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injections of Fluoro-Gold and Fluoro-Ruby into anterior, central and posterior PFC in temporal
cortex Error bars = Standard EITOT. .........oviieiiieie ettt sr 91

Figure 4.1. Coronal section of PFC (A-P 3.7mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008), depicting sites of
tracer injections; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F) and DLO (G),
WIth 0.5MM SEPATALION. ....cueitiiiiiieieeecte ettt ettt et b e e sb b e ebesreneas 98

Figure 4.2. (i) Coronal section of PFC (AP 4.2mm from Bregma) showing the cytoarchitectural
boundaries of the prelimbic (PL), infralimbic (IL), medial orbital (MO), ventral orbital (VO),
ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital (DLO) cortices (according
to Van de Werd & Uylings, 2008), depicting almagamated sites of Fluoro-Gold and Fluoro-Ruby
injections; Prelimbic: A & B, Infralimbic/Medial orbital: C, Ventral orbital/Ventrolateral orbital:
D, Ventrolateral orbital/Lateral orbital: E, Lateral orbital/Dorsolateral orbital: F and Dorsolateral
orbital: G, with 0.5mm spread. (ii) Coronal section of PFC showing location and spread of



(20nl) Fluoro-Ruby at injection site in VLO/LO (R11). (iii) Coronal section of PFC showing
location and spread of (30nl) Fluoro-Gold at injection site in PL (R21). (iv) Representations of
Fluoro-Ruby (20nl) (R13, R17, R16, R15, R11, R12, R8 (broken line)) injection sites in PL
(R13, R17), IL/MO (R16), VO/VLO (R15), VLO/LO (R11), LO/DLO (R12) and DLO (R8) in
the right hemisphere. (v) Representations of Fluoro-Gold (30nl) (R13, R21, R19, R20, R16, R12,
R9 (solid line)) injection sites in PL (R13, R21), IL/MO (R19) VO/VLO (R20), VLO/LO (R16),
LO/DLO (R12) and DLO (R9) in the left hemisphere. Fluoro-Ruby injection sites were
predominantly within the boundaries of Fluoro-Gold injection sites. There is some overlap
between retrograde injection sites into PL, IL and VO (R13 & R21, R21 & R19, R21 & R20).
There is minimal overlap between anterograde injection sites into DLO (R8 & R12). Scale bars =
LOORAML 1tttk et e bbb bR b b £ R R £ bR £ bR e bkt b bt be bt e R e e 101

Figure 4.3 (i) Coronal section showing retrogradely labelled cells (blue) in temporal cortex
produced by injection of Fluoro-Gold (30nl) into PL (B: R21). (ii) Coronal section showing
retrogradely labelled cells (blue) in temporal cortex produced by injection of Fluoro-Gold (30nl)
into DLO (F: R12). (iii) Retrogradely labelled cells in temporal cortex (blue) produced by
injection of Fluoro-Gold (30nl) into DLO (F: R12). (iv) Coronal section showing anterogradely
labelled axon terminals (red) in temporal cortex produced by injection of Fluoro-Ruby (20nl) into
PL (B: R17). (v) Coronal section showing anterogradely labelled axon terminals (red) in
temporal cortex produced by injection of Fluoro-Ruby (20nl) into DLO (G: R8). (vi)
Anterogradely labelled axon terminals (red) in temporal cortex produced by injection of Fluoro-
Ruby (20nl) into IL/MO (C: R16). Arrows denote the location of the rhinal sulcus. Scales bars =
OO oottt sttt s st een i 102

Figure 4.4. Diagram representing the almagamated injection sites of Fluoro-Gold and Fluoro-
Ruby, and the projection sites to temporal cortex for both retrograde (Fluoro-Gold) and
anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites A (PL: R13), B
(PL: R17, R21), C (IL/MO: R16, R19), D (VO/VLO: R15, R20), E (VLO/LO: R11, R16), F(
LO/DLO: R12) and G (DLO: R8, R9). (ii) The locations of retrogradley labelled cells in
temporal cortex, resultant from 30nl Fluoro-Gold injections into PFC injection sites A-G (R13,
R21, R19, R20, R16, R12, R9). (iii) The locations of anterogradely labelled axon terminals in
temporal cortex resultant from 20nl Fluoro-Ruby injections into PFC injection sites A-D (R13,
R17, R16, R15, R11, R12, R8). ..iiiiiiieiierieie ettt sttt sttt st nae e 104

Figure 4.5. The mean effect of PFC injection site on the (i) dorsal-ventral, (ii) anterior-posterior
and (iii) medial-lateral location of retrogradely labeled cells (n=1122 arising from 7 rats:
A(PL:R13)=59, B(PL:R21)=184, C(IL/MO:R19)=360, D(VO/VLO0:R20)=92,
E(VLO/LO:R16)=39, F(LO/DLO:R12)=194, G(DLO:R9)=194) and anterogradely labeled axon
terminals (n=167 arising from 7 rats: A(PL:R13)=27, B(PL:R17)=24, C(IL/MO:R16)=19,
D(VO/VLO:R15)=21, E(VLO/LO:R11)=45, F(LO/DLO:R12)=19, G(DLO:R8)=12) within
temporal cortex. Error bars = standard error. (iv) Coronal cross section of PFC showing the
position of 7 injection sites; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F)
and DLO (G). Coronal cross section of temporal cortex showing the three dimensions in which
the locations of labels Were recorded. .........coooviviieieee e 107

Figure 4.6. Connectivity matrix showing the relationship between input and output connections
from PFC to temporal cortex. X = Retrograde and anterograde labelling found in the same
cytoarchitectural regions of temporal cortex. X = Reciprocal connection: Retrograde and
anterograde labelling from the same PFC injection site is found in the same cytoarchitecural
region of temporal cortex. E.g. Retrograde projection site A is found in the same
cytoarchitectural region as anterograde projections A, B and E. ........cccccooiviiiiininiiiiciene 114

Figure 4.7. (i) The effect of PFC retrograde (Fluoro-Gold) injection site on the reciprocity index,
derived from connectivity matrix (Fig.4.6): median distance between Fluoro-Gold and Fluoro-
Ruby PFC injection sites of retrograde and anterograde labelling found in the same
cytoarchitectural regions of temporal cortex. A distance of 1 PFC injection site is given a value
of 1 (e.g. the distance between retrograde site A and anterograde site B = 1). The absolute value
is taken, regardless of direction. Regions where no anterograde projections were found in the
same cytoarchitectural region as the retrograde connection (e.g. injection site G:DLO) were not
included, as a value of zero here represent an entirely reciprocal connection. Where a retrograde
projection is found in the same region as multiple anterograde projections a median distance is
calculated. Fluoro-Gold injection sites made into the same PFC sub-regions (i.e. PL) are
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combined. Injection G (DLO) is excluded due to having no return connections. PL = A & B, MO
=C,VO =D, VLO =E, LO =F. Error bars = standard error. (ii) The connectivity matrix from
which the graph (i) iS ProQUCET. .........coeiiiiiiiee e 115

Figure 5.1. Coronal section of PFC (A-P 4.2mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008), depicting sites of
almagamated anterograde and retrograde tracer injections; Prelimbic (PL):A, ventral orbital
(VO):B, ventrolateral orbital(\VLO):C and dorsolateral orbital(DLO):D, with 1mm separation.119

Figure 5.2. (A) Coronal cross section of sensory-motor cortex at 2.2mm posterior to bregma,
depicting the three dimensions in which the locations of labelled cells were recorded (Anterior-
Posterior (A-P), Medial-Lateral (M-L) and Dorsal-Ventral (D-V)). (B) Retrogradely labelled
cells (blue cells) in sensory-motor cortex produced by a co-injection of Fluoro-Gold (100nl) and
BDA (Fluorescein, 100nl (green cells)) into VO. Arrows indicate measurements of labelled cell
location in the medial-lateral dimension (distance to lateral cortical surface) and dorsal-ventral
dimension (distance from rhinal sulcus). (C) Anterogradely labelled area (Brown) in sensory-
motor cortex produced by an injection of BDA (100nl) into PL. Crosses indicate the four points
on the perimeter at which measurements were taken. Arrows indicate measurements of labelled
area location in the medial-lateral dimension (distance to medial cortical surface) and dorsal-
ventral dimension (distance from dorsal surface: laminar). Scale bars = 200pum. ........c.ccceeueeeee. 121

Figure 5.3. (i) Coronal section of PFC showing location and spread of (100nl) Fluoro-Gold and
(100nl) Fluorescein at injection site in VVO. (ii) Coronal section of PFC showing location and
spread of (100nl) Fluoro-Gold and (100nl) Fluorescein at injection site in DLO. (iii)
Representations of Fluoro-Gold and Fluorescein co-injection sites in PL (R42), VO (R37), VLO
(R41) and DLO. Scale bars = 200, ......ccveverrinririiirineeeeesree e 123

Figure 5.4. Diagram representing the injection sites of Fluoro-Gold and BDA, and the projection
sites to sensory motor cortex for both retrograde (Fluoro-Gold) and anterograde (BDA) tracer
injections. (i) The locations of injection sites A (PL: R3, R7), B (VO:R6, R7), C (VLO:R1, R4)
and D (DLO:R5, R8) in PFC. (ii)The locations of retrogradely labelled cells in sensory-motor
cortex, resultant from 100nl Fluoro-Gold injections into PFC injection sites A-D (R4, R5, R6,
R7). (iii) The locations of anterogradely labelled areas in sensory-motor cortex, resultant from
100nl BDA injections into PFC injection sites A-D (R1, R3, R7, R8). ....ccoeiiiriiiiiiiicies 125

Figure 5.5. (i) Coronal section of sensory-motor cortex showing retrograde labelling (blue) and
anterograde labelling (green) resultant from co-injection of Fluoro-Gold and BDA (Fluorescein)
into VO (injection site B, R37). (ii) Retrograde (blue) and anterograde (green) labelling in motor
cortex resultant from co-injection of Fluoro-Gold and BDA (Fluorescein) into VO (injection site
B, R37). (iii) Coronal section of sensory-motor cortex showing area of anterograde labelling
(brown (fluorescein visualised with DAB)) resultant from co-injection of Fluoro-Gold and BDA
into DLO (injection site D, R38). (iv) Retrograde (blue) and anterograde (green (fluorescein
visualised with fluorescence)) labelling in motor cortex resultant from co-injection of Fluoro-
Gold and BDA (fluorescein) into VLO (injection site C, R41). Scale bars = 100um. ................ 128

Figure. 5.6. The mean effect of PFC co-injection site location on the mean location of
retrogradely labelled cells (n=307; PL (A:R42)=77, VO (B:R37)=121, VLO (C:R41)=80, DLO
(D:R38)=29) and anterogradely labeled axon terminals (n=24; PL (A:R42)=4, VO (B:R37)=4,
VLO (C:R41)=4, DLO (D:R38)=12) within temporal cortex, in the (i) dorsal-ventral (ii) anterior-
posterior and (iii) medial-lateral axes. Error bars = standard error. (iv) Coronal cross section of
PFC showing the position of 4 injection sites; Prelimbic (A), ventral orbital (B), ventrolateral
orbital (C), dorsolateral orbital (D). Coronal cross section of temporal cortex showing the three
dimensions in which the locations of labels were recorded. ..o, 131

Figure 5.7. The effect of PFC injection site (PL:A, VO:B, VLO:C, DLO:D) on the three
dimensional mean location of retrogradely labelled cells (blue) and anterogradely labelled areas
(red) in sensory-motor cortex. Error bars = standard error. .........ccocveveveevenieviesinsie e 132

Figure 6.1. Coronal sections of PFC ((i) A-P 4.7mm, (ii) 3.7mm and (iii) 4.2mm

from Bregma) showing the cytoarchitectural boundaries of PFC sub-regions
according to Van de Werd & Uylings (2008), depicting the amalgamated sites of
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tracer injections; PL (Aa, A, Ap), VO (Ba, B, Bp), VLO (Ca, C, Cp) and DLO (Da, D,
Dp), With 1mMm SEPAIALION. ...c..oouiiiiitiiiiieie ettt e bbbt e e b e e 141

Figure 6.2. (i) Coronal section of anterior PFC (AP 4.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), medial orbital (MO), ventral orbital (VO),
ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital (DLO) cortices (according
to Van de Werd & Uylings, 2008), depicting sites of injections; Prelimbic: Aa, Ventral orbital;
Ba, Ventrolateral orbital: Ca and dorsolateral orbital: Da, with 1mm spread. (ii) Coronal section
of PFC showing location and spread of (100nl) Fluoro-Gold at injection site in VO (R24). (iii)
Coronal section of PFC showing location and spread of (100nl) Fluoro-Ruby at injection site in
PL (R32). (iv) Representations of Fluoro-Ruby (100nl) (R21, R23, R24, R32 (broken line))
injection sites in PL (R32), VO (R23), VLO (R21) and DLO (R24) in the right hemisphere. (V)
Representations of Fluoro-Gold (100nl) (R17, R23, R24, R28 (solid line)) injection sites in PL
(R28), VO (R24), VLO (R17) and DLO (R23) in the left hemisphere. Fluoro-Ruby injection sites
were predominantly within the boundaries of Fluoro-Gold injection sites. There is minimal
overlap between Fluoro-Gold injection sites (R28 & R24, R24 & R17). Fluoro-Gold and Fluoro-
Ruby injection sites are mostly limited to the cytoarchitectural boundaries of PFC regions, and
span the majority of the region (PL, VO/MO, VLO, DLO), injections into VO spread into MO.
SCAIE DAIS = LOOIIM. ..t ieeeee ettt e s e st e e s te e teebeeneeanbeeteesba e teenteeneenreenres 143

Figure 6.3. (i) Coronal section showing retrogradely labeled cells (blue) in sensory-motor cortex
produced by injection of Fluoro-Gold (100nl) into VO (R24). (ii) Retrogradely labeled cells
(blue) in sensory-motor cortex produced by injection of Fluoro-Gold into VO (R24). (iii) Coronal
section showing anterogradely labeled axon terminals (red) in sensory-motor cortex produced by
injection of Fluoro-Ruby (100nl) into PL (R32). (iv) Anterograde labelling (red) in sensory-
motor cortex produced by injection of Fluoro-Ruby (100nl) into DLO (R24). Scale bars =
00 o o PSP SOS SRR 145

Figure 6.4 Diagram representing the amalgamated injection sites of Fluoro-Gold and Fluoro-
Ruby in anterior PFC, and the projection sites to sensory-motor cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites
Aa (PL: R28, R32), Ba (R23, R24), Ca (R17, R21) and Da (R23, R24) in anterior PFC. (ii) The
locations of retrogradely labeled cells in sensory-motor cortex, resultant from 100nl Fluoro-Gold
injections into anterior PFC injection sites Aa-Da (R17, R23, R24, R28). (iii) The locations of
anterogradely labeled axon terminals in sensory-motor cortex, resultant from 100nl Fluoro-Ruby
injections into anterior PFC injection sites Aa-Da (R21, R23, R24, R32).......cccccoviiiieniiiienn. 147

Figure 6.5. The mean effect of injection site in anterior PFC on the (i) dorsal-ventral, (ii)
anterior-posterior and (iii) medial-lateral location of retrogradely labelled cells (n=208 arising
from 4 rats: PL=20, VO=77, VLO=39, DLO=72) and anterogradely labelled axon terminals
(n=244 arising from 4 rats: PL=87, VO=91, VL0O=30, DLO=36) within sensory-motor cortex.
Error bars = standard error. (iv) Coronal cross section of PFC showing the position of 4 injection
sites; Prelimbic (Aa), Ventral orbital (Ba), Ventrolateral orbital (Ca) and Dorsolateral orbital
(Da). Coronal cross section of sensory-motor cortex showing the three dimensions in which the
locations Of 1abels WEre FECOIURM. ........ciiee e 149

Figure 6.6 (i) Coronal section of central PFC (AP 4.2mm from Bregma) showing the
cytoarchitectural boundaries of the premlimbic (PL), infralimbic (IL), medial orbital (MO),
ventral orbital (VO), ventrolateral orbital (VLO) and dorsolateral orbital (DLO) cortices
(according to Van de Werd & Uylings, 2008), depicting sites of injections; prelimbic:A, ventral
orbital:B, ventrolateral orbital:C and dorsolateral orbital:D, with 1mm spread. (ii) Coronal
section of PFC showing location and spread of (100nl) Fluoro-Gold (blue) at injection site in VO
(R6). (iii) Coronal section of PFC showing location and spread of (100nl) Fluro-Ruby (red) at
injection site in VLO (R9). (iv) Representations of Fluoro-Gold (100nl) (R4, R5, R6, R7 (solid
line)) and Fluoro-Ruby (100nl) (R9, R19, R20, R29 (broken line)) injection sites in PL (R7,
R29), VO (R6, R20), VLO (R4, R9) and DLO (R5, R19), in the right hemisphere. .................. 151

Figure 6.7.(i) Coronal section showing retrogradely labelled cells (blue) in cingulate cortex
produced by 100nl injection of Fluoro-gold into VLO (R4). (ii) Coronal section showing
retrogradely labelled cells (blue) in cingulate cortex produced by 100nl injection of Fluoro-gold
into VO (R6). (iii) Coronal section showing anterograde labelling (red) produced by injection of
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Fluoro-Ruby into DLO (R19). Anterograde labelling in sensory-motor cortex produced by
injection of Fluoro-Ruby into DLO (R19). Scale bars = TOOWM. ......cccovveireneienenieiseneeseee 152

Figure 6.8. Diagram representing the amalgamated injection sites of Fluoro-Gold and Fluoro-
Ruby, and the projection sites to sensory-motor cortex for both retrograde (Fluoro-Gold) and
anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites A (PL: R7, R29),
B (VO:R6, R20), C (VLO:R4, R9) and D (DLO: R5, R19) in central PFC. (ii) The locations of
retrogradely labeled cells in sensory-motor cortex, resultant from 100nl Fluoro-Gold injections
into central PFC injection sites A-D (R4, R5, R6, R7). (iii) The locations of anterogradely labeled
axon terminals in sensory-motor cortex, resultant from 100nl Fluoro-Ruby injections into central
PFC injection sites A-D (R9, R19, R20, R29). ......cceiiiiiiirieiie et 154

Figure 6.9. The mean effect of central PFC injection site on the (i) dorsal-ventral, (ii) anterior-
posterior and (iii) medial-lateral location of retrogradely labelled cells (n=494 arising from 4
rats: PL=143, VO=156, VL0O=83, DLO=112) and anterogradely labelled axon terminals (n=224
arising from 4 rats: PL=138, V0O=29, VL0=19, DLO=38) within sensory-motor cortex. Error
bars=standard error. (iv) Coronal crosss section of PFC showing the position of 4 injection sites;
prelimbic (A), ventral-orbital (B), ventrolateral orbital (C) and dorsolateral orbital (D). Coronal
cross section of sensory-motor cortex showing the three dimensions in which the locations of
12DEIS WETE FECOMAERA. ...ttt nne 156

Figure 6.10 (i) Coronal section of PFC (AP 3.7mm from Bregma) showing the cytoarchitectural
boundaries of the prelimbic (PL), infralimbic (IL), ventral orbital (VO) ventrolateral orbital
(VLO) and dorsolateral orbital (DLO) cortices (according to Van de Werd & Uylings, 2008),
depicting sites of injections; Prelimbic: Ap, Ventral orbital: Bp, Ventrolateral orbital: Cp and
Dorsolateral orbital: Dp, with 1mm spread. (ii) Coronal section of PFC showing location and
spread of (100nl) Fluoro-Gold (blue) at injection site in PL (R27). (iii) Coronal section of PFC
showing location and spread of (100nl) Fluoro-Ruby (red) at injection site in PL (R28). (iv)
Representations of Fluoro-Ruby (100nl) (R25, R26, R27, R28 (broken line) injection sites in PL
(R28), VO (R26), VLO (R25) and DLO (R27), in the right hemisphere. (v) Representations of
Fluoro-Gold (100nl) (R11, R22, R26, R27 (solid line)) injection sites in PL (R27), VO (R22),
VLO (R11) and DLO (R26), in the left hemisphere. Fluoro-Ruby injection sites were consistently
within the boundaries of corresponding Fluoro-Gold injection sites. There is minimal overlap
between Fluoro-Gold injection sites (R27 & R22). Scale bars = 100{M. ....cocvrvervrireninirennne 158

Figure 6.11. (i) Coronal section showing retrogradely labelled cells (blue) in sensory-motor
cortex produced by injection of Fluoro-Gold (100nl) into posterior VO (R22). (ii) Retrogradely
labelled cells (blue) in sensory-motor cortex, resultant from injection of Fluoro-Gold (100nl) into
posterior VLO (R11). (iii) Coronal section showing anterogradely labelled axon terminals (red)
in sensory-motor cortex produced by injection of Fluoro-Ruby (100nl) in posterior DLO (R27).
(iv) Anterograde labelling (red) in sensory-motor cortex, resultant from injection of Fluoro-Ruby
(100nl) in posterior VO(R26). Scale bars = TOOMIM. ....couveveieieeniinieieieieeie e 160

Figure 6.12. Diagram representing the amalgamated injection sites of Fluoro-Gold and Fluoro-
Ruby, and the projection to sensory-motor cortex for both retrograde (Fluoro-Gold) and
anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites Ap

(PL:R27,R28), Bp (VO:R22,R26), Cp (VLO:R11,R25) and Dp (DLO:R26,R27) in posterior
PFC. (ii) The locations of retrogradely labelled cells in sensory-motor cortex, resultant from
100nl Fluoro-Gold injections into posterior PFC injection sites Ap-Dp (R11, R22, R26, R27).
(iii) The locations of anterogradely labelled axon terminals in sensory-motor cortex, resultant
from 100n1 Fluoro-Ruby injections into posterior PFC injection sites Ap-Dp (R25, R26, R27,
R28). ettt bbb b E bbb £ bR £ b bt b bt bt et b ena 162

Figure 6.13. The mean effect of posterior PFC injection site location on the (i) dorsal-ventral (ii)
anterior-posterior and (iii) medial-lateral location of retrogradely labeled cells (=586 arising
from 4 rats: PL=152, VO=268, VL0O=136, DLO=30) and anterogradely labeled axon terminals
(n=243 arising from 4 rats: PL=124, VO=44, VLO=35, DLO=40) within sensory-motor cortex.
Error bars = standard error.(iv) Coronal cross section of PFC showing the posisition of 4
injection sites; prelimbic (Ap), ventral orbital (Bp), ventrolateral orbital (Cp) and dorsolateral
orbital (Dp). Coronal cross section of sensory-motor cortex showing the three dimensions in
which the locations of 1abels Were recorded. ..........oooovioiiiiiiie e 164
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Fig. 6.14 Diagram representing the projections to sensory-motor cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections, from anterior, central and
posterior PFC. (i) Retrograde labelling in sensory-motor cortex produced by Fluoro-Gold
injections into anterior PFC. (ii) Retrograde labelling in sensory-motor cortex produced by
Fluoro-Gold injections into central PFC. (iii) Retrograde labelling in sensory-motor cortex
produced by Fluoro-Gold injections into posterior PFC. (iv) Antrograde labelling in sensory-
motor cortex produced by Fluoro-Gold injections into anterior PFC. (v) Anterograde labelling in
sensory-motor cortex produced by Fluoro-Gold injections into central PFC. (vi) Anterograde
labelling in sensory-motor cortex produced by Fluoro-Gold injections into posterior PFC. ...... 166

