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Cortico-cortial long-range connections




Tracer methods
Square root compartments
Global connectivity in the mouse cortex

Patchy connections in large brains

Human cortical white matter



Tracer methods

Using axonal transport:

Slow transport: up to 30 mm/day
Fast transport: up to 40 cm/day



anterograde tracing

where t0?




Anterograde: radioactive amino acids
phaseolus vulgaris (PHA-L)
WGA (wheet germ agglutinine)

biotinylated dextran amine (BDA)



Anterograde staining after Injection of the tracer BDA
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From Schiiz et al., 2005



retrograde tracing

where from?




Retrograde: fluorescent dyes (e.g. Rhodamin, Fast Blue, Fluorogold)

horse-radish peroxidase (HRP) (predominantly retrogr.)

Both directions: biocytin (biotin + Lysin)

neurotrophic viruses (e.g. Herpes simplex or Rabies) —
also transsynaptically



Fluorescent dyes, retrograde staining, after injection
in Area 17 (light blue) and 41 (greenish blue)




Retrograde Tracer, horseradisch peroxidase

Fig. 66. Correspondence, or lack of correspondence, of the areas defined by their

projection and the areas ol rtical architectonics. Frontal section through the dorsal part

of the right cerebral hemisphere of the rat, at the level of areas 4 and 4. Injection of

horseradish peroxidase into the spinal cord, which marks the cell bodies of the cortico
spinal neurons, the "giant pyramids”® (g b ancition between areas 4 and 6 can be
recognized because of the different level ol e 2 cells in laver. V, (cf. Fig. 63), but

the corticospinal neurons are localized in

From Braitenberg and Schuz, 1998




Retrogradely
stained pyramidal cells,
mouse cortex (BDA)




Tracing in the
human brain
post-mortem

Superior
frontal gyrus

Corp. call







Tracers usable in vivo in magnetic resonance
imaging (MRI):

Manganese (activity dependent; transsynaptic)

Biocytin



Magnetic resonance imaging and histology of biocytin (type L3) tracer with Gd

B

From: Mishra et al. (2011) Biocytin-Derived MRI Contrast Agent
for Longitudinal Brain Connectivity Studies






Surface area of the cortex (1 hemisphere)

mouse — monkey — human

1cm

~x 1000




An abstract scheme for a full set of cortico-cortical
connections:

Parcellation into ,,square root compartments*
(Braitenberg, 1978)



An abstract scheme for a full set of cortico-
cortical connections:

Parcellation into ,,square root compartments*
(Braitenberg, 1978)

N total number of neurons
VN compartments

Each containing VN neurons
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Mouse cortex:
N = 8-9 x 10%hemisphere

YN = 3000 compartments,
diameter about 0.17 mm

Human cortex:
N = 101%hemisphere

VN = 100 000 compartments,
diameter ca. ] mm



Mouse,
Nissl-stain,
Coronal
section




Section: Max Planck
Institute for Brain
Res. (Frankfurt)

Foto:
Bernhard Hellwig
(Tubingen)
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Global connectivity of the cortex, a tracer study in the mouse

Together with Daniel Liewald, Denis Chaimow and Monika Dortenmann



1 cm



Anterograde staining after Injection of the tracer BDA
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From Schiiz et al., 2005



From Schiiz et al., 2005



Mouse

The neurons under

~0.1 mm’ reach ~15 mm’

Total neocortex 71 mm°’

% of neocortical
surface area 20 %

From Schuiz et al., 2005



Mouse

The neurons under

~0.1 mm’ reach ~15 mm’

Total neocortex 71 mm°’

% of neocortical
surface area 20 %

Monkey

~120 - 240 mm”>

6400 mm”*
(Filimonov)

2-4%

From Schuiz et al., 2005
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Increasing length density

From Denis Chaimow



From Denis Chaimow



Fibre length per area

L =P N
0]

testline

(Buffon, 1777; Smith and Guttmann, 1953)



From Denis Chaimow



'

