal Cortex: Structural Connections

2Ventral fiber tracts:

» Uncinate Fasciculus: connects frontal
Operculum with Anterior Temporal Cortex
and temporal lob

* [FOF: connects BA45/ BA47with the
ﬁ“ temporal and occipital cortex
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Semantic Information Transfer

» fMRI and DTI, patient Studies: From
Temporal Cortex to anterior IFG, BA45/47:
IFOF

Syntactic Information Transfer

» Anterior STG/STS to the Frontal Operculum
and BA44 (higher order syntactic
computation)

» Temporo-frontal network of syntactic
processing :anterior STG, posterior BA44
mediated ventrally by Frontal Operculum.
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Integration and Interaction of
Syntax and Semantics

< IFG and posterior Temporal Cortex

SEMANTIC ACTIVITY SYNTACTICACTIVITY
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Top-down Processes
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'@“ From Inferior Frontal Cortex
back to Temporal Cortex

* Posterior Temporal Cortex: supports final
syntactic/ semantic integration in phrases
and sentences

» Receives input from BA44, 45,47 and Middle
Temporal Gyrus

NBML
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Question

* How BA 44 and Anterior Temporal Cortex
in syntactically complex sentences are
functionally related?

» Syntactic Reordering of Argument:BA44
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Working Memory

- * Is Working memory needed?

~« Phonological working memory: parietal
cortex
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* Posterior IFG: to deliver syntactic and
semantic predictions to the Temporal Cortex
STS/STG
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° Agular Gyrus: Semantic predictability is high

» Posterior STG/STS: expectancy between a
verb and its direct object argument is low.
(integration of a word is difficult)

» Posterior STG/STS covaries with BA44

» Angular Gyrus covaries with left anterior IFG
(BA47) left lateral and middle superior
frontal gyri.

* Word Combinatory: Angular Gyrus with IFG
- and anterior Temporal Lobe
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» Semantic processes beyond word level:
semantic network in ventral pathway and
dorsal pathway

» Syntax-based Expectations of verb-argument
relations: dorsal pathway, posterior STG/STS
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Two Processing Streams to

deliver semantic Information

* The |*%function of anterior |IFG to mediate
top-down controlled semantic retrieval of
lexical representations located in the middle
temporal gyrus.

» Semantic information Transfer: BA 45/47 via
the ventral pathway ECFS to the posterior
Temporal Cortex

» with additional information collected from the
lexical-semantic system in the Middle Temporal
Gyrus by the middle Longitudinal Fasciculus
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2"d processing stream

« 2" semantic information is processed in
BA47/45 and integrated with syntactic
information from BA 44/45 in the IFG.

* Via SLF/AF

* To the Angular Gyrus and Posterior
Temporal Cortex
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Summary

* Functional Connectivity: how different brain
regions work together and the direction of
the information flow.

* Functional cooperation: between inferior
frontal gyrus and posterior temporal cortex

» Strong white matter connections between
these regions.
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* Dynamic temporo-frontal network with
initial input-driven information processed
bottom-up from the auditory cortex to the
frontal cortex along the ventral pathway

» Semantic Information: reaching the anterior
IFG

 Syntactic Information: posterior IFG
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» Anterior |IFG: mediate top-down controlled
lexical semantic access to the middle temporal

gyrus
» Semantic Prediction: posterior Temporal
Cortex via the Parietal Cortex

» plFG: support hierarchization of phrases and
argument/ mediate verb-argument related
predictions via the dorsal pathway to the
posterior temporal cortex: integration of
syntactic and semantic information
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