Figure 6.15. The mean effect of PFC injection site on the location of retrograde and anterograde
labels in sensory-motor cortex. (i) The effect of anterior PFC injection sites (Aa (PL), Ba (VO),
Ca (VLO), Da (DLO)) on the mean anterior-posterior distance of retrograde and anterograde
labels from Bregma. (ii) The effect of central PFC injection sites (A (PL), B (VO), C (VLO), D
(DLO)) on the mean anterior-posterior distance of retrograde and anterograde labels from
Bregma. (iii) The effect of posterior PFC injection sites (Ap (PL), Bp (VO), Cp (VLO), Dp
(DLO)) on the mean anterior-posterior distance of retrograde and anterograde labels from
Bregma. (iv) The effect of anterior PFC injection sites (Aa (PL), Ba (VO), Ca (VLO), Da
(DLO))) on the mean dorsal-ventral distance of retrograde and anterograde labels from the
cortical surface. (v) The effect of central PFC injection sites (A (PL), B (VO), C (VLO), D
(DLO)) on the mean dorsal-ventral distance of retrograde and anterograde labels from the
cortical surface. (vi) The effect of posterior PFC injection sites (Ap (PL), Bp (VO), Cp (VLO),
Dp (DLO)) on the mean dorsal-ventral distance of retrograde and anterograde labels from the
cortical surface. (vii) The effect of anterior PFC injection sites (Aa (PL), Ba (VO), Ca (VLO),
Da (DLO)) on the mean medial-lateral distance of retrograde and anterograde labels from the
medial surface. (viii) The effect of central PFC injection sites (A (PL), B (VO), C (VLO), D
(DLO)) on the mean medial-lateral distance of retrograde and anterograde labels from the medial
surface. (ix) The effect of posterior PFC injection sites (Ap (PL), Bp (VO), Cp (VLO), Dp
(DLO)) on the mean medial-lateral distance of retrograde and anterograde labels from the medial
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Fig. 6.16. The effect of the anterior-posterior location of PFC injection site on the mean 3
dimensional distance (E) between anterograde and retrograde labels in sensory-motor cortex.
Error Dars = StANAAId EITOF. ......cvie ettt sttt r et nre e 171

Figure 7.1. Coronal section of PFC (A-P 3.7mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008), depicting sites of
tracer injections; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F) and DLO (G),
WIth 0.5MM SEPATALION. ...c.veeiie et e st e e e e s e e st e sreesreeneenes 179

Figure 7.2. (i) Coronal section of PFC (AP 4.2mm from Bregma) showing the cytoarchitectural
boundaries of the prelimbic (PL), infralimbic (IL), medial orbital (MO), ventral orbital (VO),
ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital (DLO) cortices (according
to Van de Werd & Uylings, 2008), depicting sites of injections; Prelimbic: A & B,
Infralimbic/Medial orbital: C, Ventral orbital/Ventrolateral orbital: D, Ventrolateral
orbital/Lateral orbital: E, Lateral orbital/Dorsolateral orbital: F and Dorsolateral orbital: G, with
0.5mm spread. (ii) Coronal section of prefrontal cortex showing location and spread of (20nl)
Fluoro-Ruby at injection site in VLO/LO (R11). (iii) Coronal section of prefrontal cortex
showing location and spread of (30nl) Fluoro-Gold at injection site in PL (R21). (iv)
Representations of Fluoro-Ruby (20nl) (R13, R17, R16, R15, R11, R12, R8 (broken line))
injection sites in PL (R13, R17), IL/MO (R16), VO/VLO (R15), VLO/LO (R11), LO/DLO (R12)
and DLO (R8) in the right hemisphere. (v) Representations of Fluoro-Gold (30nl) (R13, R21,
R19, R20, R16, R12, R9 (solid line)) injection sites in PL (R13, R21), IL/MO (R19) VO/VLO
(R20), VLO/LO (R16), LO/DLO (R12) and DLO (R9) in the left hemisphere. Fluoro-Ruby
injection sites were predominantly within the boundaries of Fluoro-Gold injection sites. There is
some overlap between retrograde injection sites into PL, IL and VO (R13 & R21, R21 & R19,
R21 & R20). There is minimal overlap between anterograde injection sites into DLO (R8 &
R12). SCale DArS = LOOM. c.c.viiiieiiieiite ettt ettt sttt se et eb e et sr e enesne e 182

Figure 7.3. (i) Coronal section showing retrogradely labelled cells (blue) in sensory-motor cortex

produced by injection of Fluoro-Gold (30nl) into VO/VLO (D: R20). (ii) Coronal section
showing retrogradely labelled cells (blue) in sensory-motor cortex produced by injection of
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Fluoro-Gold (30nl) into PL (B: R21). Arrow denotes location of retrogradely labeled cells. (iii)
Retrogradely labelled cells in sensory-motor cortex (blue) produced by injection of Fluoro-Gold
(30nl) into PL (B: R20). (iv) Coronal section showing anterogradely labelled axon terminals
(red) in sensory-motor cortex produced by injection of Fluoro-Ruby (20nl) into PL (B: R17). (V)
Anterograde labelling (red) in sensory-motor cortex produced by injection of Fluoro-Ruby (20nl)
into DLO (G: R8). (vi) Anterograde labelling (red) in temporal cortex produced by injection of
Fluoro-Ruby (20nl) into VLO/LO (E: R11). Scales bars = 100[M. ......covecvrererererinerierenenieeas 184

Figure 7.4. Diagram representing the almagamated injection sites of Fluoro-Gold and Fluoro-
Ruby, and the projection sites to sensory-motor cortex for both retrograde (Fluoro-Gold) and
anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites A (PL: R13), B
(PL: R17, R21), C (IL/MO: R16, R19), D (VO/VLO: R15, R20), E (VLO/LO: R11, R16), F(
LO/DLO: R12) and G (DLO: R8, R9). (ii) The locations of retrogradley labelled cells in sensory-
motor cortex, resultant from 30nl Fluoro-Gold injections into PFC injection sites A-G (R13, R21,
R19, R20, R16, R12, R9). Note the concentration of retrograde labelling in layers V and V1, with
laminar ordering present. (iii) The locations of anterogradely labelled axon terminals in sensory-
motor cortex resultant from 20nl Fluoro-Ruby injections into PFC injection sites A-D (R13, R17,
R16, R15, R11, R12, R8). .cuiiiiitiiieiiiteiieieste sttt sttt sttt st sttt ettt see e enesne e 186

Figure 7.5. The mean effect of PFC injection site on the (i) dorsal-ventral, (ii) anterior-posterior
and (iii) medial-lateral location of retrogradely labeled cells (n= 597 arising from 7 rats:
A(PL:R13)=119, B(PL:R21)=52, C(IL/MO:R19)=91, D(VO/VLO:R20)=85,
E(VLO/LO:R16)=22, F(LO/DLO:R12)=71, G(DLO:R9)=157) and anterogradely labeled axon
terminals (n=305 arising from 7 rats: A(PL:R13)=34, B(PL:R21)=138, C(IL/MO:R19)=63,
D(VO/VLO:R20)=24, E(VLO/LO:R16)=22, F(LO/DLO:R12)=10, G(DLO:R9)=14) within
sensory-motor cortex. Error bars = standard error. (iv) Coronal cross section of PFC showing the
position of 7 injection sites; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F)
and DLO (G). Coronal cross section of sensory-motor cortex showing the three dimensions in
which the locations of 1abels Were recorded. ..........ocovieiiiiiiiei e 189

Figure 7.6. Connectivity matrix showing the relationship between input and output connections
from PFC to sensory-motor cortex. X = Retrograde and anterograde labelling found in the same
cytoarchitectural regions of sensory or motor cortex. X = Reciprocal connection: Retrograde and
anterograde labelling from the same PFC injection site is found in the same cytoarchitecural
region of sensory or motor cortex. E.g. Retrograde injection site A receives input connections
from a region of sensory-motor cortex which injection site E sends output connections to. ...... 195
Figure 7.7. The effect of retrograde PFC injection site on the number of return anterograde
connections from the same cytoarchitectural region of sensory-motor cortex, constructed using
the connectivity matrix in Fig. 7.6. Error bars = standard error...........cccceevveveiiesieesieeseese e 196

Figure 7.8. (i) The effect of PFC retrograde (Fluoro-Gold) injection site on the median distance
between Fluoro-Gold and Fluoro-Ruby PFC injection sites of retrograde and anterograde
labelling found in the same cytoarchitectural regions of sensory-motor cortex. A distance of 1
PFC injection site is given a value of 1 (e.g. the distance between retrograde site A and
anterograde site B = 1). Where a retrograde projection is found in the same region as multiple
anterograde projections a median distance is calculated. Fluoro-Gold injection sites made into the
same PFC sub-regions (i.e. PL) are combined. PL = A & B, VO= D, LO=F, DLO=G. Injection G
(DLO) is excluded due to having no return connections. Error bars = standard error. Error bars =
standard error. (ii) The connectivity matrix from which the graph (i) is produced...................... 198

Figure 8.1. Coronal section of PFC (A-P 4.7mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008) and FrA according
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Abstract

The fine scale connections of prefrontal cortex (PFC) were investigated in the rat
brain, in order to determine organizational properties of PFC pathways which were
previously undefined. Neuroanatomical tract tracers (Fluro-Gold, Fluoro-Ruby,
Fluoro-Emerald, Biotinylated dextran amines; Fluorescein and Texas red) were
injected (20 -100 nl) into subdivisions of PFC (prelimbic, infralimbic, medial-orbital,
ventral-orbital, ventrolateral-orbital, lateral-orbital and dorsolateral-orbital) and their
projections studied. Tracer studies identified clear evidence of significantly ordered
projections from PFC to temporal and sensory-motor cortices in three axes of
orientation (p<0.001), showing differential ordering of input and output connections
(p<0.001). Ordered connections were consistent across PFC (from anterior to
posterior) and showed evidence of changes in organisation in anterior compared to
posterior PFC, in both the PFC-temporal and PFC-sensory-motor cortex pathways.
Detailed analysis revealed evidence for an organizational gradient in the relationship
between inputs and outputs from anterior to posterior PFC, in which retrograde and
anterograde labelling become increasingly differentiated as PFC injection site is
moved from posterior to anterior. Analysis of fine scale tracer injections (20-30 nl)
revealed evidence to show underlying complex organizational properties of
connections from PFC to temporal and sensory-motor cortices. Taken together, the
findings show that PFC displays ordered arrangements of connections to temporal and
sensory-motor cortex, input and output connections are consistently not found in the
same locations and the relationship between inputs and outputs differs in relation to

the anterior-posterior location in PFC.
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Often described as the final frontier in understanding human cognition and behaviour, prefrontal
cortex (PFC) is a vital brain region in the execution of a range of complex processes (Shallice, 2001).
Despite its established functional importance, there remains relatively little knowledge in
contemporary neuroscience regarding prefrontal cortex organisation. The current lack of structural
knowledge poses difficulties in developing our understanding of PFC function, and to a great extent

prevents progress in the understanding, prevention and treatment of its associated neurological deficits.

Mapping the connections of the human brain has become a major focus in recent neuroscience
research. Brain mapping, both structural and functional, has so far proven to be of great practical use,
particularly in neurosurgery, allowing for safer and more successful surgeries. Detailed ordered maps
have been described for multiple brain regions in humans and cats including motor, sensory, visual
and auditory cortex (Penfield & Rasmussen, 1950; Tootell, 1998; Sereno et al, 2001; Hagler & Sereno,
2006; Merzenich et al, 1975), providing us with a greater level of understanding of these areas. For
instance, the well-known topographic map of primary motor cortex (Penfield, 1951) provided an
important basis for explaining previously unexplained phenomena such as phantom limbs and enabled
neurologists to pinpoint the location of specific motor deficits in the cerebral cortex. Many regions,
like the primary motor cortex, have been clearly mapped. However, some cortical regions remain to

be defined in such a way, perhaps most notably the prefrontal cortex.

1. Prefrontal Cortex

The most anterior region of the frontal lobe of the mammalian brain is known as the prefrontal cortex.
The area of cortex defined as prefrontal was often defined by a granular layer IV. Rose & Woolsey
(1948) defined PFC as the projection target of the mediodorsal nucleus of the thalamus in the rabbit,
sheep and cat. More recent findings have expanded this definition to PFC having stronger connections
with the mediodorsal thalamic nucleus than other nuclei of the thalamus (Uylings et al, 2003); this is a

definition which remains in use in the recognition of PFC across mammalian species.

In evolutionary terms, PFC is thought to be the newest mammalian brain region. Evidence shows that
throughout phylogenetic development the prefrontal region increases in size considerably, both in
volume and relative size to the rest of the brain, reaching its largest in primates, most notably
constituting 29% of cortex in humans (Brodmann, 1909, 1912). It has also increased in size through
evolution more than any other cortical region (Preuss, 2000). Evolution states that natural selection
acts on specific brain regions that are advantageous to the particular species. With this in mind, the

disproportionate size of PFC in humans and other primates suggests that its function is advantageous
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to us as a species. The prefrontal cortex is the last human cortical region to develop fully, reaching
full maturity after approximately 20 years. This could be a result of highly complex connectivity,
which takes longer to develop than the structural connectivity patterns of other cortical regions,
suggesting a more complex organisation than is currently known. Despite obvious interests in PFC in
terms of its contribution to advanced brain function, there remains relatively little understanding about

it as a functional cortical region.

1.1 Prefrontal Cortex Across Species

The prefrontal cortex has been recognised in a range of species; however, without a single clear
definition of PFC there remains some controversy in the presence of PFC in non-primates.
Brodmann’s (1909) representation of PFC in monkeys greatly resembles that of the human (although
some homologies are unclear). There is a consistent opinion that the architecture of human PFC is
largely similar to that of other primates (Petrides and Pandya, 1994; Semendeferi, 1998). Rose and
Woolsey (1948) described orbital prefrontal cortical regions in rats, cats and rabbits based on the
connections identified and their similarity to the orbital medial PFC (OMPFC) described in primates.
More recent studies confirmed similarities in both OMPFC and dorsolateral PFC (DLPFC) between
primates and rats (Goldman-Rakic, 1988; Uylings and Van Eden, 1990). There is also thought to be
functional similarities between specific PFC regions across species, for example dmPFC in rats is
thought to represent similar functions to PFC regions in primates (Groenewegen and Uylings, 2000;
Uylings et al, 2003).

These similarities in PFC between mammalian species are of great importance in the study of PFC
organisation and allows for the investigation of PFC in non-human species to be projected onto

humans.

1.2 Prefrontal Cortex in Rats

Rat DLPFC shares homologies with that of the human (Fig.1.1), in terms of inputs and outputs it
receives. Areas of rat PFC have been linked in similarity of function to regions of primate PFC e.g.
prelimbic cortex (PL) is said to be implicated in anxiety, learned helplessness, emotive control and
goal directed behaviour across species (Holmes and Wellman, 2009). It has been suggested that

infralimbic cortex (IL) in rats is homologous to Brodmann area 25 and prelimbic cortex (PrL) to
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Brodmann area 32 (Gabbott, 2003, Uylings & Van Eden, 1990). This is supported by findings of

similar anatomical connections (Barbas et al, 2003; Vertes, 2004).

Figure 1.1. Coronal sections showing the cytoarchitectural sub-devisions of PFC in (i) rats, according
to Van De Werd & Uylings (2008) and (ii) humans, according to Ongur et al (2003).

It is clear that rats possess much of the PFC properties found in primates and humans. However, there
is no dispute that rats lack the granular PFC found in primates, thought to be a product of evolution.
Despite this, neuroscientists have claimed, based on similarities in the effects of lesions, anatomical
and physiological similarities, that the medial aspect of frontal cortex in rats is homologous to the
granular lateral PFC in primates (Kolb, 2007; Seamans et al, 2008). The medial PFC of the rat is said
to be most likely comparable to human PFC regions associated with psychopathology, psychosis,
sociopathy, depression and addiction. This makes the rat a useful model on which to build an
understanding of PFC organisation, which is comparable to areas of interest in humans. Based on such
comparisons it is reasonable to assume that findings from rat PFC connectivity are largely comparable

to that in primates, including humans.
2. Function

2.1 Cerebral Cortex

The localisation of function is a recurring interest in neuroscience research, not only of the complex

functions of PFC but for numerous processes carried out across the entire brain. The desire to
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understand individual functions in increasingly fine detail has inevitably led to the need to understand

brain structure and connectivity at a greater resolution.

It is understood that the cerebral cortex as a whole is the most highly developed part of the brain. On a
broad scale, the cortex is divided into lobes, each of which is further divided into sub-regions
according to function. The parietal lobe includes visual, auditory and somatosensory cortex and is
involved in processing sensory information. The temporal lobe is associated with memory retention,
emotion, auditory processing and language. The occipital lobe is involved in vision and memory, and
the frontal lobe (including prefrontal cortex) is involved in executive functions, decision-making,
problem solving, abstract thinking and forward planning. All cortical regions can generally be divided

into either sensory, motor or association regions.

2.2 Prefrontal Cortex

Once assumed to hold no real function, it is now understood that the prefrontal cortex is one of the
most highly connected regions within the human cerebral cortex (Fuster, 1999). Connections to PFC
have been reported from brain regions associated with attention, cognition, action, emotion, reward
expectation, processing of outcomes, arousal, sleep, memory, movement, inhibition, distractions
(Stuss & Benson, 1986; Schnider et al, 2005; Gehring & Willoughby, 2002; Stuss & Levine, 2002;
Goldman-Rakic, 1996).

Early human neuroscience studies soon identified function associated with PFC, demonstrating that
removal of the PFC resulted in a reduction in anxiety, emotional outbursts and impaired ability in
complex tasks, specifically those requiring a delayed spatial response (Golz, 1890; Jacobsen et al,
1935). These early findings formed an important basis for our understanding of the involvement of
PFC in emotion, reward and complex functions. The anterior location and volume of PFC in humans
makes it vulnerable to damage and injury, resulting in impairment of its complex processes and
functions. Case studies of PFC injury have revealed the importance of the region in personality and
emotion, as well as its involvement in anxiety, empathy, ambition and social control (Goldman —
Rakic, 1995, Fuster, 2008). Despite our increased knowledge of PFC as an integrative association area
and our growing knowledge of PFC connectivity, the fine detail of underlying physiological and

anatomical mechanisms remains largely unknown.

PFC is widely recognised in having the ability to represent information which is not currently
available in reality i.e. abstract representation (Fuster, 2000; Goldman-Rakic 1996). It is proposed that

abstract representation of information and events in PFC enables the region to guide us in thought,
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action and emotion. Working memory serves as an important aspect of the integration of information
in PFC and allows for the combination of information from past and present events for decision
making (Fuster, 2000). It is understood that PFC integrates information received from several other

brain regions including the thalamus, amygdala and hippocampus as well as cortical regions.

Current observations in neuroscience research have revealed PFC to be highly associated with
executive functions in humans such as forward planning, decision making and goal directed behaviour
(Alvarez and Emory, 2006; Miller and Cohen, 2001) as well as temporal processing and autonomic
functions (Kolb, 1984; Neafsey, 1990; Schoenbaum & Esber, 2010). PFC in rats is known to be
linked functionally to motor cortex, involving it in motor processing (Narayanan & Laubach, 2006;
Vertes, 2006; Kim et al 2013), PFC is also associated with cognitive processing and emotional control
(Frysztak & Neafsey, 1994; Vertes, 2006). The prefrontal cortex of rats has been implicated in
autonomic control, working memory, attention, response initiation and emotion (Frysztak & Neafsey,
1994; Vertes, 2006; Shoenbaum & Esber, 2010; Neafsey, 1990; Kolb, 1984; Alverez & Emory, 2006).

It is understood that working memory processing and retrieval play an important role in the abstract
processes of PFC in primates (Fuster, 1990; Goldman-Rakic, 1990; Cohen et al, 1997). The dynamic
filtering theory suggests that PFC acts as a filtering region, allowing the high level control of various
processes; filtering information from across the cortex and allowing for the regulation of emotion
(Shimamura, 2000). Further to this, Miller and Cohen’s (2001) integrative theory of PFC function
expands on the earlier observations of Goldman-Rakic (1996) and Fuster (2000), stating that PFC
guides input connections, integrates information from different cortical regions and mediates our
actions. Miller and Cohen suggest that PFC is able to integrate information in order to create rules and

goals, as well as providing guidance to other cortical regions by means of top-down processing.

The importance of PFC in working memory is undisputed; however, the functional organisation of
PFC in terms of working memory remains unclear, meaning that a definitive explanation of working
memory has yet to be produced. Courtney et al (1998) suggest that the different PFC regions may
contribute specific functions within working memory tasks, the organisation of which could be
important in successful task performance. The same review concludes that different PFC regions may
be involved in different aspects of working memory, indicating that some level of ordered

organisation must be present.

There have been great advances in our understanding of PFC, however there remains a level of
controversy and a lot to be explained in finer detail, especially in comparison to other areas of the
brain that are much more clearly defined. Critical to advanced human function, PFC is described as
being regulatory in the thought processes that drive decision-making responses. Our complex

prefrontal functions allow us as humans to implement strategic forward planning and change our
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actions according to environmental cues, in order to carry out goal directed behaviours. It is also our
prefrontal cortex processing that allows us to evaluate events or concepts based on our prior
knowledge, using our working memory (Fuster, 2000). This requires complex circuitry between PFC

and multiple cortical and subcortical brain regions.

PFC has been implicated in a number of neurological disorders in humans such as autism and
psychosis (Courchesne et al, 2001; Perlstein et al, 2001; Cohen, 1999; Goldman-Rakic, 1991). It is
thought that abnormal connectivity in PFC pathways may be a contributing factor to their
manifestation. However, the precise neuronal circuitry of PFC regions remains largely undefined,

meaning the functional connectivity cannot yet be fully understood.

Neuropsychological research has implicated different PFC regions in an equally wide range of high
order functions. DLPFC has been associated with top-down functions such as working memory
processes thought to mediate higher order functions and inhibition, whereas mPFC is directly
involved in higher order functions and integrates goal directed behaviour in rats (Hoover and Vertes,
2007). Dorsomedial PFC (dmPFC) regions hold functional connections with motor cortex and have
been found to be involved in motor and temporal processing (Narayanan and Laubach, 2006).
Infralimbic (IL) and prelimbic (PL) mPFC regions in rats are known to have separate functions, dorsal
areas are associated more with motor functions and ventral mPFC is involved in emotive responses
(Vertes, 2006; Narayanan and Laubach, 2006; Kim et al 2013). Orbital PFC in rats is thought to be
involved in associative learning and decision making (Schoenbaum and Esber, 2010; Schoenbaum
and Roesch, 2005). Evidence shows that the agranular insular region of PFC has an involvement in
sensory processing (Fujita et al, 2011; Gallagher et al, 1999).

3. Structure

3.1 Cerebral Cortex

The mammalian brain is divided into multiple differentiated regions and sub-regions. On a basic level
all of these regions, which carry out very different processes, are fundamentally the same in their
structure. All cortical regions of the brain contain neurons, and each of these neurons is connected to
others by synapses. It is evident that the processes that a particular brain region is involved in are
dependent largely on the way in which the neurons that make it up are connected in a structural
network in the human brain (Honey et al, 2010). The most widely used classification of cortical

regions based on architectural differences was produced by Brodmann (1909), who divided the human
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cortex into 51 distinct areas. Many regions described by Brodmann have since been identified with

their own individual complex structural organisations and functions.