Figure 9. A 3.dmensional onentation can be represented by a vector v on a sphere
that is parametrized by an angle of elevation o and an azimuthal angle 8. For a uniform
distribution of 3-dimensional onentations, the probability density for finding a vector v
is equal at any place on the sphere. Given a specific elevation o, v is constrained to he
on the cucle ¢, which is the hoarizontal section of the sphere at the elevation a. The
probabikty densty for amy vector to be on that circde s proportional to s
circurfierence, which is proportional to cos a. Therefore the probability density of
finding a vector v with an elevation o n a unform distribution of orientations is
peoportional 10 cos o



T

L, 2 L
= [cos(a)P(a)da = [cos”(a)da
)™ J

— E N = number of intersections
4 1 = length of test line
[ = T x N d = diameter of section (50 mm)
A
2 testline
L, /L,\ 1 m®= N 4
, =—4dx(2) =—x—x X
d l3D d 2 testline
2N
['x SOMWL From: Denis Chaimow



Low density: 3 m/mm?3

High density: 25 m/mm3



Low density: 3 m/mm?3

High density: 25 m/mm3
Total density of axons in the neuropil:

4 km/mm?3

25 m/mm? are 0.6 % of 4 km



Fibre density in the local (=black) field




Procedure:

1) Estimating the total length of stained fibres
(assuming 35 mm of axon per neuron)
2) Estimating the fibre length in the hatched regions

3) Subtracting (2) from (1)
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Density in the vicinity of the injection site:

38 - 141 m/mm?3 (1 - 3.5% of 4 km)



Connectivity in the horizontal plain

Measurements deduced numbers Conclusions
mouse
0.07 mm?Z project (factor of > 100) great spatial divergence

onto about 12 mm?

density of distant proj. , < 1% of 4 km/mm3 projections very weak
3 —25 m/mm3 |

_great spatial convergence
Density locally a few percent of 4 km/mm3 gleéi mixing of inputs
38-141 m/mm3 at any given place
2/3 of the terminal field short-range-input-dominating

Within a few mm of

the injection site J
most projeations

within an area and
betw. neighbouring areas

R




Main conclusions on horizontal connectivity:

1) Great spatial divergence of projections (> x 100 in mouse)
2) A high degree of convergence at any place

3) The largest part of the terminal field (~ 2/3) connects neurons
within the same area and in neighbouring areas



Patchy connections in large brains

Together with Nicole Voges, Ad Aertsen, Stefan Rotter



Visual Cortex, Monkey
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From Amir, Harel,
Malach (1993)







A2 540 input fibre
density up to 14 m/mm”’
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From: Voges, Schiiz, Aertsen, Rotter; Progress in Neurobiology (2010)



What is the variability of these patches?

Is it possible to make a generalized model?



Lizeeatuse Spocon | cortical | o N2 |d | domue | b Literature Species | coctical | o N |2 |4 |dpoar |de
anva (x) area (£)
Gilbert & Wiesd | cat Vi 0.2 2(6-8) Burkbalter & | rat Vi, V2oL 0.15- 1.8
(1989) Charles [1990) 025 0.25
Buzas et ol | st vis |00 025 |12 |3 Ramberger ot al. | ot Vi, V2103 |13 |07, %,
(2006) 2.1 (2001) (ler.) |00 0.43, 09
Read e ol |em Al L5 0.4
(w01) {intr.) Madach ot al | owl Vi 015 | > |03 =
Wallace et ol |cat Al 38 |o0s |05 1 (197 Seahyy | Omr) (38 hnd s
(1991) 2 6 Pucak et al | moakey | PFC 035 |12 025 |28 |75
Burkhalter & | buman | V1, V2 | 025 03 6 |os1 e s
B o (1989) 1 05 Levitt et ol | macaquee | PFC 02 027 78 05
1 lotr, 04 us
Galuske ot al | human |22, A1 |04 |10 | 056 75 1-1.6, . i
) (insr) . P 087- Lusd et ol | macagee | PFC 02 027 (9.4x3) | 054
i | e S (1953) (mtr.) |13
o o o = Viz4 |02 023, 44 043,
() |15 054, 064,
Bosking et @l | tee V1 n2 02z | >05
035 068
(1997) shrow (intr.) 04
2 N SI, 4|02 04, (Tx6, | 073,
Tablde 1: List of publications oo patchy peojections resulting from extracellular tracer fnjec-
(imtr,) | 15 O4s 4.7x5.2) | 054
thons (“group data’), cedeted sccording to the analyzed species and coctical areas. Listed
Amir et ol | macagoe | V12, | 013 | 511, | 028 |06 | 2.04- as6l-
are the injection size o, the avwrage nuher of patches per cell faxon N, the sverage patch
(1953) ViTa |09 1533 | 031 221 |88 1.6
dismneter @5, the swerage and maximus latoral distance betwoon the coll body and the
(imtr.)