3.2 Prefrontal Cortex

The prefrontal cortex in mammals, much like other cortical regions, has traditionally been defined by
cytoarchitectural features. It is thought that the cytoarchitectural subdivisions of prefrontal cortex in
humans (described by Brodmann, 1909) correspond to distinct functions. In the rat, PFC is typically
divided into medial prefrontal cortex (occupying the medial wall of the region), orbital prefrontal
cortex (dorsal to the olfactory bulb and rhinal sulcus) and agranular insular regions (anterior of the
rhinal sulcus) (Van De Werd & Uylings, 2008). Each of these regions is said to hold distinct functions,
which correspond to a large extent to those found in primates and humans. Medial PFC is associated
with rule switching, attention shifting (Furuyashiki & Gallagher, 2007), fear response (Morgan &
LeDoux, 1995), working memory and behavioural flexibility (Heidbreder & Groenewegen, 2003).
Orbital PFC has been found to be involved in reversal learning (McAlonan & Brown, 2003;
Chudusama & Robbins, 2003). Agranular insular cortex and OFC as a whole are thought to have a
role in the anticipation of reward and working memory (Kesner & Gilbert, 2007; Schoenbaum et al,

1998). However, there is no clear definition of unique functions belonging to each subdivision.

Prefrontal cortex architecture follows the same characteristic pattern of development, in terms of
expansion, cell migration and lamination, as the rest of the cerebral cortex (Angevine, 1970; Sidman
& Rakic, 1973). This basic architecture is established by genetics, however further development
continues for 20 years in humans. Perhaps it is the fine detailed changes in structure that continue for
this time that result in such a highly complex cortical region. The anatomical architecture of PFC is
not known to be significantly dissimilar to other brain regions. With this is mind, there is no clear
anatomical reason why the connectivity of PFC should be significantly different to that seen
elsewhere in the cerebral cortex. However, it is clear that PFC is involved in some of the most
complex and evolutionary advanced cognitive processes; therefore it is reasonable to suggest that

something must be different in its anatomy for PFC to be able to carry out such complex tasks.
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4. Organisation

4.1 Cerebral Cortex

Topographic Organisation of Cerebral Cortex

The organisation of cortical connections is highly complex. However, despite vast differences in
function and connectivity between brain regions, there is a recurring theme in organisation throughout
the brain. Topographic organisation has been described as a hallmark feature of cortical organisation
among vertebrates (Thivierge & Marcus, 2007) and is widely regarded as necessary for complex brain
function (Thivierge & Marcus, 2007; Kaas, 1997). Topographic connectivity refers to point-to-point
mappings, which preserve the spatial arrangements of information; nearby locations in a source region
connect to nearby locations in the target region, maintaining the same spatial organisation.
Topographic maps allow for efficient local computations by grouping together neurons that interact
the most, or are consistently activated at the same time. This reduces metabolic costs in terms of

wiring and efficiently deals with the allocation of resources (Sereno & Huang, 2006; Kaas, 1997).

The existence of ordered representations of sensory processes has long been known. Topographically
ordered physiological and anatomical organisation has been described for multiple regions of cerebral
cortex including motor, sensory, auditory, visual and temporal cortex in rodents, primates, cats and
humans (Arcaro, 2009; Albright, 1987; Lemon, 2008; Penfield, 1937; Merzenich, 1975; Welker, 1971;
Woolsey, 1967; Hafting et al, 2005). Many physiologically topographic cortical regions are also
known to contain topographically ordered anatomical connections in primates (Perkel et al, 1986;
Albright & Desimone, 1987; He et al, 1995; Suzuki and Amaral, 1994; Arcaro et al, 2009), giving a
strong indication of underlying anatomical topography of ordered functional maps in rodents (Porter
and White, 1983; Aronoff et al, 2010; Henry and Catania, 2006). There are multiple topographic maps
described within the visual cortex. Retinotopic maps, in which the image received by the retina is
maintained in terms of spatial order when projected to V1, were amongst the earliest described
topographic cortical representations. The clear physiological topographic ordering, on which visual
cortex relies, is dependent on underlying anatomical connections (Perkel et al, 1986). This is thought
to be the case throughout the cerebral cortex.
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Hierarchical Organisation of Cerebral Cortex

In a traditional model of hierarchical organisation, PFC is positioned at the top of a processing
hierarchy (Botvinick, 2008; Fuster, 2001; Alexander et al, 1986). In a hierarchical model, connections
would travel from primary sensory cortex, followed by secondary sensory cortex and association
areas, then reaching the top of the processing hierarchy e.g. PFC. This is followed by return
connections travelling to secondary motor cortex followed by primary motor cortex (e.g. S1— S2 —
Association areas — PFC — M2 — M1), it is understood that reciprocal connections exist between
source and target regions at each level of the hierarchy. Based on this understanding of cortical
connectivity, it is thought that all cortical networks must contain a significant level of reciprocity in

order to function, making it a fundamental structural component.

4.2 Prefrontal Cortex

Topographic Organisation of Prefrontal Cortex

In comparison to cortical regions such as motor and sensory cortex, there have been relatively few
descriptions of detailed ordered organisation in PFC. However, what has been found can offer a great
deal of insight into the organisation of its structure. It has been suggested that association and
prefrontal cortex may not be as specific in terms of the information represented as other regions. It is
understood that neurons in PFC possess the unique capability of encoding different types of
information (Duncan, 2001). Duncan’s (2001) adaptive coding model proposes that all PFC neurons
are recruited in all tasks, resulting in little functional specialisation of individual neurons. This may be
a large contributing factor to the relatively few ordered maps found in this region to date, along with
obvious difficulties raised in deciphering abstract topographies. This is in comparison to the more

easily detectable motor and sensory representations.

Many early studies identified the PFC connection to the subcortical medio-dorsal thalamic nucleus as
being highly topographically ordered (Walker, 1940; Rose and Woolsey, 1948; Leonard, 19609;
Uylings and Van Eden, 1990). This consistent finding of topography implies that PFC cortical
connections may also be topographically and reciprocally organised, much like the rest of the mapped
cerebral cortex. However, the fine scale organisation remains relatively unclear and the presence of
sub-cortical topography does not necessarily infer cortico-cortical topographic connections. As well
as prominent subcortical networks, PFC is known to hold connections with a vast number of cortical

regions. It is the organisation of these cortical connections that hold the key to understanding complex
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PFC functions. Adrianov (1978) described cortico-cortical connections as a distinctive trait of primate
evolution. Therefore defining the detailed organisation of PFC cortico-cortical connections can
provide a great insight into high order functioning. Recent advances in anatomical neuroscience have

enabled the visualisation of these connections in greater detail than ever before.

Funahashi (1989) found that prefrontal neurons possess information about the location of visual cues.
Although only demonstrated for a subset of neurons, the findings established that different neurons
code for different cue locations, implying a topographic map. Sawaguchi (2001) reported a gross
topographic map in DLPFC in monkeys, identifying specific sites responsible for the working
memory process of specific visuospatial co-ordinates, to guide goal directed behaviour. As there is
evidence for topographic maps in DLPFC, and therefore associated topographic connections, there is
reason to propose that a similar organisation exists elsewhere in the PFC. Evidence of spatially
ordered maps within human frontal cortex was described by Hagler and Sereno (2006); the use of a
facial recognition task revealed reproducible topographic maps within several frontal areas. Although
organised in some manner, the described map requires the attention to objects in specific spatial
locations. Topographic maps were revealed in dorsolateral prefrontal cortex. The study identified
clear representations of visual space in areas of PFC, indicating the presence of ordered topographic

maps.

The use of fMRI in humans has revealed topographic maps in frontal cortex regions (Kastner et al,
2007), spatial working memory tasks indicated two distinct topographic maps covering pre-central
cortex. The topographic maps identified were described as different in terms of their representation of
visual space, in comparison to the organisation found in visual and parietal cortex (Kastner et al,
2007). Notably, Kastner et al (2007) reported no evidence of topographic organisation in dmPFC and
described high levels of individual variation, only in frontal cortical regions. This suggests that
prefrontal organisation may not be as systematic and consistent as the topographic maps identified
elsewhere. Contrary to Kastner’s (2007) findings, Taren et al (2011) proposed a model of parallel
ordered organisation in both DLPFC and DMPFC. Taren et al (2011) identified a posterior to anterior
connectivity gradient in DLPFC, indicating evidence of a topographically ordered organisation of
connections. The parallel topographic map was reproduced from posterior to anterior DLPFC regions
during resting state fMRI, and showed increasingly diffuse connections towards more lateral regions.
A similar ordered hierarchical organisation of DLPFC connections has been described in primates
(Petrides and Pandya, 1999). This suggests hierarchical ordered organisation across DLPFC, which
according to Taren (2011) could represent the dynamic processing and adaptability of PFC functions.
Christoff (2009) described a similar phenomenon of dynamic organisation in which PFC is
topographically organised according to levels of abstraction, where PFC becomes more anterior its

representations become increasingly abstract. fMRI has revealed evidence of topographic maps in
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human parietal and frontal cortex in which visual field representations are reproduced ( Hagler,
Riecke and Sereno, 2007; Silver and Kastner, 2009).

Electrophysiological findings show that different types of demands revealed the same PFC co-
recruitment in monkeys (Miller, 2002). Just et al (2001) demonstrated that humans cannot carry out
two tasks which are considered to involve complex processing simultaneously, this indicates that the
same neurons must be required for these different tasks, putting them in multiple functional maps.
This may be a large contributing factor to the relatively few anatomical and functional maps
established in this region to date. It may be possible that PFC areas possess the ability to express
different topographic representations at different times. Such phenomena have been described in
parietal cortex in monkeys (Heider, 2005). Interestingly, this is a region in which many established
topographic maps are representative of the visual field, similar to those that have been observed in

DLPFC. This gives an indication that PFC is likely to be organised in a similar way.

Rapid advances in neuroimaging are constantly improving our ability to visualise and localise brain
function. However, the results of functional neuroimaging studies cannot be fully understood and
interpreted until the underlying structural anatomy is understood. Based on the evidence discussed
here, functional connections of PFC appear to be organised similarly to other brain regions, in a
topographic order. Therefore it is reasonable to propose that the anatomical connectivity is no
different. With this in mind, it is also clear that the functional capabilities of PFC are more complex
that other cortical regions, so it is plausible that the underlying anatomical connectivity may be more

complex.

Hierarchical Organisation of Prefrontal Cortex

Traditional models of hierarchical organisation indicate that PFC must be arranged in some kind of
logical order to enable it to successfully connect with other cortical regions, as do historical theories
of reciprocal connectivity. Hebb (1949) states that an ordered map is guaranteed as long as the initial
projection is ordered. If the initial input projection from a secondary sensory region is topographically
ordered (which previous findings state they are), then according to Hebb’s law PFC cortical

connections would also have to be topographically ordered.
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5. Connectivity

5.1 Cerebral Cortex

The anatomical connectivity of a given cortical region is often a strong indicator of the overlying
physiological organisation. That is, how a region is connected anatomically can often provide us with
important detailed information about how it works in terms of function (Zeki & Shipp, 1988). For
instance, in human somatosensory cortex, ordered representations correspond to the physical spatial
layout of structures on the surface of the body (Penfield, 1951). The functional organisation of a given
cortical region is thought to be highly dependent upon underlying structural organisation (Honey et al,
2010; Bullmore and Sporns, 2009). Clear relationships between structure and function are common
across biological systems, with structural organisation providing the basis and physiological
constraints of function (Honey et al, 2010). It is suggested that the ability of a group of neurons to
synchronise their activity depends on their ordered structural connectivity (Buzsaki and Draguhn,
2004).

The ordered structural arrangement identified in projections from primate visual cortex (Nakamura et
al, 1993; Zeki, 1980; Ungerleider et al 1986a) is thought to be a direct product of the visual
processing requirements of different regions (Gattass, 2005). Similar relationships between structural
and physiological connectivity patterns have been described throughout the cerebral cortex. Gattass et
al (2005) proposed that the functional topographic maps described within visual processes are largely
consequences of topographically ordered anatomical connections within the associated visual
pathways (Perkel et al, 1986).

Structural connectivity data has proven invaluable in connectivity research. For instance, functional
connectivity studies have defined unique input and output connections to cytoarchitecturally distinct
PFC regions with the implementation of anatomical connection data. Passingham et al (2002)
identified unique connectional fingerprints associated with different cortical regions, in which no two
regions produced the same pattern of cortico-cortical connections. Similar studies have used
neuroinformatics to demonstrate the unique connectivity patterns of functionally distinct frontal
regions (Averbeck & Seo, 2008). The clear relationship between functional and structural
connectivity patterns throughout the cerebral cortex demonstrates the advantages of defining

anatomical connectivity to gain an understanding of functional organisation.
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Topographic Cortical Connections

Topographic, reciprocal and aligned organisation of connections is clearly abundant in the
mammalian brain; however it remains unclear why this type of organisation is so prevalent.
Topographic mapping is not present in all cortical connections. However, all of the most highly
studied cortical regions contain considerable ordered anatomical mapping of some kind. Goldman-
Rakic (1988) stated that topography may be of vital importance in successful cognition, implying it
would be necessary for all cortical regions. A common assumption is that topographic connections
serve primarily to preserve sensory information. Hebb (1949) claimed that topography actually
provides no functional advantage, arguing that topographic organisation in associative regions (such
as PFC) would not make sense if the primary role of the region is to integrate and merge information,
not to preserve it in a spatial order. Topography may not be functionally advantageous at all, but an
evolutionary by-product of minimising neural wiring costs (Buzsaki, 2004). This means that even if
not for functional efficiency, we would expect PFC to possess topographically ordered connections as
a result of evolutionary reductions in wiring costs. Although topographic organisation is a common
feature in the mammalian brain, some argue that prevalence does not mean necessity (Buzsaki, 2004).
It has been suggested that information processing in complex centres, such as PFC requires a
combination of different types of connectivity patterns, for example, a complex combination of

topographic, convergent and divergent maps (Montagini and Treves, 2003).

Notably, many regions known to have strong connections to areas of PFC are consistently largely
topographically organised. Topographically ordered and reciprocal connections have been described
in the pathway between visual cortex and areas of sensory and motor cortex in rats (Miller and Vogt,
1984). Miller and Vogt (1984) suggest that the ordered reciprocal connections of visual cortex provide
a means for integration and visually guided behaviour, thus implying that reciprocal, ordered (and
therefore also aligned) connectivity is an important basis for complex processing. However, the
authors also reported a large number of non-reciprocal connections from perirhinal to visual cortex,
whereby input connections are found considerably posterior in comparison to output connections.
This shows some evidence for non-alignment of input and output connections within the perirhinal -
visual cortex pathway (where alignment refers to input and output connections projecting to the same
location). Topographically ordered reciprocal connections have also been described within
somatosensory cortex in monkeys (Coq et al, 2004), and from M1 to S2 in cats (Burton and Kopf,
1984), in which a uniform ordered pattern of connections from S2 was reported. Interestingly, the
same study observed areas of somatosensory cortex which exhibited no topographic organisation of
connections. Despite there being clear evidence for non-topographic and non-reciprocal connections

occurring in these regions, they are relatively small instances compared to the much more reproduced
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reported topography. It appears that the regions described are mostly highly reciprocal and
topographically organised. Further evidence for topographic organisation of cortical connections has
been reported between temporal and visual cortex in marmosets (Spatz, 1977). Clear ordered and
aligned connections have been described in the projection from S1 to S2 in monkeys (Pons and Kaas,
1986). Anterograde tracing studies have identified reciprocal topographic connections from perirhinal
(PRh), postrhinal and Ect in rats, although the degree of reciprocity was reported to vary across these
regions (Agster and Burwell. 2009).

Reciprocity and Alignment of Cortical Connections

Along with topographic ordering of connections, reciprocity and alignment of input and output
connections is a common attribute in the cerebral cortex. Observations of perirhinal, entorhinal and
parahippocampal regions in primates (Suzuki and Amaral, 1994; Canto et a, 2008) identified
reciprocal connections to be a recurring property. Similarly, reciprocal cortical connections, most
notably in the well-defined visual cortex, are widely described and are shown to maintain clear
alignment between inputs and outputs from V1 (Triplett, 2009; Tigges et al, 1973), V2 (Nascimento-
Silva et al, 2014) and MT (Spatz, 1977; Maunsell & Van Essen, 1983).

5.2 Prefrontal Cortex

Based on evidence from other cortical regions, the identification of an ordered functional organisation
within PFC implies the existence of an underlying ordered arrangement of anatomical connections. To
date there is no widely accepted organisational pattern of PFC connections, and there have been few
detailed anatomical studies of the arrangement of PFC projections. Research has attempted to
establish how prefrontal cortex is organised in terms of processes and information. Johnson (2003)
proposed that PFC organisation is dependent upon a specific combination of information and
processes e.g. a specific neuron is not always activated by specific information, it is only activated by
that information when a certain process is also present. Johnson et al (2003) found different regions to
be activated when the same information was processed differently. Similarly, Kargo (2007)
demonstrated that PFC neurons in mice varied their discharge patterns depending on the action choice
and specific rewards received. It has been reported that pharmacological blockade of monkey DLPFC
can induce topographically mapped memory impairments (Sawaguchi and Iba, 2001); however this

observation has not been reproduced by similar more recent reports.
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To date there is no commonly accepted structural organisation of PFC, particularly in terms of
cortico-cortical connections. There have been few detailed and systematic anatomical studies of the
organisation of its projections. The current literature has identified evidence for an ordered
organisation of PFC in terms of physiology; however the precise circuitry is evidently more complex
than the more clearly understood cortical regions (e.g. visual and motor cortex) and is yet to be fully
defined. In order to clearly establish the nature of physiological organisation within PFC, it is
necessary to first gain a more detailed picture of the underlying anatomical connectivity.

Topographic Prefrontal Connections

Topographic organisation is so prominent throughout the mammalian brain that it is often viewed as a
fundamental component of cortical connectivity (Kaas, 1997). PFC has in fact often been described as
being topographically organised and is considered to be established as reciprocal in nature (Pandya et
al, 1971). Goldman-Rakic (1989) suggests that PFC is part of a complex and integrated network of
cortical regions, and described a substantial topographic ordering between PFC and posterior cortical
regions in monkeys. However, it should be noted that these observations are based primarily on broad
scale findings, which did not allow for the highly detailed examination of anatomical connections that
is possible with modern technologies. Therefore, although PFC may appear to be organised in the
same manner as other more clearly understood cortical regions in terms of topology, more recent

findings show us a different, more contradictory picture of PFC organisation.

Diffusion tractography in monkeys and humans has revealed ordered organisation in the pathway
between PFC and mediodorsal thalamus, in which two distinct networks associated with distinct
aspects of reward-guided behavior were identified (Klein et al, 2010). This gives a clear indication of
broad PFC topography. In addition, an ordered shift in anatomical connections has been described
from dorsal to ventral PFC in rats (Heidbreder & Groenewegen, 2003), meaning that the locations of
labels follow an ordered arrangement, maintaining the spatial representation of PFC origins. Schilman
(2008) used tracers to identify a similar topographic arrangement in anatomical connections, from
dorsal to ventral as well as from medial to lateral, in connections between PFC sub-regions and the
caudate-putamen in rats. These relatively broad scale studies all point towards a topographically

ordered PFC expected based on other cortical regions.

Advances in neuroanatomical tracing methodology over recent years has allowed for the visualisation
of cortical connections in increasing detail, resolution and accuracy. Connection studies using
neuroanatomical tracers indicate that PFC displays gross-level topologically organised connections.

PFC forms part of large scale topologically arranged (in terms of anterior-posterior) cortico-cortical
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pathways, and ordered projections from lateral and medial PFC regions to the posterior cingulate area
have been reported in cats (Olson & Musil, 1992). Tracer studies have demonstrated a broad medial-
lateral topographic organisation of connections from PFC sub-regions to sub-cortical structures
(Berendse, 1992; Schilman, 2008). A medial-lateral shift in injection sites in PFC produced a
corresponding medial-lateral shift in anterogradely labelled projections in striatum and caudate
putamen in rats (Schilman, 2008). However, this ordered arrangement has only been reported in
subcortical PFC projections, and is described only between cytoarchitecturally distinct PFC sub-
regions. Gross topographic organisation of both input and output connections of the orbital prefrontal
cortex to temporal cortex (notably perirhinal cortex) has recently been reported in monkeys (Saleem
et al, 2008). The same study also reports two distinct organisational networks within PFC, in which
some areas overlap and can be assigned to both networks. Anatomically distinct networks connecting
to PFC sub-regions have also been described in human diffusion tractography studies (Klein et al,
2010). This provides evidence of complex, but ordered, organisational patterns of connectivity within
PFC and supports ideas of prefrontal neurons being able to carry out multiple processes (proposed by

Duncan, 2001), in which they adapt their processes to current demands.

Anterograde tract tracing findings have revealed spatially ordered projections from the medial
prefrontal cortex (mPFC), both within and across different cytoarchitectural areas. There are clear
ordered projections from adjacent areas of insular cortex to adjacent regions (PL and IL) in mPFC
(Sesack, 1989). There is clear evidence that the pattern of connections from IL differs significantly to
that from PL (Vertes, 2003), which is consistent with evidence to suggest different roles for PL and IL
(Hoover and Vertes, 2007). Similarly, retrograde tracing has produced evidence for ordered
organisation of connections from the different sub-regions of mPFC in rats, with each region
receiving substantially different projections (Hoover and Vertes, 2007). Hoover and Vertes (2007)
identified a clear shift in the pattern of connections in mPFC, where dorsal regions received
projections from sensorimotor cortex and the thalamus in contrast to limbic cortical and midline
thalamus inputs to more ventral regions of mPFC. The same study described a topographically
ordered connection between insular cortex and mPFC, consistent with that reported by Gabbott et al
(2003).

Further, retrograde tracers reveal projections of medial orbital (MO) and ventral orbital (VO) cortices
in the rat (Schilman, 2008; Berendse, 1992). The findings showed that within orbital PFC, MO is
more involved in a medial prefrontal network than VO, implying a specificity of organisation. The
prominent cortical targets (orbital fields) of MO and VO were found to be adjacent. The findings
demonstrated a topographical organisation of MO and VO projections to medial dorsal striatum. They

also revealed convergent organisation of projections from MO and VO, e.g. to the thalamus.
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Retrograde tracer studies have reported a topologically organised projection from rat lateral prefrontal
cortex to perirhinal cortex and area TE in rats (Hoover and Vertes, 2011), in which MO and VO in
PFC project to the same broad regions, with MO labels being observed ventrally to VO labels. There
was a significant overlap between labels from MO and VO. MO connections were described as more
widely distributed in the target region compared to VO projections. Similarly, dual tracer studies have
indicated evidence of ordered organisation of projections from PFC to subcortical structures in rats
(Kim and Lee, 2012) and from prefrontal cortex to dorsal premotor cortex in monkeys (Takahara et al,
2012). Similarly, pathways arranged in parallel organisations have been described from PFC to rhinal
cortices (Bunce et al, 2013). Miyachi (2013) demonstrated a topographically ordered projection
between monkey prefrontal cortex and representations in primary motor cortex. However, these
findings often report PFC connectivity on a relatively large scale and from specific sub-regions,
lacking the detail and systematic approach required to determine PFC structural organisation as a
whole. Recent findings from Kondo and Witter (2014) described topographic organisation of the
projection from orbitofrontal cortex to the parahippocampal region in rats. They demonstrated an
ordered arrangement of output connections from PFC sub-regions (MO, VO, LO) to areas of
perirhinal, postrhinal and entorhinal cortex. This ordered arrangement is however limited to the output
projection, meaning that the organisation of connectivity in terms of reciprocity, alignment and the

relationship between input and output connections remains unknown.

Reciprocity and Alignment of Prefrontal Cortex

PFC connections are often assumed to be reciprocal, as this appears to be a common attribute
elsewhere in the cortex. Although the evidence is clear for the existence of reciprocity in PFC, there is
also emerging evidence for the existence of non-reciprocal connections. There have been reported
cases of input and output connections within motor and sensory cortex ‘missing each other’ (Flaherty
and Graybiel, 1994), resulting in topographically mismatched pairs; some labelled projections
between striatum and motor/sensory cortex demonstrated that regions did not receive inputs from the
same area they sent outputs to. However, the same study reported a general rule of strong alignment
and assigned instances of mis-matching of inputs and outputs to uncontrolled variances. MacFarland
and Haber (2002) identified non-reciprocal connections in pathways between frontal cortex and the
basal ganglia with anterograde and bidirectional tracers. Evidence that not all cortical connections are
reciprocal gives rise to the possibility that it may not be necessary for PFC to be reciprocally

connected in order to function efficiently.
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It is clear from the current literature that there remains a level of controversy surrounding the
organisation of the prefrontal cortex, especially in terms of its cortical connections. In order to enable
a clearer understanding of functional organisation, it is necessary to first build upon the current
knowledge surrounding anatomical organisation. Developing an anatomical map has the ability to

offer great advances in our understanding of how this relatively little understood brain region works.

6. Aims

This PhD established the organisation of prefrontal cortex connections, providing a clearer
understanding of prefrontal cortex structure. The project defined the anatomical organisation of input
and output connections from PFC at a level of detail and precision which has not previously been

described.

The following thesis describes a series of experiments, which tackle the current problem of a limited
structural understanding of PFC. The goal of this PhD was to systematically identify the structural
organisational pattern of PFC connections in such detail that has not previously been described. We
began the project by investigating the fine scale connections of two distinct pathways from the same
region of prefrontal cortex. This study formed a basis on which to build a more complex investigation,
and revealed previously unexplored structural properties of prefrontal cortex connections. We
expanded our analysis of connections across a wide area of PFC, allowing us to develop a
connectivity model for the whole region. We then proceeded to examine the connectivity patterns of
these PFC pathways at a greater resolution, allowing us to define novel fine scale structural and

connectional properties of two PFC pathways.

6.1 Broad Scale Prefrontal Cortex Connections

The initial study established the broad scale input and output connections of PFC, in order to
determine the ordered connectivity. This provided an important basis on which to build the
proceeding studies into fine scale connectivity, as well as enabling the development of a connectivity

pattern across the whole of PFC.

Retrograde and anterograde neuronal tracers were injected into regions of medial and lateral
prefrontal cortex (prelimbic (PrL), ventral orbital (VO), lateral orbital (LO) and dorsolateral orbital
cortex (DLO) and their projections studied. We employed an extensive numerical analysis of the

retrograde and anterograde labels in target regions in order to create an accurate 3 dimensional
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representation of where projections were in the brain. We then applied statistical analyses to
determine the ordered organisation of PFC connections in two pathways, as well as the relationship
between input and output connections. We also examined how the connectivity pattern changed

across the whole area of the prefrontal cortex.

6.2 Fine Scale Prefrontal Cortex Connections

The fine scale connectivity aspect of this project examined PFC connectivity on a finer scale, enabling
us to determine properties of two PFC pathways (temporal and posterior-frontal cortex), which cannot
be seen at a greater resolution. We achieved this by using the smallest possible injected anterograde
and retrograde tracer volumes that we were able to visualise, enabling us to investigate the
connections from PFC injection sites placed only 0.5mm apart.

By numerically analysing the projections to two target regions (temporal and sensory-motor cortex),
and applying statistical analyses we were able to identify properties of ordered organisation,
reciprocity and alignment of input and output connections which could not have been observed on a
larger scale.
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Chapter 2.

Organisation of Prefrontal Cortex — Temporal Cortex Connections

In contrast to other regions of the cerebral cortex, the structural organisation of PFC remains
relatively little understood, and lacks a clear definition. There have been reports of ordered
arrangements of connections within PFC (Goldman-Rakic 1988; Giguere and Goldman-
Rakic 1988; Schilman et al. 2008; Hoover and Vertes 2011; Berendse et al. 1992; Sesack et
al. 1989; Kondo and Witter 2014). Functional studies have also identified maps in the frontal
cortex (Sawaguchi and Iba 2001; Hagler and Sereno 2006; Kastner et al. 2007; Christoff et al.
2009; Klein et al. 2010; Taren et al. 2011; Venkatraman et al. 2009), however there is

currently no accepted fine-scale functional organisational pattern of PFC.

Reciprocity and a high degree of alignment between input and output connections is apparent
throughout the cerebral cortex, both in terms of anatomy (Triplett et al, 2012) and physiology
(Wang et al. 2006; (Cantone et al. 2005; Nascimento-Silva et al. 2014). The alignment of
prefrontal cortex inputs and outputs is relatively undefined. Studies of the temporal cortex
have shown that its connections with the prefrontal cortex and elsewhere are largely
reciprocal (Agster and Burwell 2009). There is also evidence that these connections are not

always clearly aligned when viewed at high resolution (Agster and Burwell 2009).

Aims

The intention of the initial study was to identify the ordered arrangement of broad scale PFC
connections, as well as the alignment of input and output connections. This would provide an
important basis on which to build a further investigation into the fine scale arrangement of
PFC connections. Co-injections of retrograde and anterograde neuroanatomical tracers were
made into rat medial and lateral prefrontal cortex (prelimbic (PL), ventral orbital (VO), lateral
orbital (VLO) and dorsolateral orbital cortex (DLO).
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Methodology

Animals

Data was collected from 18 adult male Sprague-Dawley CD rats (294-371g, Charles River,
UK). Animal procedures were carried out in accordance with the UK Animals scientific
procedures act (1986), EU directive 2010/63 and were approved by the Nottingham Trent
University ethical committee. On receipt the rats were examined for signs of ill-health or
injury. The rats were acclimatised for ten days during which time their health status was
assessed. Prior to surgery the animals were housed together in individually ventilated cages
(IVC) (Techniplast double decker Greenline rat cages). The animals were allowed free access
to food and water. Mains drinking water was supplied from polycarbonate bottles attached to
the cage. The diet and drinking water were considered not to contain any contaminant at a
level that might have affected the purpose or integrity of the study. Bedding was supplied by
IPS Product Supplies Ltd in form of 8/10 corncob. Environmental enrichment was provided in
the form of wooden chew blocks and cardboard fun tunnels (Datesand Ltd., Cheshire, UK).
Post- surgery the animals were individually housed in the same conditions. The animals were
housed in a single air-conditioned room within a barrier unit. The rate of air exchange was at
least fifteen air changes per hour and the low intensity fluorescent lighting was controlled to
give twelve hours continuous light and twelve hours darkness. The temperature and relative
humidity controls were set to achieve target values of 21 + 2°C and 55 + 15% respectively.
Individual bodyweights were recorded on Day -10 (prior to the start of dosing) and daily
thereafter. All animals were examined for overt signs of ill-health or behavioural change
immediately prior to surgery dosing, during surgery and the period following surgery. There
were no observed clinical signs/ symptoms of toxicity or infection. There was no significant

effect on body weight development detected.
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Surgical and Experimental Procedures

Rats were anesthetised with isoflurane (Merial, Harlow, UK) and placed in a stereotaxic
frame with the incisor bar set so as to achieve a flat skull. Craniotomies (< 1mm diameter)
were made at predetermined stereotaxic coordinates (according to Paxinos & Watson, 1998).
Sterile tracer solution was deposited into the prefrontal cortex by injection, via a 0.5ul Neuro-
syringe (Hamilton, Germany). Injections of anterograde (biotinylated dextran amines;
Fluorescein (catalog #: SP-1130) and Texas red (catalog #: SP-1140), Vector Laboratories,
CA) and/or retrograde tracer (4% Fluoro-Gold in distilled water, Fluorochrome, Denver,
Colorado) were made into the prelimbic (PL), ventral orbital (VO), lateral orbital (VLO) or
dorsolateral orbital cortex (DLO), with the intention of revealing the broad scale anatomical
connections to and from prefrontal regions. The distance between craniotomy co-ordinates
(Imm) was based on the measured spread of tracers in preliminary studies (<lmm in
diameter) (see Appendix A). The tracer injections were all made with the injection needle

orientated vertically.

In the experiments reported here, each rat received a co-injection of retrograde (Fluoro-Gold)
and anterograde (Fluorescein; BDA) into the same craniotomy (R37. R38, R41, R42). In
earlier experiments (Appendix B) each rat received an injection of retrograde tracer (Fluoro-
Gold) into one hemisphere and an injection of anterograde tracer (BDA) into the other
hemisphere to allow accurate identification of the tracers injected. In all experiments rats
received injections of Fluorescein (100nl) or Texas red (100nl) at a rate of 100nl/min and/or
Fluoro-Gold (100nl) at a rate of 100nl/min into the various subdivisions of PFC (Fig.2.1).
Additional and equivalent Fluoro-Gold injections were made into the left hemisphere in later
studies; this was used to verify whether the location and ordering of projections differed on

either side of the brain (Appendix C). No difference was found.
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A (R42 (FG + BDA)
B (R37 (FG + BDA)
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Figure 2.1. Coronal section of PFC (A-P 4.2mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008), depicting sites
of tracer injections; prelimbic (PL):A, ventral orbital (VO):B, ventrolateral orbital(\VLO):C
and dorsolateral orbital(DLO):D, with Imm separation.

The coordinates used were all at +4.2mm with respect to bregma, injection A (PL) was
1.2mm from the midline and 2.4mm below the cortical surface. Injections B (VO), C (VLO)
and D (DLO) were 3.2mm below the cortical surface and 1.2, 2.2 and 3.3mm from the
midline. Therefore injections A (PL) and B (VO) were spaced at a distance of 0.8mm and
injections B (VO), C (VLO) and D (DLO) were positioned 1mm apart. After each injection a
diffusion time of 2 minutes was allowed. The positioning of tracer injections was altered (-
0.5mm in the AP axis) from the co- ordinates provided in Paxinos and Watson (1998), based
on my findings from preliminary experiments (Appendix A).

Following a survival time of 7-8 days, the rats were deeply anesthetised with pentobarbital
(Sigma-Aldrich, UK), and transcardially perfused with 0.1M phosphate buffered saline (PBS)
(~200ml) followed by 4% paraformaldehyde (PFA) (~200ml) in PBS. The brain was
subsequently removed and stored for 24 hours in 4% PFA in 0.1M PBS, followed by

cryoprotection in 30% sucrose in 0.1M PBS.

Anatomical Processing

For analysis of labelling produced by co-injections of BDA and Fluoro-Gold, two series of
40um coronal sections were taken (3 in 6) on a freezing microtome (CM 1900, Leica,
Germany). Sections were mounted directly onto gelatin coated slides (shown to be preferable
for maintaining vibrancy of tracers in my preliminary experiments, and reduced the formation

of air bubbles in finished slides (Appendix A). The first series was coverslipped with
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Vectashield® Mounting medium with Pl (Vector Laboratories, CA), for visualisation of
Fluoro-Gold labelled cells and Fluorescein labelled axon terminals. The second series was
processed by implementing the standard avidin-biotin method (Vectastain® ABC, Vector
Laboratories, CA). Labelling was detected with DAB, incubated at room temperature for 1-3
minutes. This series was counterstained with thionin, for bright field imaging of Fluorescein
labelled axon terminals visualised by the brown precipitate formed by the DAB reaction.

Microscopic Analysis

Sections were examined using either brightfield (BDA) or fluorescent microscopy (BDA,
Fluoro-Gold). Fluorescent photos were captured of BDA and Fluoro-Gold injection sites,
retrogradely labelled cells (Fluoro-Gold) and fluorescein labelled axon terminals. Brightfield
photos were captured of anterogradely (BDA) labelled areas (Fluorescein). All photos were
captured using an Olympus DP-11 system microscope with an x4, x10 and x20 objective lens,
as with subsequent studies.

The entire forebrain was examined for labelling. Areas of temporal cortex were found to
contain the strongest and most consistent labelling of connections; therefore a more detailed

analysis was carried out on this region to examine the organisation of connections.

Statistical Analysis of the Arrangement of Connections Between Prefrontal and

Temporal Cortex

| implemented a statistical analysis to determine whether prefrontal cortex connections
displayed an ordered arrangement. ImageJ (Wayne Rasband, NIH) was used to determine
numerical values representing the location of retrogradely labelled cells in temporal cortex.
The three dimensional location of each retrogradely labelled cell (Fluoro-Gold) was
calculated by measuring the distance of each labelled cell or axon terminal from (in temporal
cortex) the rhinal sulcus (Dorsal-ventral and Medial- lateral), the anterior-posterior location of
each labelled cell/axon terminal was recorded in terms of distance from Bregma (according to
Paxinos and Watson, 1998) (Fig.2.2). The same analysis was repeated for fluorescent

labelling of axon terminals (BDA,; Fluorescein). A similar acquisition of data was
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implemented for the anterograde BDA labelling produced by DAB staining of BDA, whereby
four data points were recorded from the perimeter of each anterogradely labelled area,
denoting its distance (mm) from the rhinal sulcus in dorsoventral and medial-lateral directions

(Fig.2.2iii). The anterior—posterior location of each labelled area was also recorded.

A-P

Figure 2.2. (i) Coronal cross section of temporal cortex at -3.3mm posterior to bregma,
depicting the three dimensions in which the locations of labelled cells were recorded
(Anterior-Posterior (A-P), Medial-Lateral (M-L) and Dorsal-Ventral (D-V)). (ii) Retrogradely
labelled cells (blue cells) in temporal cortex produced by an injection of Fluoro-gold (100nl)
into VO. Arrows indicate measurements of labelled cell location in the medial-lateral
dimension (distance to lateral cortical surface) and dorsal-ventral dimension (distance from
rhinal sulcus). (iii) Anterogradely labelled area (Brown) in temporal cortex produced by an
injection of BDA (100nl) into PL. Crosses indicate the four points on the perimeter at which
measurements were taken. Arrows indicate measurements of labelled area location in the
medial-lateral dimension (distance to lateral cortical surface) and dorsal-ventral dimension
(distance from rhinal sulcus). Scale bars = 200um.

Labelled cells were grouped according to injection site location. These data sets were
analysed in SPSS by way of a factorial ANOVA, in order to establish the existence of an
effect of injection location on positioning of labelled cells in anterior-posterior, dorsoventral
and medial-lateral dimensions. The relationship between anterograde and retrograde label
locations was examined by means of a 2 factor ANOVA. Further statistical analyses were
applied in the form of paired samples t-tests, in order to compare the results from separate
tracer injections and co-injections of retrograde and anterograde tracer, confirming
consistency between them (Appendix D). Paired samples T-tests were applied to the
Euclidean distance between labels from left and right hemisphere injections in order to
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establish if a hemispheric difference in labelling was present (Appendix C). All statistical

tests were applied with a significance level of .05 and confidence intervals of 95%.

Results

Injection sites in PFC from co-injections of (100nl) Fluoro-Gold and (100nl fluorescein) BDA
were positioned in the intended regions, comparable to separate Fluoro-Gold and BDA
injection sites (Appendix A). A similar spread of both tracers (BDA and Fluoro-Gold) was
seen at co-injection sites to that which had been observed at single injection sites (Fig.2.3i, ii).
Co-injection sites spanned layers I/l — VI and covered the majority of the intended
cytoarchitectural region. Injection sites into PL (A) and VO (B) overlapped to some extent,
however the majority of the spread of tracers was confined to separate cytoarchitectural
regions. The majority of the spread of tracers from co-injection sites was limited to the
cytoarchitectural borders of PFC sub-regions. The co-injection sites in PL, VLO and DLO
were similar in position and spread of tracer to the separate Fluoro-Gold and BDA injection
sites. The co-injection into VO was positioned dorsally to the equivalent separate injections of
Fluoro-Gold and BDA (Appendix A); however the majority of the spread of tracers were in

the same location (Fig.2.3iii).
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R38

Figure 2.3. (i) Coronal section of PFC showing location and spread of (100nl) Fluoro-Gold
and (100nl) Fluorescein at injection site in VO. (ii) Coronal section of PFC showing location
and spread of (100nl) Fluoro-Gold and (100nl) Fluorescein at injection site in DLO. (iii)
Representations of Fluoro-Gold and Fluorescein co-injection site in VLO (R41) in the right
hemisphere. (iv) Representations of Fluoro-Gold and Fluorescein co-injection sites in PL
(R42), VO (R37), and DLO (R38) in the left hemisphere. Scale bars = 200um.

patterns of labelling were observed throughout the brain following co-injections of
anterograde and retrograde tracer into prefrontal cortex (PL, VO, VLO and DLO) using
light/fluorescent microscopy. Retrogradely labelled cells were seen in perirhinal cortex (areas
35v, 35d, 36d, 36v), entorhinal cortex (Ent), area Te (Te), secondary auditory cortex (AuV),
primary auditory cortex (Aul), secondary motor cortex (M2), primary motor cortex (M1),
primary somatosensory cortex (S1J, S1BF), cingulate cortex (Cgl) and piriform cortex (Pir)
(Fig.2.4ii). Anterograde labelling was seen in PRh (areas 35d, 36v) (Fig.2.5), Te, Ent, M2,
Cgl, S1J, secondary somatosensory cortex (S2), agranular insular cortex (AID), and
prefrontal cortex regions (Fig. 2.4iii). Similar patterns of labelling were observed from co-
injections of Fluoro-Gold and BDA into PL, VO, VLO and DLO. The strongest labelling in

both cases was present in temporal (PRh, Ent, Te) regions; therefore a statistical analysis was
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applied to this area to determine whether there was evidence for an organised arrangement of
connections. Labelling produced by separate injections of BDA and Fluoro-Gold confirmed
observations that input and output projections from PFC did not occur in the same places in
temporal cortex (Appendix A). Anterograde and retrograde labels were furthest apart from

one another in temporal cortex from an injection into DLO (D).
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Figure 2.4. Diagram representing the amalgamated dual-injection sites of Fluoro-Gold and
BDA, and the projection sites in temporal cortex for both retrograde (Fluoro- Gold) and
anterograde (BDA) tracer injections from 4 rats. (i) The locations of injection sites A (PL:
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R42), B (VO: R37), C (VLO:R41) and D (DLO:R38) in PFC and the location of labelling
in temporal cortex. (ii) The locations of retrogradely labelled cells in temporal cortex,
resultant from 100nl Fluoro-Gold injections into PFC sites A-D (R37, R38, R41, R42).
(iii) The locations of anterogradely labelled areas in temporal cortex, resultant from 100nl
BDA (Fluorescein) injections into PFC sites A-D (R37, R38, R41, R42).

Organisation of Input Connections from Temporal to Prefrontal Cortex

Labelled input (retrograde) projections to PFC from temporal cortex were seen in PRh
(areas 35v, 35d, 36v, 36d), Ent and Te (Fig.2.4). Labelled cells from each injection
location were distributed across several cytoarchitecturally distinct regions (according to
Burwell, 2008). The distribution of retrogradely labelled cells within temporal cortex
maintained a spatial order according to the corresponding PFC injection sites. Moving
laterally in PFC from VO to DLO: projections to VO (PRh, Te) were seen dorsally to
those from VLO. An overlap of VO and LO projections is present. Projections to VLO are
present only in PRh regions. Projections to DLO (PRh, Ent) are situated ventrally to those
from VLO. An overlap of projections to VLO and DLO was seen. A factorial ANOVA
revealed a significant main effect of PFC injection site location on the dorsal-ventral
distance of retrogradely labelled cells from the rhinal sulcus (F(3, 421)=6.491 p<0.001
r=0.123). Post-hoc analyses (Tukey HSD) revealed no significant differences between
retrograde injection sites. Distance of retrograde labelled cells from the rhinal sulcus
increases as the injection site moves from lateral (DLO) to medial (VO) and decreases

when the injection site reaches PL, indicating a change in pattern.

In addition, there was an ordered organisation present in the anterior- posterior axis. VO
projections were seen more anteriorly to VLO projections. DLO projections are more
posterior within perirhinal cortex to VLO projections. An overlap of projections to VO
and VLO as well as VLO and DLO is present on the anterior-posterior axis. A factorial
ANOVA revealed a significant main effect of injection site on the anterior-posterior
location of retrogradely labelled cells (F(3,421)=467.804 p<0.001 r=0.726). Post hoc
analyses (Tukey HSD) indicated significant differences between retrograde injection sites
A*B (p=0.001), A*D, B*C, B*D and C*D (p<0.001). Fig.2.6ii shows the anterior-
posterior ordered arrangement of VLO, DLO and VO. A-P location of retrogradely
labelled cells becomes more anterior as the injection site is moved from lateral (DLO) to
medial (VO), with A-P location becoming more posterior as the injection site moves from
VO to PL.
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A factorial ANOVA also revealed a significant main effect of injection site on medial-
lateral location of retrogradely labelled cells in temporal cortex (F(3, 421)=185.795
p<0.001 r=0.553). As the injection site is moved from medial to lateral PFC, the labelled
cells in temporal cortex become more lateral. Post hoc analyses (Tukey HSD) indicated
significant differences between retrograde injection sites A*B, A*D, B*C, B*D and C*D
(p<0.001).

The labelling from co-injections of Fluoro-Gold and BDA shows evidence of ordered

arrangements of both input and output connections from PFC to temporal cortex, as well

as

clear evidence of non-alignment of connections. Some co-labelling of cells with BDA and

Fluoro-Gold was seen, with the majority of Fluorescein and Fluoro- Gold labels seen

different locations to one another (Fig.2.5). The co-injection of retrograde (100nl Fluoro-

in

Gold) and anterograde (100nl Fluorescein) tracers revealed similar results to those produced

from separate retrograde and anterograde injections (Appendix A).

Figure 2.5. (i) Coronal section of temporal cortex showing retrogradely labelled cells
(Fluoro-Gold, blue) resultant from co-injection of Fluoro-Gold and BDA (Fluorescein)
into DLO. (ii) Retrogradely labelled cells in temporal cortex (blue, Fluoro-Gold) resultant
from co-injection of Fluoro-Gold and BDA (Fluorescein) into DLO. (iii) Coronal section
of temporal cortex showing area of anterogradely labelled axon terminals (brown, BDA)
resultant from co-injection of BDA and Fluoro-Gold into VLO (injection C). Scale bars =
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200um. (iv) Anterograde labelling of axon terminals (green) resultant from co-injection of
BDA and Fluoro-Gold into DLO Scale bar = 100um.

Organisation of Output Projections from Prefrontal to Temporal Cortex

In comparison to earlier experiments (Appendix A), labelling of output projections from PFC
to temporal cortex resultant from injections of BDA;Fluorescein (100nl) was seen with both
fluorescence and DAB staining. Labelled axon terminals were numerically analysed from
both visualisation methods (fluorescent and bright field). The locations of areas of DAB
stained axon terminals were measured in order to directly compare findings. Individual
fluorescently labelled axon terminals were measured in terms of their 3-dimensional location,

consistent with the methodology used to quantify retrograde (Fluoro-Gold) labelling.