pstches dy, dy mar, the maximum lateral axonal speead E, and the average distance hetween
Tubde 20 List of publicasticas ca patchy peojections resubting froen extoacedlubar lagections,
the patches do. (0l Jength messurements in millimeters),
ooatisuation of Table 1.



Literature Species | cortical| o N, 2, d, dpmar | dec
area (¥X)

Levitt et al. | macaque| V2 0.2- | 10-15 | 0.25-0.3 | 2 4 0.25-

(1994) (intr.) | 0.3 2.2

Rockland macaque | V1 0.1 8

&  Knutson (intr.)

(2001)

Stettler et al. | macaque| V1, 0.2 (7) 0.75

(2002) V2

Tanigawa macaque | V1, 0.23- | 5-21, | 0.25x0.39{ 0.9-2, 0.63,

et al. (2005) TE 0.54 | 943 | 0.35x0.55| 2.5 1.3

7.7

Table 3: List of publications on patchy projections resulting from extracellular injections,

continuation of Tables 1 and 2.



Litersture Spechs | cortioal | bger | N, | @y [ dy | iyt
aren (X}
po—p—
Gilbert & Wiesel (195)) | cnt vis. 26 02 |2 4 1
(inee.) 03
Maortis & Whitteridge | cot V1 (he2r,) | 25 01 02 1
(l“-l" 22
>Mﬂ‘ {19s85) ot V1 (imtr.) | 3 03 |05 |2
e |1
Gabdott ot ol (1987) ot Vi 66 |3 1.1-
246
Binmgger o€ al. (2000) o vl 26 |05 | 035 | 00- | 0.2]
06 | LS
Ghosh ot al. (1985) o 4y (imr) | 2/3, | 38 16
5
Oflina et al. (19091) o Al (letr.) | 2/3 | 24 0.5-
25
Ojima ¢ al. (1992) ot Al 5 .5
4.5
MeGuire et al (1961) wacaquel V1 (ler) | 3 4 2 4
Lobmann & Rielg (19M) | mt V2 (imr) | 23 AL 12 |02

Tahle & List of publications oa 2D o 3D reconstructions of singhe patchy PC projections,
ordered according to the species and the conticnl arca they refer to. Listid we the lgers, the
average mamber of patchon por coll fsann Ny, the averngo pateh dismeter 5, the sverngo and
maximam bteral distance boeween the codl body and the patches &, dy e, the sxitmsm
Intersd axnead spevad ¥, and the sverage distance breween the patches d... Al measurements

are gren s mllimetess, Part one: stracellular lnjctions,

Litersture Speckes | cortiesl | byer | N, | @, | dy | dyes dee
arva (£)
DeFelipe et al (1955) macaguel SI, motoe | WM | 15 6
cortex
Roddand & Virga (1989) | macagquel V2 10 VI 13 | 03- |06 0.5
05 |43 065
Rodkdand & Viega (1990) | macague] VI to V2 1-3 | 0.2 0.2-
055 05
Rodkland (1995) macagquel V2 o VS 13 | 02- 02-
04 06
Tyler et al. (199%) wacaquey VI (botr.) | 2/3 032, 0.5,
Hiarse- 023 04
pial
Kisvarday &  Eysel | ot Vi (lotr.) | 3 48 (04 |05 (28 |11
(1992) 28 | (4.9)
Clarke et al (1843) ot Al 27
Wallace et al. (1991) fearet Al 2/3 |6 03 |14
0s

Table & List of publications on 2D or 3D recomstractions of single patchy PC projections,

contlmuation of Table 4. Part two: extracellular injections with stngle axon reconstroctions.