Labelled output (anterograde) projections from PFC to temporal cortex were seen in regions
of PRh (35d, 36v). The distribution of anterogradely labelled areas within temporal cortex
maintained a spatial order in accordance with their corresponding BDA injection sites in
PFC, specifically from VO, VLO and DLO. Injections of anterograde tracer into central

regions of PFC produced a clear ordered organisational pattern within PRh (35d, 36v).

A factorial ANOVA revealed a significant main effect of PFC injection site location on the
dorsal-ventral distance of anterogradely labelled axon terminals from the rhinal sulcus
(Fluorescent labelling: F(3,301)= 8.181p<0.001 r=0.163; DAB staining: F(3,36)=5.786
p=0.002 r=0.372). Post-hoc analyses (Tukey HSD) revealed significant differences between
anterograde injection sites (based on fluorescent labelling) A*B (p=0.012), B*D (p<0.001)
and C*D (p=0.011). Three of the PFC regions tested (VLO, VO and DLO) exhibited an
ordered arrangement in terms of dorsoventral location of retrograde labels (Fig. 2.6i).
Consistent with input connections, anterograde labels from VO, VLO and DLO also display
an ordered arrangement, as injection site moves from lateral to medial the mean location of
labels decrease in distance from the rhinal sulcus. These results are consistent with those from

separate Fluoro-Gold and BDA injections.

A factorial ANOVA revealed a significant main effect of injection site on the anterior-
posterior location of anterogradely labelled axon terminals in temporal cortex (Fluorescent
labelling: F(3,301)=151.566 p<0.001 r=0.579; DAB staining: F(3,36)=151.153 p<0.001
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r=0.899). Post hoc analyses (Tukey HSD) indicated significant differences between
anterograde injection sites (fluorescent labelling) A*C, A*D, B*C, B*D and C*D (p<0.001).
As anterograde injection sites move from lateral (DLO) to medial (VO) PFC, the anterior-
posterior location of anterogradely labelled areas becomes more posterior (Fig.2.6ii). This is
not the case between VO and PL, where the anterior- posterior location of labelled areas
becomes more anterior, indicating a change in the ordered arrangement of connections. In
contrast to input connections to PFC, the effect of injection location on the anterior-posterior
location of anterogradely labelled areas was only found to be significant between two pairs of
PFC sub-regions (VO*DLO, VO*PL). Projections from VO are most greatly affected within
the organisational pattern of connections to temporal cortex. As the injection site is moved

from medial to lateral PFC, the labelled areas in temporal cortex become more medial.

There was clear convergence of prefrontal-temporal cortex connections; injections into
cytoarchitecturally distinct PFC regions (Imm apart) produced anterograde labelling much
closer together in the same cytoarchitectural area of temporal cortex. This is not the case with
temporal-prefrontal input connections from the same PFC injection sites.

A 2 factor ANOVA revealed a significant interaction effect of PFC injection site location
between input and output connections to temporal cortex in the dorsal-ventral axis
(F(3,722)=9.505 p<0.001), in the anterior- posterior axis (F(3,722)= 541.788 p<0.001) and in
the medial-lateral axis (F(3,722)=15.841 p<0.001). These results indicate differences in the
ordering of input and output connections and non-alignment between input and output

connections in three axes of orientation.

This analysis indicates an ordered organisation of connections between prefrontal and
temporal cortex. As the prefrontal cortex is traversed in the mediolateral direction (VO to
DLO; B to D), the pattern of input projections moves in an anterior-posterior direction across
temporal cortex, whilst simultaneously moving in a dorsoventral direction. In addition, there
is a linear structure of organisation in which the pattern of input projections moves in a
mediolateral direction across temporal cortex as the prefrontal cortex is traversed in the
mediolateral direction (PL to VLO; from A to C). These two structures overlap within VLO
(B) and VO (C).

Similarly to the organisational pattern found in retrograde projections, an organisation of
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Dorsal-Ventral distance of labelled

cells from rhinal sulcus (mm)

Medial-Lateral distance of

labelled cells from cortical

prefrontal-temporal cortex connections is seen. However, the organisational pattern here
appears to move in a different direction to that seen in temporal- prefrontal connections. As
retrograde injection sites move from lateral to medial (DLO, VLO, VO; D, C, B) the
locations of labelled cells in temporal cortex move from ventral to dorsal and posterior to
anterior. In comparison, as anterograde injection sites move from lateral to medial (DLO,
VLO, VO; D, C, B), the location of labelled cells in temporal cortex move from dorsal to
ventral and anterior to posterior. A further linear organisational structure appears to exist on
the medial-lateral axis, from PL (A) to VLO (C). This overlaps with the first structure within
VO (B) and VLO (C). In comparing the organisation of connections labelled from
anterograde and retrograde injections, corresponding input and output connections are not

aligned with one another.
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Figure. 2.6. The mean effect of injection site on the (i) dorsal-ventral ,(ii) anterior- posterior
and (iii) medial-lateral location of retrogradely labelled cells (n=425 arising from 4 rats:
PL=77, VO=160, VLO=89, DLO=99 (cases R37, R38, R41, R42)) and anterogradely labelled
areas (n=40 arising from 4 rats: PL=12, VO=12, VLO=12, DLO=4 (cases R37, R38, R41,
R42)) within temporal cortex. Error bars = standard error. (iv) Coronal cross section of PFC
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showing the position of 4 injection sites; PL (A), VO (B), VLO (C) and DLO (D). Coronal
cross section of temporal cortex showing the three dimensions in which the locations of
labels were recorded.

The calculation of a 3 dimensional mean location (E) for the labelling produced by each

retrograde and anterograde injection site,

E =/ (DV)? + (AP)2 + (ML)?

where DV=dorsal-ventral location, AP=anterior-posterior location and ML=medial-lateral
location, allowed for the visualisation of the 3-dimensional locations of input and output

connections in comparison to one another (Fig. 2.7).

45 - emmsRetrograde

emms Anterograde

3 dimensional mean location of
labels in temporal cortex (mm)

PFC injection site

Figure 2.7. The effect of PFC injection site (PL:A, VO:B, VLO:C, DLO:D) on the three
dimensional mean location of retrogradely labelled cells (blue) and anterogradely labelled
areas (red) in temporal cortex. Error bars = standard error.

The results of the analysis show that input and output connections follow different orders of
arrangement as injection sites move from PL (A) to DLO (D). These findings indicate that the
ordered arrangement of input and output connections are affected by one another in terms of
the medial-lateral and anterior- posterior axis, however they do not appear to interact to such
an extent on the dorsal- ventral axis. Further to this, we have demonstrated that the location
of retrogradely labelled cells is directly associated with the location of anterogradely labelled

cells (in the anterior-posterior axis), in that one becomes increasingly posterior as the other
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becomes increasingly anterior. This finding is consistent across multiple studies.

The results from co-injections of retrograde and anterograde tracer injections showed no
difference in the location of temporal cortex labelling in comparison to separate injections.
Statistical evidence for this is shown by paired samples t-tests. No significant difference in
the mean location of retrograde labelling in temporal cortex was found: in the dorsal-ventral
axis (t(3)=0.766 p=0.500), anterior-posterior axis (t(3)=-0.003 p=0.998) and medial-lateral
axis (t(3)=-0.753 p=0.506). No significant difference in the mean location of anterograde
labelling in temporal cortex was found: in the dorsal-ventral axis (t(3)=-1.071 p=0.363),
anterior-posterior axis (t(3)=2.004 p=0.128) and medial-lateral axis (t(3)=-1.602 p=0.207).
These findings demonstrate the consistency of labelling between co-injections and separate
injections of Fluoro-Gold and BDA, as well as the reproducibility of my findings.

Discussion

Broad scale connections of PFC — Temporal Cortex Pathway

This study investigated the organisation of connections from adjacent prefrontal regions with
the use of neuroanatomical tracers. The findings have revealed evidence for ordered patterns
of organisation within prefrontal-temporal cortex connections. | have revealed a clear ordered
arrangement of PFC connections as well as evidence for differential ordering of input and

output projections from PFC to regions of temporal cortex.

Input connections to prefrontal cortex

Following the administration of the retrograde tracer, Fluoro-Gold, to the prefrontal cortical
areas PL (A), VO (B), VLO (C) and DLO (D), | found labelling of neuronal cell bodies in
medial frontal cortex, temporal cortex, auditory cortex, somatosensory cortex, cingulate
cortex and piriform cortex. The projections arising from the temporal cortex (including area
TE, perirhinal cortex and entorhinal cortex) displayed the most labelled cells (as well as
regions of motor and sensory cortices; investigated separately). These findings are

comparable with previous studies (Hoover and Vertes, 2011), which outlined extensive input
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connections from temporal cortex to prefrontal cortex, as well as projections from prefrontal
to temporal and medial-frontal cortex (Sesack, 2004). | found similar retrograde labelling

produced by co-injections of Fluoro-Gold with BDA.

Output connections from prefrontal cortex

Following the administration of the anterograde tracers, biotinylated dextran amines to the
prefrontal cortical areas PL, VO, VLO and, DLO 1 found labelling of axon terminals in
several cortical regions. The projections going to the temporal cortex (including area TE,
perirhinal cortex and entorhinal cortex) displayed the most prominent labelling. This was
broadly consistent with previous studies, which outlined extensive output connections from
prefrontal cortex to temporal cortex (Hoover and Vertes, 2011). In contrast to the large
numbers of labelled cells in MO and VO following Fluoro-Gold injection in perirhinal cortex
observed by Hoover and Vertes (2011); | found there to be more specific, small areas of
anterograde labelling in perirhinal cortex following BDA injections into VO, VLO and DLO.
It should be noted that the slight overlap in injection sites may have had an impact on the
observed convergence. The resultant location of labelling within perihinal cortex from BDA
injection sites was also broadly consistent with previous findings, in that my labelled
connections were seen between the same cortical regions as Fluoro-Gold labelled
connections from VO to PRh (Hoover and Vertes, 2011) and anterogradely labelled
connections from PFC to PRh (Sesack, 2004). 1 identified similar anterograde labelling in
temporal cortex resultant from co-injections of BDA with Fluoro-Gold, supporting my
findings of differential anterograde and retrograde labelling. Similar anterograde labelling and
findings of ordered arrangement were observed with both brightfield imaging of DAB stained

labeled axon terminals and fluorescent imaging of fluorescein labeled axon terminals.

Organisation and alignment of connections between PFC and Temporal cortex

The analysis of temporal cortex connections revealed an ordered arrangement of input and
output connections to prefrontal cortex occurring in anterior-posterior, dorsal-ventral and
medial-lateral (laminar) axes. Most prominently in the anterior-posterior dimension, tracer
injections in sites B (VO), C (VLO) and D (DLO) revealed an ordered arrangement of both
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input and output connections. This was observed with both separate and dual-injections. This
ordered arrangement was observed in opposing orders for the input and output connections
(Fig. 2.4, 2.6), indicating differential organisation of inputs and outputs. This opposing order
can also be seen in the dorsal-ventral axis. In the medial-lateral axis, tracer injections in sites
A (PL), B (VO) and C (VLO) produced an ordered arrangement of connections (Fig. 2.4, 2.6,
2.7). This arrangement consistently occurred in different orders for the input and output

connections from PFC to temporal cortex.

When observed in separate axes of orientation (anterior-posterior, dorsal-ventral and medial-
lateral), there appears to be different and overlapping maps of connections between prefrontal
and temporal cortex (i.e. PL—-VO—VLO for ordered mediolateral distributions and

VO—VLO—DLO for anterior-posterior and dorsoventral distributions).

There are some indications for an ordered arrangement of output connections from PFC to
temporal cortex from previous studies. For instance, moving mediolaterally in PFC, previous
findings (Hoover and Vertes, 2011) have shown evidence for an ordered arrangement of PFC
output connections in the dorsal-ventral axis, in the same direction shown by my results here.
Similar studies have shown consistent evidence of an ordered arrangement of connections
from medial to lateral. Studies of PFC outputs have shown an ordered arrangement of
connections to the striatum (Berendse, 1992; Schilman, 2008). Our study did not produce any

strong projections to the striatum following injections of anterograde tracers into the PFC.

These findings show that prefrontal cortex displays an ordered arrangement of connections to
temporal cortex. The connections between prefrontal cortex and temporal cortex are highly
ordered and indicate evidence for topological mapping between these two cortical regions.
The temporal cortex region labelled here includes area Te, perirhinal cortex and entorhinal
cortex. There is existing evidence that these temporal regions exhibit functional mapping in
terms of responses (Boussaoud et al 1991, de Beek et al 2008, Hafting et al 2005; Killian et
al 2012), based on this it may be functionally important to preserve an ordered arrangement
in terms of the connections linking these two regions. My findings indicate an ordered
arrangement of connections between PFC and temporal cortex. However these results do not
yet provide the highly detailed analysis of connections required for a complete understanding

of prefrontal organisation.

57



An unexpected observation in the organisation of connections between PFC and temporal
cortex was the non-alignment of input and output connections; whereby input and output
labels from the same PFC injection sites were not found in the same target locations. For
example, anterograde labelling from injections into DLO (injection site D) are seen
significantly posterior in temporal cortex in comparison to retrograde labels from the same
injection site. This was apparent with both separate and co-injections of retrograde and
anterograde tracers. This is an arrangement which has not been described in cortical
connections previously. There have been instances of reported non-alignment in cortical
connections (Flaherty & Graybiel, 1994), whereby normally highly reciprocal inputs and
outputs were described as on occasion “missing each other”. The same study however
concluded this observation to be an experimental artifact. Previous observations in terms of
organisation, specifically of the connections from temporal (entorhinal and perirhinal) cortex,
suggest alignment in connections to be a common property (Suzuki and Amaral, 1994; Canto
et al, 2008). In addition, recent dual-tracer studies into prefrontal projections give no
indication of non-alignment within input and output connections (Kim and Lee, 2012;
Takahara et al, 2012). My findings indicate that this is not the case for PFC-temporal cortex
connections. The observed non-alignment of input and output connections was seen with
both separate injections and co-injections of retrograde and anterograde tracers. This
consistency in observations of differential ordering indicates that my findings are not a
product of comparing injections from different animals and are reproducible. Further studies
were carried out to enable us to determine if this is a common property throughout prefrontal

cortex.
In summary, | have shown evidence for an ordered arrangement of connections between

prefrontal and temporal cortex. The ordering of these connections appears across anatomical

orientations and shows a consistent non-alignment between input and output connections.
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Chapter 3.

Organisation of Connections to Temporal Cortex from Anterior,

Central and Posterior Prefrontal Cortex

It is understood that PFC forms part of a large scale cortico-cortical pathway, organised from
anterior to posterior (Olson & Musil, 1992). Differences in function between anterior and
posterior PFC have been described. Taren et al (2011) described a posterior to anterior
connectivity gradient in DLPFC. This provides evidence for a topographically ordered
organisation of connections, as well as differences in the organisation of connections between
anterior and posterior PFC. The first studies described in Chapter 2 established an ordered
arrangement of connections in the PFC — temporal cortex pathway, and produced evidence of
non-alignment between input and output connections. However this study only examined the
central area of PFC (in terms of its anterior-posterior dimension), further investigation into
the anterior-posterior connectivity of PFC will provide a greater insight into its detailed

structural organisation.

Based on the understanding that functional organisation is often a product of underlying
anatomical organisation, we would expect the anatomical organistion of PFC connections to
differ between anterior and posterior regions. Taren (2011) suggests that the organisational
gradient observed in PFC could be representational of a dynamic processing ability and a
level of adaptability in PFC function. This is similar to the ability of PFC neurons in rodents
to process different types of information (Duncan, 2001; Kargo, 2007) and Duncan’s (2001)
adaptive coding model. There is less known about the function of anterior PFC in comparison
to more posterior regions. Ramnani & Owen (2004) suggest that anterior PFC has a specific
purpose, to integrate the information from multiple cognitive processes, in which information
is transferred between multiple processes with the outcome of reaching a predetermined goal.
These processes identified with anterior PFC are much more abstract in nature than many of
the processes associated with more posterior regions of PFC in rats e.g. autonomic function,
temporal processing and motor processing (Kolb, 1984; Neafsey, 1990; Schoenbaum &
Esber, 2010; Narayanan & Laubach, 2006; Vertes, 2006; Kim et al 2013). Anterior regions of
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PFC are reportedly unique in terms of hierarchical organisation, and are thought not to have
clear connections to lower cortical regions in the same sense as other higher order cortical
regions identified in rats (Ramnani & Owen, 2004). This gives reason to suggest that the
anatomical organisation of anterior regions of PFC differ to that found in posterior PFC.

Aims

The aim of this study was to expand on my earlier work and determine the connectivity
pattern of a wider area of prefrontal cortex, from anterior to posterior, in terms of ordered

connections as well as alignment between input and output connections.

Methodology

For detailed methodology and surgical procedures, see Chapter 2.

The anterograde tracer Fluoro-Ruby (FR) was introduced to this study, replacing the
previously used BDA. The fluorescence of Fluoro-Ruby proved to be more vibrant, and
provided more detailed images of labelled projections, allowing for more detailed

investigations and analysis.

Data was collected from 19 adult male CD rats (296-367g, Charles River, UK). Craniotomies
(<1mm) were repeated at 3 A-P locations (Bregma 4.7mm, 4.2mm, 3.7mm) (Fig.3.1). The
medial-lateral co-ordinates and depth of injections at each AP location were identical to
injection sites A, B, C and D (PL, VO, VLO and DLO) described in Chapter 2. Injections of
anterograde (100nl 10% Fluoro-Ruby in distilled water, Fluorochrome, Denver, Colorado)
and retrograde tracer (100nl 4% Fluoro-Gold in distilled water, Fluorochrome, Denver,
Colorado) were made into PL, VO, VLO and DLO (Fluro-Gold:100nl/min, 2 mins diffusion

time; Fluoro-Ruby 10nl/min, 2 mins diffusion time).
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Figure 3.1. Coronal sections of PFC ((i) A-P 4.7mm, (ii) 4.2mm and (iii) 3.7mm from
Bregma) showing the cytoarchitectural boundaries of PFC sub-regions according to Van de
Werd & Uylings (2008), depicting sites of tracer injections; PL (Aa, A, Ap), VO (Ba, B, Bp),
VLO (Ca, C, Cp) and DLO (Da, D, Dp), with 1mm separation between injection sites.

Additional co-injections of (100nl) Fluoro-Gold and (100nl) Fluoro-Ruby were made into the
same central PFC co-ordinates (Appendix F). Further anterograde (100nl Fluoro-Emerald)
injections were made into central PFC (PL, VO, VLO and DLO), in the same co-ordinates as
previous injection sites in order to provide confirmation of anterograde labelling (Appendix
H).

Anatomical Processing, Imaging and Microscopic Analysis

For details of anatomical processing, see Chapter 2 and Appendix B. Areas of temporal
cortex were known from earlier studies to contain strong connections with PFC, therefore a
detailed analysis was carried out on labelling found in temporal cortex to examine the
organisation of a wider area of prefrontal cortex. For details of microscopic analysis see
Chapter 2.

Statistical Analysis of the Arrangement of Connections Between Prefrontal and

Temporal Cortex

| applied the same numerical and statistical analysis to that which had been used in the
previous experiments (Chapter 2), in order to determine whether connections between
prefrontal cortex and temporal cortex displayed an ordered arrangement similar to that which

| had observed previously, and how that ordered arrangement differed as the anterior-
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posterior location of PFC injection sites changed. The replacement of BDA with Fluoro-Ruby
allowed for a more precise measuring of anterograde labelling, in which the 3-dimensional

location of each individually labeled axon terminal could be recorded.

The anterograde tracer Fluoro-Ruby is reported to hold retrograde properties (Zele et al,
2010; Hainec et al, 2012) and is thought by some to be a bi-directional tracer. In order to
approach the possibility of retrograde labelling from the anterograde injections in this study,
the labelling properties of Fluoro-Ruby were investigated (detailed analysis can be seen in
Appendix F). Through detailed visualisation and comparison with other tracers, the findings

conclude Fluoro-Ruby to be primarily anterograde (~70%).

The labelling produced by Fluoro-Ruby injections was investigated for its retrograde and
anterograde properties. High resolution confocal microscopy allowed for detailed imaging of
Fluoro-Ruby labelling (images in Appendix F). High resolution images revealed Fluoro-Ruby
to produce labelling with both anterograde and retrograde properties. In addition to confocal
imaging, | also visualised Fluoro-Ruby alongside fluorescently labeled (with fluorescein)
alpha tubulin. Similar results were found, ~70% of Fluoro-Ruby labelling was determined to

be anterograde.

Figure 3.2 (i) Confocal image of temporal cortex showing Fluoro-Ruby labelling (red) and
Fluorescein labeled alpha tubulin (green) resultant from Fluoro-Ruby (100nl) injection into
DLO (R39). (ii) Confocal image of temporal cortex showing Fluoro-Ruby labelling (red) and
Fluorescein labeled alpha tubulin (green) resultant from Fluoro-Ruby (100nl) injection into
(R39). Note that Fluroruby occured both separate to and in the same place as Fluorescein,
with the majority of cases being separate (anterograde). Scale bars = 20 um.
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Figure 3.2 shows that Fluoro-Ruby labelling was mostly seen separate to the labeled alpha
tubulin, meaning the labelling was outside of the cell body and therefore considered
anterograde. However, there were instances in which Fluoro-Ruby and labeled alpha tubulin
was seen in the same locations. This implies retrograde labelling. Quantification of the
labelling found in temporal cortex showed the majority of the labelling | observed (~70%) to
show anterograde properties, therefore the labelling produced in this experiment was treated
as anterograde.

It should be noted that the analyses reported in the results of this study assume all Fluoro-
Ruby labelling to be anterograde. The error produced by this assumption is considered to be
relatively low due to the high percentage of anterograde labelling present, and therefore
should not have a significant effect on the findings. Further details of the anterograde and

retrograde properties of Fluoro-Ruby | observed can be seen in Appendix F.

To determine the organisation of connections across PFC from anterior to posterior, a
factorial ANOVA was applied. Post hoc analyses revealed the presence of differences in
ordering between anterior, middle and posterior PFC. The alignment of connections from
anterior, middle and posterior PFC were compared by applying a further statistical analysis:
The mean Euclidean distance between retrograde and anterograde labels from 4 injection
sites was calculated. Paired samples T-tests were used to compare the distance between
retrograde and anterograde labels at each anterior-posterior location in PFC. All statistical

tests were applied at a significance level of .05 and confidence intervals of 95%.

Results

Retrograde labelling was found in areas of M2, M1, S1J, S1BF, Cg1l, Pir, PRh, Ent, AuV and
Aul and prefrontal regions. Anterograde labelling was found in areas of M2, S1J, Cgl, S2,
PRh, Ent, AID and prefrontal regions. To investigate the PFC — temporal cortex pathway |
had already established in Chapter 2, the statistical analysis was applied to labelling found in

PRh. The organisation of input and output connections were initially investigated at three A-P

63



PFC locations separately (anterior, middle, posterior). | then proceeded to examine the

connectivity across the whole investigated PFC region.

Anterior Prefrontal Cortex

Retrograde injection sites into the anterior aspect of PFC (R28, R24, R17, R23) were
observed in PL, VO, VLO and DLO (Fig. 3.2). Retrograde injection sites were mostly
confined to cytoarchitectural boundaries of PFC regions and covered layers 1-V/VI. There is
some overlap seen between the retrograde injection sites in PL (R28) and VO (R24). There
was some minimal overlap between the retrograde injections into VO and VLO (R24 and
R17). Anterograde injection sites into the anterior aspect of PFC (R32, R23, R21, R24) were
observed in the subdivisions of PL, VO, VLO and DLO (according to Van de Werd &
Uylings, 2008). The spread of tracer at anterograde injection sites was confined to the
cytoarchitectural boundaries of PFC regions. No overlapping occurred between anterograde
PFC injection sites. Anterograde injection sites were observed in similar regions to the
equivalent retrograde injection sites, the spread of anterograde injections was consistently

contained within the boundary of retrograde counterparts.
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Figure 3.3. (i) Coronal section of anterior PFC (AP 4.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), medial orbital (MO), ventral orbital (VO),
ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital (DLO) cortices
(according to Van de Werd & Uylings, 2008), depicting sites of injections; Prelimbic: Aa,
Ventral orbital: Ba, Ventrolateral orbital: Ca and dorsolateral orbital: Da, with Imm spread.
(ii) Coronal section of prefrontal cortex showing location and spread of (100nl) Fluoro-Gold
at injection site in VO (R24). (iii) Coronal section of prefrontal cortex showing location and
spread of (100nl) Fluoro-Ruby at injection site in PL (R32). (iv) Representations of Fluoro-
Ruby (100nl) (R21, R23, R24, R32 (broken line)) injection sites in PL (R32), VO (R23),
VLO (R21) and DLO (R24) in the right hemisphere. (v) Representations of Fluoro-Gold
(100nl) (R17, R23, R24, R28 (solid line)) injection sites in PL (R28), VO (R24), VLO (R17)
and DLO (R23) in the left hemisphere. Fluoro-Ruby injection sites were consistently within
the boundaries of Fluoro-Gold injection sites. There is minimal overlap between Fluoro-Gold
injection sites (R28 & R24, R24 & R17). Fluoro-Gold and Fluoro-Ruby injection sites are
mostly limited to the cytoarchitectural boundaries of PFC regions, and span the majority of
the region (PL, VO/MO, VLO, DLO), injections into VO spread into MO. Scale bars =
100pm.

Retrograde labelling, resultant from Fluoro-Gold injections into anterior PFC (PL, VO, VLO

and DLO) was found in regions of PRh, Ent, AuV, Cgl, M2, M1, S1J, Te and prefrontal
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regions (Fig. 3.3. ii). Anterograde labelling resultant from Fluoro-Ruby injections into
anterior PFC (PL, VO, VLO and DLO) was found in regions of PRh, Ect, Cgl, M2 and M1,
as well as prefrontal regions (Fig. 3.3. iii). In order to further investigate the pathway between
PFC and temporal cortex, which | had already identified, | initially analysed the labelling

within areas of PRh and Ent.
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Figure 3.4 Diagram representing the injection sites of Fluoro-Gold and Fluoro-Ruby, and the
projection sites to temporal cortex for both retrograde (Fluoro-Gold) and anterograde
(Fluoro-Ruby) tracer injections. (i) The locations of injection sites Aa (PL: R28, R32), Ba
(R23, R24), Ca (R17, R21) and Da (R23, R24) in anterior PFC. (ii) The locations of
retrogradely labeled cells in temporal cortex, resultant from 100nl Fluoro-Gold injections into
anterior PFC injection sites Aa-Da (R17, R23, R24, R28). (iii) The locations of anterogradely
labeled axon terminals in temporal cortex, resultant from 100nl Fluoro-Ruby injections into
anterior PFC injection sites Aa-Da (R21, R23, R24, R32).

Organisation of input connections from temporal to anterior prefrontal cortex

Projections to anterior PFC from temporal cortex were seen in PRh, Ent and Te (Fig. 3.3ii,
Fig. 3.4). Retrogradely labelled cells from each each PFC injection site were distributed
across several cytoarchitecurally distinct regions. The distribution of retogradely labelled
cells in temporal cortex maintained a spatial order according to the corresponding (Fluoro-
Gold) PFC injection sites (PL, VO, VLO and DLO). Moving laterally in PFC from VO to
DLO, projections from VO were seen dorsally compared to those from VLO (Fig. 3.3ii).
There is an overlap between VO and VLO projections. Further, projections from DLO are
seen ventrally to projections from VLO (Fig. 3.3 ii), indicating an ordered arrangement in the
dorsal-ventral axis. A Factorial ANOVA revealed a significant main effect of anterior PFC
injection site location on the dorsal-ventral distance from the rhinal sulcus of retrogradely
labelled neuronal cells in temporal cortex (F(3,648)=8.009 p<0.001 r=0.11). Post hoc
comparisons (Tukey HSD) revealed significant differences between retrograde injection sites
into anterior Aa*Ca (p=0.006), Aa*Da (p<0.001) and VO*DLO (p=0.003). These results
show evidence for an ordered arrangement of input connections from temporal cortex to
anterior PFC (Fig. 3.5i).

Additionally, an ordered organisation can be seen in the anterior-posterior axis; projections
from VO are present more anterior to VLO and projections from VLO anterior compared to
DLO. There is an overlap in the anterior-posterior axis of projections from VO and VLO. A
Factorial ANOVA revealed a significant main effect of anterior PFC injection site location on
the anterior-posterior location of retrogradely labelled cells in temporal cortex
(F(3,648)=1008.089 p<0.001 r=0.78). Post hoc comparisons (Tukey HSD) revealed

significant differences between all of the four retrograde injection sites (p<0.001). These
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findings indicate an ordered arrangement of input connections from PFC to temporal cortex

in this axis of orientation (Fig. 3.5ii).

A Factorial ANOVA also revealed a significant main effect of anterior PFC injection site
location on the medial-lateral distance from the cortical surface of retrogradely labelled cells
in temporal cortex (F(3,648)=39.076 p<0.001 r=0.24). Post hoc comparisons (Tukey HSD)
revealed significant differences between retrograde injection sites Aa*Ba, Aa*Ca and Aa*Da
(p<0.001). This results show evidence for an ordered arrangement of input connections from

anterior PFC to temporal cortex in this axis of orientation (Fig. 3.5iii).

Figure 3.5. (i) Coronal section showing retrogradely labeled cells (blue) in temporal cortex
produced by injection of Fluoro-Gold (100nl) into VO (R24). (ii) Coronal section showing
retrogradely labeled cells (blue) in temporal cortex produced by injection of Fluoro-Gold into
DLO (R23). (iii) Retrogradely labeled cells (blue) in temporal cortex. (iv) Coronal section
showing anterogradely labeled axon terminals (red) in temporal cortex produced by injection
of Fluoro-Ruby (100nl) into DLO (R24). (v) Coronal section showing anterogradely labeled
axon terminals (red) in temporal cortex produced by injection of Fluoro-Ruby (100nl) into
VLO (R21). (vi) Anterograde labelling (red) in temporal cortex. Scale bars = 100um.
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Organisation of Output Connections from Anterior Prefrontal Cortex to

Temporal Cortex

Output projections from anterior PFC to temporal cortex were seen in PRh (36d, 36v, 35d)
and Ent. The distribution of anterogradely labelled axon terminals in temporal cortex
resultant from anterior PFC tracer injections is less widespread than the corresponding
retrograde labelling. The distributions of anterogradely labelled axon terminals in temporal
cortex maintain a spatial order in terms of the corresponding Fluoro-Ruby PFC injection site.
Moving laterally in PFC from VO to DLO, projections from VO are seen more ventral in
temporal cortex than projections from VLO, projections from DLO are seen more ventral to
projections from VLO (Fig. 3.3 iii.). However, a Factorial ANOVA revealed no significant
effect of anterior PFC injection site location on the dorsal-ventral distance from the rhinal
sulcus of anterogradely labelled axon terminals in temporal cortex (F(3,215)=2.053 p=0.107
r=0.10).

Similarly, in the anterior-posterior axis, output projections from VO are located posterior to
projections from VLO, projections from VLO are posterior to those from DLO. There is little
overlapping in the output projections from anterior PFC to temporal cortex. : A Factorial
ANOVA revealed a significant main effect of anterior PFC injection site location on the
anterior-posterior location of anterogradely labelled axon terminals in temporal cortex (F(3,
215)=99.042 p<0.001 r=0.56). Post hoc comparisons (Tukey HSD) revealed significant
differences between anterograde injection sites Aa*Ba, Aa*Ca, Ba*Ca, Ba*Da (p<0.001) and
Aa*Da (p=0.001). These findings indicate an ordered arrangement of output connections

from PFC to temporal cortex in this axis of orientation (Fig. 3.5ii).

A Factorial ANOVA also revealed a significant main effect of anterior PFC injection site
location on the medial-lateral distance from the cortical surface of anterogradely labelled
axon terminals in temporal cortex (F(3,215)=40.627 p<0.001 r=0.40). Post hoc comparisons
(Tukey HSD) revealed significant differences between anterograde injection sites Aa*Ba,
Aa*Da, Ba*Ca and Ca*Da (p<0.001). This results show evidence for an ordered arrangement
of output connections from anterior PFC to temporal cortex in this axis of orientation (Fig.
3.5ii).
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Figure 3.6. The mean effect of injection site in anterior PFC on the (i) dorsal-ventral, (ii)
anterior-posterior and (iii) medial-lateral location of retrogradely labelled cells (n=578
arising from 4 rats: PL=75, VO=102, VLO=334, DLO=67) and anterogradely labelled axon
terminals (n=220 arising from 4 rats: PL=47, VO=29, VLO=113, DLO=31) within temporal
cortex. Error bars = standard error. (iv) Coronal cross section of PFC showing the position of
4 injection sites; Prelimbic (Aa), Ventral orbital (Ba), Ventrolateral orbital (Ca) and
Dorsolateral orbital (Da). Coronal cross section of temporal cortex showing the three
dimensions in which the locations of labels were recorded.

This analysis shows evidence for an ordered organisation of connections between anterior
PFC and temporal cortex. As PFC injection sites move in the mediolateral direction (VO to
DLO; Ba to Da), the pattern of input projections moves in a dorsal-ventral direction across
temporal cortex, whilst simultaneously moving in an anterior-posterior direction. In addition,
there is a linear structural organisation in terms of the mediolateral direction. Similarly, an
organisational pattern of output projections can be observed, however this occurs in a
different direction to input projections. As anterograde injection sites move mediolaterally in

PFC from VO to DLO, the projections in temporal cortex move from posterior to anterior.
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A two factor ANOVA revealed no significant interaction effect of input and output
connections (F(3,789)=2.227 p=0.084). This indicates some similarity in the ordered
arrangement of input and output connections in this axis of orientation (Fig. 3.51).

A two factor ANOVA revealed a significant interaction effect of input and output
connections in the anterior-posterior axis (F(3,789)=505.379 p<0.001 r=0.390) and medial-
lateral axis (F(3,789)=95.321 p<0.001 r=0.107). These results show a clear difference in the
ordered arrangement of input and output connections in these axes of orientation, indicating
non-alignment (Fig. 3.5ii). No significant interaction between input and output connections
was seen in the dorsal-ventral axis (F(3,789)=2.227 p=0.084). This indicates some similarity
in the ordered arrangement of input and output connections in this axis of orientation (Fig.
3.51). It is evident from these results that the input and output connections from anterior PFC

to temporal cortex are not aligned with one another.

Central Prefrontal Cortex

The retrograde injection sites and labelling used in this part of the investigation uses the same
data as in earlier studies (Appendix B;R4, R5, R6, R7). Additional co-injections of Fluoro-
Gold and Fluoro-Ruby were made into the same central PFC co-ordinates as shown here to
eliminate the possibility of an effect of separate injections on the results (Appendix G).
Further central PFC injections of the anterograde tracer Fluoro-Emerald were made into the
same co-ordinates as shown here to assist in the confirmation of anterograde labelling from
Fluoro-Ruby (Appendix H).

Retrograde injections made into central PL, VO, VLO and DLO occurred in the intended
PFC regions (Fig. 3.7).The majority of retrograde injection sites spanned layers I-V1, covered
most of the cytoarchitectural region and were principally confined to cytoarchitectural
boundaries of PFC sub-regions. The retrograde injection made into VO covered both VO and
MO. There was some overlap between PL and VO injection sites and some spread into
infralimbic cortex (IL) (Fig.3.7iv). Anterograde injection sites were mostly confined to the
same region as counterpart retrograde injection sites, with anterograde injection sites

consistently showing a smaller area of spread and predominantly covering layers 111 — VI.
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Some minimal overlap can be seen between the anterograde injection into VO (R20) and the
retrograde injection into PL (R29), however the majority of the anterograde VO injection site

falls within the boundaries of the retrograde VO injection site.

R29

H R7
R19 i

R20

R5 | ; R6

Figure 3.7 (i) Coronal section of PFC (AP 4.2mm from Bregma) showing the
cytoarchitectural boundaries of the premlimbic (PL), infralimbic (IL), medial orbital (MO),
ventral orbital (VO), ventrolateral orbital (VLO) and dorsolateral orbital (DLO) cortices
(according to Van de Werd & Uylings, 2008), depicting sites of injections; prelimbic:A,
ventral orbital:B, ventrolateral orbital:C and dorsolateral orbital:D, with 1mm spread. (ii)
Coronal section of prefrontal cortex showing location and spread of (100nl) Fluoro-Gold
(blue) at injection site in VO. (iii) Coronal section of prefrontal cortex showing location and
spread of (100nl) Fluro-Ruby (red) at injection site in VLO. (iv) Representations of Fluoro-
Gold (100nl) (R4, R5, R6, R7 (solid line)) and Fluoro-Ruby (100nl) (R9, R19, R20, R29
(broken line)) injection sites in PL (R7, R29), VO (R6, R20), VLO (R4, R9) and DLO (RS5,
R19), in the right hemisphere. Scale bars = 100um.
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Anterograde labelling, resultant from Fluoro-Ruby injections into central PFC (PL, VO,
VLO, DLO) was seen in regions of temporal cortex similar to that which | previously
identified with BDA injections in the same region (Chapter 2). Anterograde labelling was
seen in areas of PRh, Ect and Ent. The locations of both input and output connections
observed in central PFC was similar to that seen in anterior PFC. Similar locations of
retrograde and anterograde labelling were seen as a result of co-injections of Fluoro-Gold and
Fluoro-Ruby (Appendix G) and anterograde labelling from injections of Fluoro-Emerald
(Appendix H).
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Figure 3.8. Diagram representing the injection sites of Fluoro-Gold and Fluoro-Ruby, and the
projection sites to temporal cortex for both retrograde (Fluoro-Gold) and anterograde
(Fluoro-Ruby) tracer injections. (i) The locations of injection sites A (PL: R7, R29), B
(VO:R6, R20), C (VLO:R4, R9) and D (DLO: R5, R19) in central PFC. (ii) The locations of
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retrogradely labeled cells in temporal cortex, resultant from 100nl Fluoro-Gold injections into
central PFC injection sites A-D (R4, R5, R6, R7). (iii) The locations of anterogradely labeled
axon terminals in temporal cortex, resultant from 100nl Fluoro-Ruby injections into central
PFC injection sites A-D (R9, R19, R20, R29).

Organisation of Input Connections to Central Prefrontal Cortex from Temporal

Cortex

Projections to central PFC from temporal cortex were seen in PRh, Ent and Te (Fig. 3.7.ii).
Labelled cells from each injection location were distributed across several
cytoarchitecturally distinct regions. The distribution of retrogradely labelled cells within
temporal cortex maintained a spatial order according to the corresponding Fluoro-Gold
injection sites. Moving laterally in PFC from VO to DLO: projections to VO (PRh, Te) were
seen dorsally to those from VLO. An overlap of VO and LO projections is present.
Projections to VLO are present only in PRh. Projections to DLO (PRh, Ent) are situated
ventrally to those from VLO. An overlap of projections to VLO and DLO was seen. In
addition, there was an ordered organisation present in the anterior-posterior axis. VO
projections were seen more anteriorly to VLO projections. DLO projections are more
posterior within perirhinal cortex to VLO projections. An overlap of projections to VO and
VLO as well as VLO and DLO is present on the anterior-posterior axis. These findings are

consistent with those described in Chapter 2.
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Figure 3.9. (i) Coronal section showing retrogradely labelled cells (blue) in temporal cortex
produced by injection of Fluoro-Gold (100nl) into VO (R6). (ii) Coronal section showing
retrogradely labelled cells (blue) in temporal cortex produced by injection of Fluoro-Gold
(100nl) into DLO (RS5). (iii) Retrogradely labelled cells in temporal cortex produced by
injection of Fluoro-Gold (100nl) into DLO (R5). (iv) Coronal section showing anterogradely
labelled axon terminals (red) in temporal cortex produced by injection of Fluoro-Ruby into
VO (R20). (v) Anterogradely labelled axon terminals in temporal cortex produced by
injection of Fluoro-Ruby into VLO (R9). (vi) Anterogradely labelled axon terminals in
temporal cortex produced by injection of Fluoro-Ruby into PL (R29). Arrows denote the
location of the rhinal sulcus. Scales bars = 100um

Organisation of Output Connections to Central Prefrontal Cortex from

Temporal Cortex

Output projections from central PFC to temporal cortex were seen in PRh (35d, 36v, 36d) and
Te. The distribution of anterogradely labelled axon terminals in temporal cortex maintained a
spatial order corresponding to Fluoro-Ruby central PFC injection sites (Fig. 3.7iii). As PFC
injection sites move from medial to lateral (VO to DLO) projections in temporal cortex move
from ventral to dorsal, whilst simultaneously moving from posterior to anterior. In addition,
an ordered organisation of projections can be seen in the medial-lateral axis, with projections
moving from medial to lateral as PFC injection sites move mediolaterally from VO to DLO.
VO projections are seen more ventral, posterior and medial to VLO, VLO projections are
seen more ventral, posterior and medial to DLO. Some overlap in VLO and DLO projections
can be seen in the anterior-posterior axis, as well as between VO and VLO, and between PL
and VO. The extent of the overlap is less than with equivalent retrograde labelling. The
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distribution of anterograde labelling in temporal cortex is consistently less than retrograde

labelling from the same central PFC injection sites (Fig. 3.8).

Statistical evidence for this ordered arrangement is consistent with that described in Chapter
2 and can be seen in detail in Appendix F. A Factorial ANOVA revealed a significant main
effect of central PFC injection location on the location of retrogradely labeled cells in
temporal cortex (in the dorsal-ventral axis (p<0.001), anterior-posterior axis (p<0.001) and
medial-lateral axis (p<0.001) and anterogradely labeled axon terminals in temporal cortex (in
the dorsal-ventral axis (p<0.001), anterior-posterior axis (p<0.001) and medial-lateral axis
(p<0.001) (Fig. 3.9). A two factor ANOVA also revealed evidence of differential ordering of
inputs and outputs in the anterior-posterior, dorsal-ventral and medial-lateral axes (p<0.001).
These results show clear evidence of ordering for both input and output connections from

prefrontal to temporal cortex, as well as clear non-alignment between inputs and outputs.
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Figure 3.10. The mean effect of central PFC injection site on the (i) dorsal-ventral, (ii)

anterior-posterior and (iii) medial-lateral location of retrogradely labelled cells (n=1412
arising from 4 rats: PL=253, VO=677, VLO=131, DLO=351) and anterogradely labelled
axon terminals (n=444 arising from 4 rats: PL=63, VO=144, VLO=97, DLO=140) within
temporal cortex. Error bars=standard error. (iv) Coronal crosss section of prefrontal cortex
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showing the position of 4 injection sites; prelimbic (A), ventral-orbital (B), ventrolateral
orbital (C) and dorsolateral orbital (D). Coronal cross section of temporal cortex showing the
three dimensions in which the locations of labels were recorded.

A statistical comparison between central PFC labelling seen here and that produced by BDA
and Fluoro-Gold injections (Chapter 2) revealed no significant difference (p=0.272),

indicating consistency in my findings of ordering and non-alignment (Appendix I).

Posterior Prefrontal Cortex

Retrograde injections made into posterior PL, VO, VLO and DLO (R11, R22, R26, R27)
occurred in the intended PFC regions. All retrograde injections covered the majority of the
intended PFC cytoarchitectural regions, covered layers I-VI and and were for the most part
separate from one another, minimal overlapping between injection sites was observed. The
injection into PL (R27) spread across layers 11-V1 and overlapped slightly with the injections
into VO and VLO. The injection into VO (R22) overlapped with the PL injection and spread
into the PL region, however the majority of injected tracer was seen within the intended
regions of VO and MO. The VLO injection site also spread beyond the intended region,
however the majority of injected tracer remained within the boundaries of VLO and covered
layers I-VI. The DLO injection site did not overlap with any other retrograde injection sites
and remained mostly within the cytoarchitectural region of DLO.

Anterograde injections made into posterior PL, VO, VLO and DLO (R25, R26, R27, R28)
occurred in the intended PFC regions. All anterograde injections remained within the
cytoarchitectural boundaries of PFC sub-regions. All of the anterograde injection sites
produced a smaller spread of tracer than the corresponding retrograde injection sites. All of
the anterograde injection sites were positioned mostly within the boundaries of the
corresponding retrograde injection sites. There was no overlapping between anterograde

posterior PFC injection sites.
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R28 R27

R26

R26

Figure 3.11 (i) Coronal section of PFC (AP 3.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), infralimbic (IL), ventral orbital (VO)
ventrolateral orbital (VLO) and dorsolateral orbital (DLO) cortices (according to Van de
Werd & Uylings, 2008), depicting sites of injections; Prelimbic: Ap, Ventral orbital: Bp,
Ventrolateral orbital: Cp and Dorsolateral orbital: Dp, with 1mm spread. (ii) Coronal section
of prefrontal cortex showing location and spread of (100nl) Fluoro-Gold (blue) at injection
site in PL (R27). (iii) Coronal section of prefrontal cortex showing location and spread of
(100nl) Fluoro-Ruby (red) at injection site in PL (R28). (iv) Representations of Fluoro-Ruby
(100nl) (R25, R26, R27, R28 (broken line) injection sites in PL (R28), VO (R26), VLO (R25)
and DLO (R27), in the right hemisphere. (v) Representations of Fluoro-Gold (100nl) (R11,
R22, R26, R27 (solid line)) injection sites in PL (R27), VO (R22), VLO (R11) and DLO
(R26), in the left hemisphere. Fluoro-Ruby injection sites were consistently within the
boundaries of corresponding Fluoro-Gold injection sites. There is minimal overlap between
Fluoro-Gold injection sites (R27 & R22). Scale bars = 100pm.
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Retrograde labelling, resultant from Fluoro-Gold injections into posterior PFC (PL, VO, VLO
and DLO) was found in regions of PRh, Ent, AuV, Cgl, M2, M1, S1J and prefrontal regions
(Fig.3.11i, ii. Fig. 6.12ii). Anterograde labelling resultant from Fluoro-Ruby injections into
posterior PFC (PL, VO, VLO and DLO) was found in regions of PRh, Ent, Cgl, M2 and M1,
as well as prefrontal regions (Fig. 3.11iii, iv. 3.12iii). In order to investigate the pathway
between posterior PFC and temporal cortex, the labelling within areas of Cgl, M1, M2 and

S1J was analysed.
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Figure 3.12. Diagram representing the injection sites of Fluoro-Gold and Fluoro-Ruby, and
the projection to temporal cortex for both retrograde (Fluoro-Gold) and anterograde (Fluoro-
Ruby) tracer injections. (i) The locations of injection sites Ap (PL:R27,R28), Bp
(VO:R22,R26), Cp (VLO:R11,R25) and Dp (DLO:R26,R27) in posterior PFC. (ii) The
locations of retrogradely labelled cells in temporal cortex, resultant from 100nl Fluoro-Gold
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injections into posterior PFC injection sites Ap-Dp (R11, R22, R26, R27). (iii) The locations
of anterogradely labelled axon terminals in temporal cortex, resultant from 100nl Fluoro-
Ruby injections into posterior PFC injection sites Ap-Dp (R25, R26, R27, R28).