Results for single neurons (i.e. from intracellular injections):

Average (Max)

-Number of patches 1-5 (8)

-Radius of local spread 300 — 500 mm

-Diameter of patches o0 - 400 (800) mm

- Distance of patches
to cell body 04-5 (7) mm
- shared patches of

closely located 2.5
neurons




Results from extracellular injections:

Number of patches: usually 10 — 20 (total range: 1 — 58) depends on
Injection size and brain size, somewhat on areal hierarchy

Size of patches: comparable to those of single neurons

Distance of patches to cell body and between each other: similar as in
single neurons, depending strongly on cortical hierarchy



Numbers for a model

Extracellular injections (groups of neurons):
in large brains usually 10 — 20 patches (total range: 1 — 58)
nr. depends mainly on brain size and injection size, somewhat on area

Intracellular injections our model average max comments
in diff. species/area
single neurons:

- Number of patches 3 1-5 8
- Radius of local links 0.5 0.3-0.5mm 0.5
- Radius of patches 0.25 0.1-0.2 0.4 rather stable
- Distance of patches 0.75-3.75 04-5 7 dep. on brain
to cell body size and area
- shared patches 3 out of 6 10 neurons shared
of closely located 2 - 5 of their patches

neurons



Result:

It is possible to make a generalized model,
which can be easily adapted to particular areas:
The size of the patches is relatively constant
The number of patches depends mainly on
- the size of the injection

- somewhat also on hierarchical level

The spread of patches depends mainly on areal hierarchy



Visual Cortex, Monkey
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From Amir, Harel,
Malach (1993)




INTRINSIC CONNECTIONS AND CORTICAL HIERARCHY

41

A B

. Small injections

bAr

5] Large Injections

Patch Width (mm)

Vi V4
Cortical area

Number of Patches
b

. Small Injections
. Large Injections

Vi V4
Cortical Area

Fig. 20. Intrinssc connections produced by small vs. large blocytin - B: Effects on number of patches. Here increasing the size of injections
inections in aress V1 and V4. A: Effects of enlarging the ingection site  had a marked affect. Patch number both in arcas V1 and V4 more than
on patch width. Note that patch width is barely affected by the doubled due to the increased in size of injection sites

increased injection site both in area V1 (left bars) and V4 (right bars).

Amir et al (1993)



Role of patches?



Fig. 2. Dendntc samping from axond/ patches: macaque area V1, (A) A scheme depicting how dendndic arbors of upper-Qyer pyramida/
meurons sample from mcoming inputs clustered into patches (red). Only a few representadve newrons are shown (vellow), wheseas in the
seal tissue the area i densely packed with pyramvdal nevurons havag hghly ovedapping dendnlie fields. The neurons and palches were
genevated from examples revealed by anterograde and retrograde transport of bocytin in aréa V1 of the macaque monkey. Note the
armilanty in size of the dendrite spread of indwndual neurons and the width of axonal patches. in ths case, only a few newurons at the center
of 2 patch or mterpateh wall recevve pure’ mputs while all the others will sample dfferent muxes of patch-nterpalch inputs. Below s the
poputanon sampiing profile wivch shows the mix of palch—nterpatch inpuls 10 cach neuron along the white line. The x-axis corresponds to
position along the wite lne, whiie the y-axis shows the ratio of palch-miterpaich inputs. Node that the population samplng profile
oscllates smoothly between pure interpalch inputs and pure patch wpuls, thus generaling maximum newrona dversly. Scale bar, 100 um
(B) Dendntic samphing from oversized axonal patches. A depiction of a h hical case i which the s@e of the axonsl patches greatly
exceeds the spread of dendnitc arbors. Note that, i this case. most dendritc arbors will be confined either to the patch or lo the interpaich
compatments. Only 4 small frachion of the neuronal populdabion will integrate nformaton from both compartments. The graph below
shows the population sampling profie for ths case. Note that, unlike the case shown in (A), here the peaks of the popwiation samplng
profile are flattened leading to redundant sampling by neghbonng newons. (C) Dendabic samping from undersized axonal patches
Depiction of a hyporthetical case i winch the size of dendnit spread greatly exceeds the wadth of axonal patches. Note that m thys case all
newons receive mixed patch—nterpatch mpuls so that the range of posible mux rabos is reduced. This is reflected » the shallow population
rampling profile

R. Malach (1994) TINS 17 (3)
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Max Planck Institute for Biological Cybernetics in Tubingen. Foto: Friedrich Forster