Organisation of Input Connections to Posterior Prefrontal Cortex from Temporal

Cortex

Projections to posterior PFC from temporal cortex were seen in PRh and Te (Fig. 3.11ii)
Labelled cells from each injection location were distributed across several cytoarchitecturally
distinct regions of temporal cortex. The distribution of retrogradely labelled cells with
temporal cortex maintained a spatial order according to the corresponding Fluoro-Gold
posterior PFC injection sites. Moving from medial to lateral in posterior PFC from VO to
DLO, projections to VO were seen more posterior to projections to VLO, projections to VLO
were seen more posterior compared to projections to DLO. A Factorial ANOVA revealed a
significant main effect of posterior PFC injection site location on the anterior-posterior
location of retrogradely labelled cells in temporal cortex (F(3,265)=648.369 p<0.001 r=0.84).
Post hoc comparisons (Tukey HSD) revealed significant differences between all retrograde
injection sites (p<0.001). These results provide evidence for ordering of input connections

from posterior PFC to temporal cortex in this axis of orientation (Fig.3.13ii).

Additionally, VO projections could be seen dorsally to VLO projections and VLO projections
dorsally to DLO. An overlap in temporal cortex projections can be seen between VLO and
DLO. However, a Factorial ANOVA revealed no significant main effect of posterior PFC
injection site location on the dorsal-ventral distance from the rhinal sulcus of retrogradely
labelled cells in temporal cortex (F(3,265)=0.535 p=0.659), showing no significant evidence
for ordering of input or output connections from posterior PFC to temporal cortex in this axis
of orientation (Fig.3.13i).

A Factorial ANOVA also revealed a significant main effect of posterior PFC injection site
location on the medial-lateral distance from the cortical surface of retrogradely labelled cells
in temporal cortex (F(3, 265)=267.195 p<0.001 r=0.71). Post hoc comparisons (Tukey HSD)
revealed significant differences between retrograde injection sites Ap*Bp, Bp*Cp, Bp*Dp
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(p<0.001) and Cp*Dp (p=0.045). These results show evidence for clear ordering of input

connections in this axis of orientation (Fig. 3.13iii).

.
Figure 3.13. (i) Coronal section showing retrogradely labelled cells (blue) in temporal cortex
produced by injection of Fluoro-Gold (100nl) into posterior VO (R22). (ii) Retrogradely
labelled cells (blue) in PRh, resultant from injection of Fluoro-Gold (100nl) into posterior VO
(R22). (iii) Retrogradely labelled cells (blue) in PRh, resultant from injection nf Fluoro-Gold
into posterior PL (R27). (iv) Coronal section showing anterogradely labelled axon terminals
(red) in temporal cortex produced by injection of Fluoro-Ruby (100nl) in posterior VLO
(R25). (v) Anterogradely labelled axon terminals in PRh, resultant from injection of Fluoro-

Ruby (100nl) in posterior VLO (R25). (vi) Anterogradely labelled axon terminals in PRh,
resultant from injection of Fluoro-Ruby (100nl) in posterior DLO (R27). Scale bars = 100um.

Organisation of output connections from posterior prefrontal to temporal cortex

Projections from posterior PFC to temporal cortex were seen in PRh (Fig. 3.11iii). The

distribution of anterogradely labelled axon terminals maintained a spatial order according to
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Fluoro-Ruby posterior PFC injection sites. Moving from medial to lateral in posterior PFC
(VO to DLO), anterograde labels in temporal cortex move from posterior to anterior. A
Factorial ANOVA revealed a significant main effect of posterior PFC injection site location
on the anterior-posterior location of anterogradely labelled axon terminals in temporal cortex
(F(3,257)=59.249 p<0.001 r=0.43). Post hoc comparisons (Tukey HSD) revealed significant
differences between anterograde injection sites Ap*Bp, Ap*Cp, Ap*Dp, Bp*Cp and Bp*Dp
(p<0.001). These results provide evidence for ordering of output connections from posterior
PFC to temporal cortex in this axis of orientation (Fig.3.13ii).

No clear order of output connections from posterior PFC can be seen in the dorsal-ventral
axis. A Factorial ANOVA revealed no significant effect of posterior PFC injection site on the
dorsal-ventral distance from the rhinal sulcus of anterogradely labelled axon terminals in
temporal cortex (F(3,257)=0.717 p=0.543). Similarly, no clear ordering can be seen in the
medial-lateral axis. However, A Factorial ANOVA revealed a significant main effect of
posterior PFC injection site location on the medial-lateral distance from the cortical surface
of anterogradely labelled axon terminals in temporal cortex (F(3,257)=78.813 p<0.001
r=0.49). Post hoc comparisons (Tukey HSD) revealed significant differences between
anterograde injection sites Ap*Cp, Bp*Cp and Cp*Dp (p<0.001). These results show
evidence for clear ordering of output connections in this axis of orientation (Fig. 3.13iii).

This analysis provides evidence for an ordered organisation of connections between posterior
prefrontal and temporal cortex. As posterior PFC is moved from medial to lateral (VO to
DLO: Bp to Dp), the pattern of input projections moves in a posterior to anterior direction. At
the same time, the pattern of output projections also moves from posterior to anterior. The
resultant labelling of input and output connections from posterior PFC show that inputs and
outputs are aligned with one another. A two factor ANOVA revealed no significant
interaction effect of input and output connections in the dorsal-ventral (F(3,522)=0.921
p=0.430) axis. Significant interactions were observed in the anterior-posterior
(F(3,522)=49.350 p<0.001 r=0.086) and medial-lateral (F(3,522)=131.903 p<0.001 r=0.202)

axes. These findings provide evidence to suggest a difference in the organisation of input and
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Figure 3.14. The mean effect of posterior PFC injection site location on the (i) dorsal-ventral
(i) anterior-posterior and (iii) medial-lateral location of retrogradely labeled cells (n=269
arising from 4 rats: PL=114, VO=25, VLO=85, DLO=45) and anterogradely labeled axon
terminals (n=261 arising from 4 rats: PL=51, VO=36, VLO=113, DLO=61) within temporal
cortex. Error bars = standard error.(iv) Coronal cross section of PFC showing the posisition
of 4 injection sites; prelimbic (Ap), ventral orbital (Bp), ventrolateral orbital (Cp) and
dorsolateral orbital (Dp). Coronal cross section of temporal cortex showing the three
dimensions in which the locations of labels were recorded.

Organisation of Connections from Anterior to Posterior Prefrontal Cortex

A factorial ANOVA was applied to determine if there was an effect of the anterior-posterior
location of PFC injection sites on the location of retrograde and anterograde labels in
temporal cortex. The analysis revealed evidence for a gradient in terms of alignment of input
and output connections from PFC to temporal cortex.
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Statistical evidence for this alignment gradient came from the following analysis:

In the dorsal-ventral axis: A factorial ANOVA revealed a significant effect of the anterior-
posterior location of PFC injection site on the dorsal-ventral location of retrogradely labelled
cells (F2,2255=13.238 p<0.001 r=0.08) and anrterogradely labelled axon terminals in temporal
cortex (F(2,924)=3.381 p=0.034 ). Post hoc comparisons (Tukey HSD) revealed significant
differences between anterior and central retrograde PFC injection sites (p<0.001) as well as
central and posterior retrograde PFC injection sites (p=0.012). Post hoc comparisons (Tukey
HSD) revealed significant differences between anterior and central anterograde PFC injection
sites (p=0.035) and no significant difference between central and posterior anterograde PFC
injection sites (p=0.987). These findings show evidence for ordering of input and output

connections from anterior to posterior PFC.

In the anterior-posterior axis: A factorial ANOVA revealed a significant effect of the A-P
location of PFC injection site on the anterior-posterior location of retrogradely labelled cells
in temporal cortex (F(2255=31.354 p<0.001 r=0.12) and anterogradely labelled axon
terminals in temporal cortex (F(924=112.043 p<0.001 ). Post hoc comparisons (Tukey HSD)
revealed significant differences between anterior and central retrograde PFC injection sites as
well as central and posterior retrograde PFC injection sites (p<0.001). Post hoc comparisons
(Tukey HSD) revealed significant differences between anterior, central and posterior
anterograde PFC injection sites (p<0.001). These findings show evidence for ordering of

input and output connections from anterior to posterior PFC.

In the medial-lateral axis: A factorial ANOVA revealed a significant effect of the A-P
location of PFC injection site on the medial-lateral location of retrogradely labelled cells in
temporal cortex (F2255=42.146 p<0.001 r=0.14) and anterogradely labelled axon terminals
in temporal cortex (F(,924/=288.179 p<0.001). Post hoc comparisons (Tukey HSD) revealed
significant differences between anterior and central retrograde PFC injection sites (p=0.002)
as well as between central and posterior retrograde PFC injection sites (p<0.001). Post hoc
comparisons (Tukey HSD) revealed significant differences between anterior, central and
posterior anterograde PFC injection sites (p<0.001). These findings show evidence for

ordering of input and output connections from anterior to posterior PFC.
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These results show that an anterior-posterior change in the location of PFC injection sites
substantially changes the location of labelled targets in temporal cortex, indicating evidence

of ordered organisation occurring from anterior to posterior PFC (Fig. 3.14).
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Figure 3.15. Diagram representing the projections to temporal cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections, from anterior, central and
posterior PFC. Retrograde labelling in temporal cortex produced by Fluoro-Gold injections
into (i) anterior PFC. (ii) central PFC and (iii) posterior PFC. Anterograde labelling in
temporal cortex produced by Fluoro-Gold injections into (iv) central PFC and (vi)
Anterograde labelling in sensory-motor cortex produced by Fluoro-Gold injections into
posterior PFC.

Figure 3.15 shows a substantial change in the organisational pattern of both input and output
connections as the PFC source region (injection site) moves from anterior to posterior. Most
notably in the anterior-posterior and dorsal-ventral axes, the organisation of input and output
connections become considerably more aligned with one another in posterior PFC compared
to central and anterior PFC.

—retro

Anterior Middle Posterior

—antero
PFC injection site
Aa Ba Ca Da m A B C D iii Ap Bp Cp Dp
0 T T T ) 0 T T T ) 0 T T T )

distance of labelled cells
1 1
»w
1 1
B w
1 1
s w

Mean anterior-posterior

A B C D Ap Bp Cp Dp

-1

Mean dorsal-ventral distance of
labelled cells from rhinal sulcus
(mm)

o

o =
I T |
1
o o
v o Uk

W ra Ba ca pa Y™ A B ¢ b X Ap Bp Cp Dp

Mean medial-lateral

distance of labelled cells
from cortical surface(mm)

o B N W
Fg‘

o = N

O B N W

Figure 3.16. The mean effect of PFC injection site on the anterior-posterior, dorsal-ventral
and medial-lateral location of retrograde and anterograde labels in temporal cortex from (i, ii,
iii) anterior PFC injection sites, (iv, v, vi) central PFC injection sites and (vii, viii, iX)
posterior PFC injection sites (PL, VO, VLO and DLO).
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Alignment of input and output connections to temporal cortex from anterior —

posterior PFC

To clearly visualise the relationship between input and output connections to temporal cortex
across anterior — posterior PFC, the mean Euclidean distance (E) between retrograde and
anterograde labels from each injection site was calculated. Paired samples T-tests revealed a
significant difference in the distance between anterograde and retrograde labels in temporal
cortex from anterior PFC injections (t(3)=-3.154 p=0.05), compared to no significant
difference following posterior PFC injections (t(3)=-2.226 p=0.112). Fig. 3.15 shows that as
PFC injection sites become more posterior, the distance between retrograde and anterograde
labels becomes smaller, meaning that input and output connections become more aligned

with one another.
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Figure. 3.17. The effect of the anterior-posterior location of PFC injection site on the average
3 dimensional distance between anterograde and retrograde labelling produced by (100nl)
injections of Fluoro-Gold and Fluoro-Ruby into anterior, central and posterior PFC in
temporal cortex Error bars = standard error.
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Discussion

This study investigated connections to temporal cortex from the most anterior region of PFC
(4.7mm from Bregma) to the most posterior region of PFC (3.7mm from Bregma). The
findings support my earlier observations of an ordered arrangement of projections from PFC
to regions of temporal cortex (Chapter 2) and provides additional insights into the alignment
of PFC connections. The findings revealed a clear ordered arrangement of connections from
central PFC (Bregma 4.2mm) to temporal cortex, from both anterograde and retrograde
labelling, similar to that seen with Fluoro-Gold and BDA in my previous study and consistent
with the findings of Kondo & Witter (2014), Hoover & Vertes (2011) and Sesack (1989). The
results also revealed evidence of a similar ordered organisation of both input and output
connections occurring in the pathways between anterior PFC (Bregma 4.7mm) and temporal
cortex and posterior PFC (Bregma 3.7mm) to temporal cortex; where the ordering in
posterior PFC differs to that seen in anterior and central PFC. This provides evidence to
suggest differential organisational patterns within PFC. These findings have shown consistent
evidence for non-alignment in the input and output connections from PFC to temporal cortex.
In addition this study has shown evidence for changes in the degree of alignment in anterior
compared to posterior PFC, whereby anterior PFC is highly non-aligned and posterior PFC is
considerably aligned. This demonstrates an organisational gradient of connections, consistent
with reported functional organisational gradients observed in terms of abstraction (Christoff,
2009).

Anterior Prefrontal Cortex

Following administration of the anterograde tracer Fluoro-Ruby to the anterior PFC regions
PL, VO, VLO and DLO, labelling of axon terminals was found in areas of prefrontal cortex,

temporal cortex, motor cortex, cingulate cortex, piriform cortex and somatosensory cortex.

The retrograde labelling found in temporal cortex resultant from anterior PFC tracer
injections differed to that which was identified from central PFC injections, in that labelling

was more ventral and posterior than that produced from central PFC injections. The pattern of
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ordered organisation of input connections from temporal cortex to PFC was very similar in

anterior and central PFC.

My results show clear evidence of ordering of both input and output connections in the
anterior PFC — temporal cortex pathway in multiple orientations. There is strong evidence of
non-alignment of inputs and outputs, in that anterograde and retrograde labelling from the
same PFC injection sites are not found in the same locations. Despite the clear non-alignment,
there remains to be evidence of broad scale reciprocity of connections, similar to that

identified in the earlier experiments (Chapter 2).

Central Prefrontal Cortex

Injection of the retrograde tracer Fluoro-Gold and the anterograde tracer Fluoro-Ruby to
central PFC regions of PL, VO, VLO and DLO resulted in similar retrograde and anterograde
labelling to that described in Chapter 2. Retrograde labelling was seen more widespread in
temporal cortex (and elsewhere in the cortex) than anterograde counterparts. Large amounts
of retrograde and anterograde labelling from the same PFC injection site was found in
different regions of temporal cortex. The findings from this study show the same ordered
organisation of input and output connections described for anterior PFC, however my
analysis shows a significant increase in alignment between inputs and outputs from anterior

to central PFC (although they remain non-aligned).

There was some co-labelling of cells with Fluoro-Gold and Fluoro-ruby observed (<50%)
from co-injection sites, indicating some possible retrograde labelling from Fluoro-Ruby (for
details see Appendix E), however the majority of Fluoro-Ruby labelling was considered

anterograde and separate from equivalent retrograde labelling.

The resultant labelling in temporal cortex from central PFC tracer injections shows clear
evidence for ordered arrangements of both input and output connections, with differential
ordering of inputs and outputs. This is most prominent in the anterior-posterior axis, where
moving mediolaterally in PFC (from VO to DLO) retrograde labelling in temporal cortex

becomes more posterior, whereas anterograde labelling becomes more anterior. This finding
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of non-alignment has been replicated with three different anterograde tracers and has been

found using both separate and co-injections.

Posterior Prefrontal Cortex

Following administration of the anterograde tracer Fluoro-Ruby to the posterior PFC regions
PL, VO, VLO and DLO, labelling of axon terminals was found in areas of prefrontal cortex,
temporal cortex, motor cortex, cingulate cortex, piriform cortex and somatosensory cortex.
Anterograde labelling resultant from posterior PFC injections was seen in more posterior and
dorsal regions of temporal cortex than the anterograde labelling produced by central PFC
injections. The ordering of output connections from posterior PFC differed to the ordering
seen in anterior and central PFC, this is clearest in the anterior-posterior axis where output
connections follow an opposing order to those from anterior and central PFC; moving
mediolaterally in PFC (from VO to DLO), output connections from posterior PFC become
more anterior, whereas the output connections from anterior and central PFC become more
posterior. The output projections from posterior PFC to temporal cortex follow the same
ordered arrangement as the input projections. As well as following the same order, the input

and output connections from posterior PFC to temporal cortex are aligned with one another.

The retrograde labelling produced from posterior PFC injections was seen in more posterior
and ventral regions of temporal cortex to that identified in central PFC. The ordering of input
connections to posterior PFC differed to the order observed from anterior and central PFC,
specifically in the anterior-posterior and dorsal-ventral axes where the ordering was opposite
to that seen in anterior and central PFC. The retrograde labelling resultant from injections
into posterior PFC was consistently found to be more widespread than that produced by
anterior and central PFC injection sites, indicating less specificity of the connections from
this region of PFC.
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Alignment of Input and Output Connections Across Prefrontal Cortex, from

Anterior to Posterior

The findings presented here clearly show that as PFC connections become more anterior, the
inputs and outputs become less aligned with one another. The distance between labelled input
and output connections from the same PFC injection site becomes greater moving from
posterior to anterior PFC, across three axes of orientation simultaneously. It was also
observed that connections become more widespread in temporal cortex as injection sites in
PFC become more posterior. This is the case for both anterograde and retrograde
connections. Such a change in the convergence/divergence pattern of connections indicates a
change in the specificity of connections to temporal cortex from anterior compared to
posterior PFC. The differential organisation of anterior PFC compared to more posterior
regions, and other cortical regions, is consistent with the conclusions of Ranmani & Owen
(2004) that anterior PFC holds a specific purpose in the complex integration of multiple

cognitive operations, different to that of other prefrontal regions.

Together these findings show that alignment of PFC connections to temporal cortex follows a
gradient from anterior to posterior. The observed change in the ordering connections along
the A-P axis of PFC (anterior - central - posterior) implies that there may be two
functional maps between PFC and temporal cortex. These findings provide evidence to
support claims of differential functional organisation from anterior to posterior PFC, in terms
of an organisational gradient (Taren et al, 2011) and observations of differences in the level
of abstraction between anterior and posterior PFC (Christoff, 2009). Christoff (2009)
proposed increased abstract processing in anterior PFC, the findings reported here imply that
increased abstract and complex processing is associated with a different ordered arrangement
of connections to that required by less abstract PFC regions. This means that anterior regions
of PFC function differently compared to more posterior regions. Based on these observations,
it is reasonable to suggest that the increased abstract processing associated with anterior
regions of PFC requires anatomical connections to be non-aligned in terms of inputs and

outputs.
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Chapter 4.

The Fine Scale Organisation of Prefrontal Cortex — Temporal

Cortex Connections

There is evidence for ordered connections between prefrontal cortex (PFC) and temporal
cortex. Chapters 2 and 3 identified clear ordered arrangements of both input and output
connections and have established there is differential ordering between inputs and outputs,
most prominently in anterior and central regions of PFC. These findings of ordering are
consistent with those described by Hoover & Vertes (2011), in that there are ordered
connections from prefrontal regions to PRh. Similar ordered connections have also been
described by Kondo & Witter (2014). There is evidence of differential ordering in cortical
connections (Flaherty & Graybiel,1994) similar to that identified by my studies, however

this is not a property which has been explored in great detail.

In order to gain a clear understanding of prefrontal organisation, it is necessary to establish
an understanding of the organisation of connections on a fine scale. The findings from earlier
studies (Chapter 2 and 3) provided an important basis from which to expand the experiments
and investigate the organisation of prefrontal — temporal cortex connections at a greater
resolution, revealing the fine scale topographic organisation of connections in comparison to

the topological organisation which has been explored so far.

Conde et al (1995) described ordered connections from regions within medial PFC to areas of
temporal cortex. This fine scale study investigated multiple PFC injection sites within a
single cytoarchitectural region, providing a description of ordering which is overlooked on a
larger scale. For instance, the findings from Chapter 2 and 3 show ordering from VO to DLO,
resulting in the medial area of PFC (PL, IL, MO) being excluded from the observed pattern.
Only finer scale analysis, such as that carried out by Conde et al (1995) can reveal the smaller
organisational properties underlying the largescale arrangement already identified. Similar
studies investigating only lateral PFC (VO, LO) have identified ordering within specific
regions (Hoover & Vertes, 2011).
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This study sought to address whether these relationships could be seen at a finer scale and in
the same pathway. By using smaller injection volumes of tracers (20nl Fluoro-Ruby, 30nl
Fluoro-Gold) it was possible to establish that there is a more detailed ordering of both input
and output connections and that the ordering seen usually reflects that observed at a broader
level. In addition, the findings established that the alignment of the connections is unaligned,
again in agreement with the earlier work. Following the initial findings of an ordered
arrangement within broad scale PFC projections, the investigation was continued using
smaller volumes of tracer (retrograde: Fluoro-Gold and anterograde: Fluoro-Ruby). These
smaller injections were positioned along the same medial-lateral line in central PFC as the
previous 100nl injections (Chapters 2 and 3). Use of the anterograde tracer Fluoro-Ruby
rather than the previously used BDA allowed for fine scale visualisation, which would
otherwise not have been possible. This is due to its increased sensitivity and ability to be

easily visualised with fluorescence.

Aims

This study determined if the organisational pattern identified on a broad scale is present when
examined in finer detail, and if the properties of the underlying fine scale organisation of
connections differed. This study sought to establish if the non-alignment in the order of
arrangement between input and output connections which had been observed at 100nl
injection volumes was repeated at a finer scale, or whether the underlying fine scale
connectivity pattern differs to that seen at a broad level revealing a more reciprocal

organisation typical of complex brain regions.

Methodology

Animals and Surgical Procedures

Data was collected from eleven male CD rats, weighing 302-371g (Charles River, UK).
Animal procedures were carried out in accordance with the UK Animals scientific procedures
act (1986), EU directive 2010/63 and were approved by the Nottingham Trent University
Animal Welfare and Ethical review body. Details of animals and surgical procedures can be

seen in Chapter 2.
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Injections of anterograde (20nl 10% Fluoro-Ruby in distilled water, Fluorochrome, Denver,
Colorado) and retrograde tracer (30nl 4% Fluoro-Gold in distilled water, Fluorochrome,
Denver, Colorado) were made into the prelimbic (PL), ventral orbital (VO), ventrolateral
orbital (VLO) or dorsolateral orbital cortex (DLO), with the intention of revealing the fine
scale anatomical connections of PFC (Fig.4.1). The distance between craniotomy co-
ordinates (0.5mm) and optimum volume for visualisation of each tracer (Fluoro-Gold:30nl,
Fluoro-Ruby:20nl) was based on the measured spread of tracers in preliminary studies
(Appendix J). A smaller volume of tracer injection, allowing for a smaller distance between
injection sites, allowed for the investigation of connections with PFC cytoarchitectural
regions as well as between them. Each rat received an injection of retrograde tracer into one
hemisphere and an injection of anterograde tracer into the other hemisphere to allow accurate
identification of the tracers injected. All Fluoro-Gold injections were made in the left
hemisphere in this experiment, and Fluoro-Ruby injections made into the right hemisphere.
Equivalent Fluoro-Gold injections made into the right hemisphere were used to verify
whether the location and ordering of projections differed on either side of the brain
(Appendix C). No difference was found.

Figure 4.1. Coronal section of PFC (A-P 3.7mm from Bregma) showing the cytoarchitectural
boundaries of PFC sub-regions according to Van de Werd & Uylings (2008), depicting sites
of tracer injections; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F) and
DLO (G), with 0.5mm separation.

Anatomical Processing, Imaging and Microscopic Analysis

For the analysis of both anterograde and retrograde connections, two series of 40pum coronal

sections were taken (2 in 6 sections) on a freezing microtome (CM 1900, Leica, Germany).

98



Sections were mounted onto gelatin coated slides. One series of sections was cover slipped
with Vectashield® (Vector laboratories) mounting medium (with DAPI), for fluorescent
imaging of Fluoro-Ruby injection sites and labeled projections. The second series was cover
slipped with Vectashield® (Vector laboratories) mounting medium (with propidium iodide)
for fluorescent imaging of Fluoro-Gold injection sites and labeled projections. Sections were
examined using fluorescent microscopy. Fluorescent photos were captured of injection sites,
retrogradely labeled cells (Fluoro-Gold) and anterogradley labeled axon terminals (Fluoro-
Ruby) using an Olympus DP-11 system microscope with a x4, x10 and x20 objective lens.

Statistical Analysis of the Fine Scale Connections Between Prefrontal and

Temporal Cortex

A statistical analysis was implemented similar to that used in my previous studies (see
Chapter 2). The three dimensional location of each retrogradely labeled cell (Fluoro-Gold) or
anterogradely labeled axon terminal (Fluoro-Ruby) was determined. ImageJ (Wayne
Rasband, NIH) was used to measure the distance of each label from the rhinal sulcus in the
dorsal-ventral and medial-lateral axes. The anterior-posterior location of each retrogradely
labelled cell was also recorded, in terms of distance (mm) from Bregma (according to
Paxinos and Watson, 1998).

Labelled cells were grouped according to injection site location. The resultant data was
analysed in SPSS by way of a factorial ANOVA, in order to establish the existence of an
effect of injection site location on positioning of labeled cells in temporal cortex (in dorsal-
ventral, anterior-posterior and medial-lateral axes). The relationship between anterograde and

retrograde labelling was determined from a two factor ANOVA.

A statistical comparison of the results obtained here from injections of small tracer volumes
and the results obtained earlier from larger tracer injections enabled confirmation that the
observations made were reliable representations of the underlying fine scale structure of the
same ordered organisation identified in Chapter 2. By calculating the Euclidean distance
between anterograde and retrograde labels from large and small tracer volumes it was

possible to produce a valid comparison between the two datasets. A t-test was applied to
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determine if there was any significant difference in the broad scale organisation produced

from the two experiments.

By constructing a connectivity matrix, in which an anterograde and retrograde injection site
were connected to one another if they produced labelling in the same region of temporal
cortex, it was possible to investigate the connectional organisation of PFC to temporal cortex

projections further.

Results

Injection sites from PFC injections of (30nl) Fluoro-Gold were positioned in the intended
regions. Retrograde injection sites spanned layers Il - VI. There was some minimal overlap
between retrograde injection sites; there was overlapping between injections into PL, IL, MO
and VO (A & B, B&C, B&D), there was also a small overlap of the spread of tracer at
injection sites into LO and DLO; (F&G). The majority of the spread of tracer at retrograde
injection sites was confined to the intended cytoarchitectural region and the seven injection

sites were evenly spaced from one another.

Fluoro-Ruby injection sites were found in the intended regions of PFC. The spread of Fluoro-
Ruby at 20nl injection sites was comparably smaller than equivalent Fluoro-Gold injection
sites, due to the smaller injection volume as well as the consistent smaller spread of Fluoro-
Ruby (identified in Chapter 3). Fluoro-Ruby injection sites were predominantly confined to
the intended cytoarchitectural regions of PFC and were found to be mostly within the borders
of the equivalent 30nl Fluoro-Gold injection sites. There is some overlap between injection
sites into LO and DLO (F&G). The Fluoro-Ruby injection sites spanned layers Il1-VI and

were found to be equally spaced from one another.
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Figure 4.2. (i) Coronal section of PFC (AP 4.2mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), infralimbic (IL), medial orbital (MO),
ventral orbital (VO), ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital
(DLO) cortices (according to Van de Werd & Uylings, 2008), depicting almagamated sites of
Fluoro-Gold and Fluoro-Ruby injections; Prelimbic: A & B, Infralimbic/Medial orbital: C,
Ventral orbital/Ventrolateral orbital: D, Ventrolateral orbital/Lateral orbital: E, Lateral
orbital/Dorsolateral orbital: F and Dorsolateral orbital: G, with 0.5mm spread. (ii) Coronal
section of PFC showing location and spread of (20nl) Fluoro-Ruby at injection site in
VLO/LO (R11). (iii) Coronal section of PFC showing location and spread of (30nl) Fluoro-
Gold at injection site in PL (R21). (iv) Representations of Fluoro-Ruby (20nl) (R13, R17,
R16, R15, R11, R12, R8 (broken line)) injection sites in PL (R13, R17), IL/MO (R16),
VO/VLO (R15), VLO/LO (R11), LO/DLO (R12) and DLO (RS8) in the right hemisphere. (v)
Representations of Fluoro-Gold (30nl) (R13, R21, R19, R20, R16, R12, R9 (solid line))
injection sites in PL (R13, R21), IL/MO (R19) VO/VLO (R20), VLO/LO (R16), LO/DLO
(R12) and DLO (R9) in the left hemisphere. Fluoro-Ruby injection sites were predominantly
within the boundaries of Fluoro-Gold injection sites. There is some overlap between
retrograde injection sites into PL, IL and VO (R13 & R21, R21 & R19, R21 & R20). There is
minimal overlap between anterograde injection sites into DLO (R8 & R12). Scale bars =
100pm.
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Retrograde labelling, resultant from Fluoro-Gold injections into PFC (PL, IL, MO VO, VLO,
LO and DLO) was found in regions of PRh, Ent, Te, AuV, Cgl, M2, M1, S1J and prefrontal
regions (Fig.4.4ii). Anterograde labelling resultant from Fluoro-Ruby injections into PFC
(PL, IL, MO VO, VLO, LO and DLO) was found in regions of PRh, Ent, Cgl, M2 and M1,
as well as prefrontal regions (Fig.4.4iii). In order to further investigate the pathway between
PFC and temporal cortex in fine detail, which had already been identified in Chapter 2, the

labelling within areas of PRh, Ent and Te was analysed.

Figure 4.3 (i) Coronal section showing retrogradely labelled cells (blue) in temporal cortex
produced by injection of Fluoro-Gold (30nl) into PL (B: R21). (ii) Coronal section showing
retrogradely labelled cells (blue) in temporal cortex produced by injection of Fluoro-Gold
(30nl) into DLO (F: R12). (iii) Retrogradely labelled cells in temporal cortex (blue) produced
by injection of Fluoro-Gold (30nl) into DLO (F: R12). (iv) Coronal section showing
anterogradely labelled axon terminals (red) in temporal cortex produced by injection of
Fluoro-Ruby (20nl) into PL (B: R17). (v) Coronal section showing anterogradely labelled
axon terminals (red) in temporal cortex produced by injection of Fluoro-Ruby (20nl) into
DLO (G: R8). (vi) Anterogradely labelled axon terminals (red) in temporal cortex produced
by injection of Fluoro-Ruby (20nl) into IL/MO (C: R16). Arrows denote the location of the
rhinal sulcus. Scales bars = 100pm.
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Organisation of Input Connections from Prefrontal Cortex to Temporal Cortex

Projections to PFC from temporal cortex were seen in PRh, Ent and Te (Fig.4.3, Fig.4.4). All
temporal cortex areas were defined according to (Burwell, 2001). The distribution of
retrogradely labelled cells is seen across several cytoarchitectural regions within temporal
cortex (Fig.4.3i, ii, Fig.4.4ii) and maintains a spatial order in accordance with the
corresponding Fluoro-Gold injection sites in PFC (PL, IL, MO, VO, VLO, LO and DLO).
Moving from medial to lateral in PFC from PL to VLO/LO, projections to IL/MO (injection
site C) were seen dorsally to those from PL (injection site B) (Fig.4.4ii). This dorsal-ventral
ordering continues laterally across PFC; projections to VO/VLO (injection site D) are seen
dorsally to those to IL/MO (injection site C) and projections to VLO/LO (injection site E) are
seen dorsally to projections to VO/VLO (injection site D). An additional order of input
connections can be seen in the anterior-posterior axis; labelling from lateral PFC injection
sites (VO to DLO) is seen in more posterior regions of temporal cortex compared to medial
PFC injection sites (PL — VO) (Fig.4.4ii). Clear anterior — posterior ordering can been seen
from injection sites B — G (PL — DLO). Fluoro-Gold labelling was seen in the same
cytoarchitectural regions as Fluoro-Gold labelling from the previous 100nl injections
(Chapter 2, Appendix B).
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Figure 4.4. Diagram representing the amalgamated injection sites of Fluoro-Gold and
Fluoro-Ruby, and the projection sites to temporal cortex for both retrograde (Fluoro-Gold)
and anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites A (PL:
R13), B (PL: R17, R21), C (IL/MO: R16, R19), D (VO/VLO: R15, R20), E (VLO/LO: R11,
R16), F( LO/DLO: R12) and G (DLO: R8, R9) and the location of labelling in temporal
cortex. (ii) The locations of retrogradely labelled cells in temporal cortex, resultant from 30nl
Fluoro-Gold injections into PFC injection sites A-G (R13, R21, R19, R20, R16, R12, R9).
(iii) The locations of anterogradely labelled axon terminals in temporal cortex resultant from
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20nl Fluoro-Ruby injections into PFC injection sites A-D (R13, R17, R16, R15, R11, R12,
R8).

Organisation of Output Connections from Prefrontal Cortex to Temporal Cortex

Projections from PFC to temporal cortex were seen in PRh (areas 35 and 36), Te and Ent
(Fig.4.4, Fig. 4.4iii). The distribution of anterogradely labelled cells within temporal cortex
maintained an overall spatial order in accordance with their corresponding Fluoro-Ruby
injection sites in PFC (Fig.4.4iii). In comparison to a relatively large number of cells labelled
by Fluoro-Gold injections, Fluoro-Ruby injections into the same PFC sites produced
anterograde labelling in PFC of a small number of cells, showing a high degree of
convergence (Fig.4.4iv, v, VI, Fig.4.4iii). Moving laterally in PFC from PL to VO/VLO,
projections from PL were seen more ventral in temporal cortex than projections from IL/MO,
projections from IL/MO were seen more ventral to VO/VLO. Similarly, ordering can be seen
in the anterior-posterior axis. Output projections from PL were seen anterior to IL/MO,
IL/MO are anterior to VO/VLO (Fig. 4.4iii.).

Statistical evidence for this ordered arrangement came from the following analysis.

For the dorsal-ventral axis: A factorial ANOVA revealed a significant main effect of
injection site on the dorsal-ventral location of retrogradely labelled cells (F,1115=16.159
p<0.001 r=0.120). Post hoc comparisons (Tukey HSD) revealed significant differences
between retrograde injection sites A*B, A*C, A*F, A*G, B*D, B*E, B*G, C*E (p<0.001),
B*F (p=0.002), C*D (p=0.001),E*F (p=0.014) and E*G (p=0.029). A factorial ANOVA
revealed a significant effect of injection site on the dorsal-ventral location of anterogradely
labelled axon terminals (Fs,166=0.855 p<0.001 r=0.072). Post hoc comparisons (Tukey HSD)
between the seven groups indicated significant differences between anterograde injection
sites A*D (p<0.001), A*G (p=0.005), B*D (p=0.009), B*G (p=0.047), D*E (p<0.001), D*F
(p=0.003), E*G (p=0.003) and G*F (p=0.017). This indicates a broad ordered arrangement of
both input and output connections from PFC to temporal cortex (Fig. 4.5i). The two factor
ANOVA revealed a significant interaction effect between input and output connections
(F(5,1275=5.831 p<0.001 r=0.067). These results indicate evidence of ordering, which is

different for inputs and outputs.
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For the anterior-posterior axis: A factorial ANOVA revealed a significant main effect of
injection site on the anterior-posterior location of retrogradely labelled cells
(F(6,1115=1196.266 p<0.001 r=0.720). Post hoc comparisons (Tukey HSD) revealed
significant differences between retrograde injection sites A*B, A*C, A*E, A*F, A*G, B*D,
B*E, B*E, B*F, B*G, C*D, C*E, C*F, C*G, D*E, D*F, D*G, E*F, E*G and F*G
(p<0.001). A factorial ANOVA revealed a significant effect of injection site on the anterior-
posterior location of anterogradely labelled axon terminals (F 160=2.953 p<0.001 r=0.135).
Post hoc comparisons (Tukey HSD) between the seven groups indicated significant
differences between A*B, A*C, A*D, A*E, A*F, A*G, B*D, C*D C*E, D*F, E*G
(p<0.001), B*E (p=0.001) and E*F (p=0.033). This indicates an overall ordered arrangement,
specifically of the central most PFC region (Fig.4.5ii). This indicates a clear ordered
arrangement of input and output connections. The two factor ANOVA revealed a significant
interaction effect between input and output connections (F s 1275=117.087 p<0.001 r=0.290).
These results show evidence of differential ordering for input and output connections that are

not entirely opposing.

For the medial-lateral axis: A factorial ANOVA revealed a significant main effect of
injection site on the medial-lateral location of retrogradely labelled cells (F 1115=2678.276
p<0.001 r=0.840). Post hoc comparisons (Tukey HSD) revealed significant differences
between retrograde injection sites A*B, A*C, A*D, A*E, A*G, B*C, B*D, B*E, B*F, B*G,
C*F, C*G, D*F, D*G, E*F, E*G and F*G (p<0.001). A factorial ANOVA revealed a
significant effect of injection site on the medial-lateral location of anterogradely labelled
axon terminals (F 160=6.900 p<0.001 r=0.203). Post hoc comparisons (Tukey HSD)
between the seven groups indicated significant differences between anterograde injection
sites B*C (p<0.001), C*E (p<0.001) and C*F (p<0.001). This indicates an ordered
arrangement of connections in the medial-lateral axis, specifically within central areas of PFC
(Fig.4.5iii). This indicates a broad ordered arrangement. The two factor ANOVA revealed a
significant interaction effect between input and output connections (F s 1275=243.455 p<0.001

r=0.400). These results show evidence for differential ordering of inputs and outputs.
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Figure 4.5. The mean effect of PFC injection site on the (i) dorsal-ventral, (ii) anterior-
posterior and (iii) medial-lateral location of retrogradely labeled cells (n=1122 arising from 7
rats:  A(PL:R13)=59, B(PL:R21)=184, C(IL/MO:R19)=360, D(VO/VLO:R20)=92,
E(VLO/LO:R16)=39, F(LO/DLO:R12)=194, G(DLO:R9)=194) and anterogradely labeled
axon terminals (n=167 arising from 7 rats: A(PL:R13)=27, B(PL:R17)=24,
C(IL/MO:R16)=19, D(VO/VLO:R15)=21, E(VLO/LO:R11)=45 F(LO/DLO:R12)=19,
G(DLO:R8)=12) within temporal cortex. Error bars = standard error. (iv) Coronal cross
section of PFC showing the position of 7 injection sites; PL (A, B), IL/MO (C), VO/VLO
(D), VLO/LO (E), LO/DLO (F) and DLO (G). Coronal cross section of temporal cortex
showing the three dimensions in which the locations of labels were recorded.

This analysis shows evidence for fine scale ordered organisation of connections between PFC
and temporal cortex. As PFC injection sites move from medial to lateral (PL to VLO/LO; B
to E), the pattern of input projections moves in a dorsal-ventral direction across temporal
cortex, whilst simultaneously moving from anterior to posterior (from PL to DLO; Bto G). A

similar organisation of output projections can be observed, as anterograde injection sites

107



move mediolaterally from PL to VO/VLO (A to D), the pattern of projections becomes more
dorsal and posterior in temporal cortex. It is evident from these findings that input and output
connections do not show exactly the same ordering, but do show similar organisational
properties. Both inputs and outputs show evidence of ordering from the same regions of PFC
to the same regions of temporal cortex, however they do not follow the same patterns of

organisation.

A direct comparison of broad and fine scale connectivity patterns, using a comparison of

Euclidean distances between corresponding retrogradely and anterogradely labelled cells

(E = (DVr) —(DVa))? + ((APr) — (APa))? + ({(MLr) — (MLa))?),

indicates similar orders of organisation in regards to the relationship between input and
output connections; a paired samples T-test indicated no significant difference between the
organisational pattern found from 100nl injections and 20-30nl injections (t(2)=-0.310,
p=0.786). This shows that although PFC — temporal cortex connections are ordered on a

broad scale, the underlying fine scale organisation is not so clearly defined.

Discussion

Fine Scale Connections of the Prefrontal Cortex — Temporal Cortex Pathway

Despite an overall similar appearance to the ordered pattern of connectivity we see at a broad
scale compared to fine scale, the more detailed visualisation and analysis of organisation at a
finer scale has revealed properties within the organisation of PFC connections which could
not be seen with larger injection volumes. In addition to differential ordering, these findings
have shown that inputs and outputs did not move in opposing directions as it may appear at a
larger scale, but that the relationship between connections is more complex. It should be
noted that the previous analysis (Chapter 3 & Appendix F) showed Fluoro-Ruby to be
approximately 70% anterograde (30% retrograde). The bidirectional properties of Fluoro-

Ruby should be taken into account when interpreting these findings.

These findings have demonstrated that when analysed in greater detail the interaction

between input and output connections is more complex than the ordering that can be seen on
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a larger scale. At this finer scale it becomes clearer that changes in the arrangement of
connections differ to varying degrees in labelling produced by Fluoro-Gold and Fluoro-Ruby,

I.e. retrograde connections change at a greater rate.

Input Connections to Prefrontal Cortex from Temporal Cortex

Following the administration of the retrograde tracer Fluoro-Gold to the prefrontal cortical
areas PL (A: R13, B:R21), IL/MO (C: R19) VO/VLO (D: R20), VLO/LO (E: R16) ,
LO/DLO (F:R12) and DLO (G:R9), labelling of neuronal cell bodies was found in temporal
cortex, sensory-motor cortex, cingulate cortex, somatosensory cortex and piriform cortex.
The labelling found in areas of temporal cortex (PRh, Ent, Te) was amongst the most
prominent. This is consistent with the findings from larger tracer injection volumes (Chapter
2 & 3) and with labelling reported in previous studies (Hoover and Vertes, 2011; Sesack,
1989). Evidence was found for fine scale ordering of input connections from temporal cortex
to PFC. This ordering is most clear in the anterior-posterior axis; moving from medial to
lateral in PFC from VO to DLO (injection site C to G), retrograde labelling in temporal
cortex becomes more posterior. Injection sites into PL and IL do not follow the same
organisation. These findings are consistent with the previous studies (Chapter 2 and 3). There
is also evidence of ordering in the dorsal-ventral axis, however this is not as clear as it
appears at a lower resolution (from larger injections). Moving mediolaterally in PFC, the
location of retrograde labels in temporal cortex become more dorsal, however this is only
apparent between PL and VLO (injection site B — E), the ordering appears to change direction

when injection sites reach DLO.

Output Connections from Prefrontal Cortex to Temporal Cortex

Following administration of the anterograde tracer Fluoro-Ruby to the prefrontal cortical
regions PL (A:R13, B:R17), IL/MO(C:R16), VO/VLO (D:15), VLO/LO (E:R11), LO/DLO
(F:R12) and DLO (G:R8), anterograde labelling was found (Fluoro-Ruby) in several cortical
regions. The projections arising from regions of temporal cortex (PRh, Ent, Te) were amongst
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the most prominent and consistent with the findings from larger injection volumes (Chapter
2, Chapter 3 and Appendix B).

Organisation and Alignment of Fine Scale Connections Between Prefrontal

Cortex and Temporal Cortex

The findings of this study indicate a clear ordered arrangement of fine scale PFC-temporal
cortex connections. When considered as an overall pattern, this is consistent with the
previous findings of broad scale organisation, and the previously identified evidence of
ordering and differential labelling from PL and IL (Sesack, 1989; Vertes, 2004), ordering
from MO, VO and LO (Kondo & Witter, 2014) and ordered connections from areas of lateral
PFC to perirhinal cortex and area Te (Hoover and Vertes, 2011). Hoover & Vertes (2011)
described a dorsal to ventral ordering in temporal cortex resultant from a lateral to medial
change in retrograde PFC injections (VO to MO). The findings show a similar ordering
between VO and MO; retrograde labelling from injection C (IL/MO) is seen ventrally in
temporal cortex to retrograde labelling from injection D (VO/VLO). The findings show that
this dorsal-ventral organisation expands into PL and LO (Fig. 4.5i). A similar ordering can be
seen in the output connections from PL to LO, moving from medial to lateral in PFC (from
PL (injection site B) to VLO/LO (injection site E), anterograde labelling in temporal cortex
becomes more dorsal. This observation shows that as well as showing clear evidence of
differential ordering, the inputs and outputs from PFC to temporal cortex also show instances

of similar fine scale organisation.

When viewed at this fine scale, the ordered arrangement continues to show evidence for
differential ordering in the input and output connections; anterograde labelling is consistently
found in different regions of temporal cortex to the retrograde labelling from equivalent
injection sites in PFC. For example, anterograde labelling from the injection into VLO
(injection D) is seen in areas 35d and 35v, whereas the retrograde labelling from the same
injection site is seen in areas 36d and 36v. There does remain to be a broad sense of
reciprocity, in that anterograde and retrograde labels are found in the same general
cytoarchitectural regions. For instance, both anterograde and retrograde labels from the

injections into DLO; (injection F) are found in PRh. When interpreting the reciprocity of
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connections it should be considered that some labelling from Fluoro-Ruby injections (30%) is
retrograde, therefore some of the reciprocal connections identified may be a resultant of

retrograde Fluoro-Ruby labelling.

The observations of the fine scale connections between prefrontal and temporal cortex
indicate a complex relationship between the organisation of input and output connections.
Similar to the earlier broad scale analysis of the same circuit, there is strong evidence for
non-alignment of these connections. On a broad scale, there is a general theme of reciprocity
between input and output connections from PFC to temporal cortex, in that both inputs and
outputs from the same PFC injection site are found in regions of temporal cortex (PRh, Ent,
Te). However, when visualised at a fine scale (enabled here by small tracer injection
volumes) it is clear that there is less reciprocity present than was observed on a larger scale.
Here very few retrograde labels are found in the same cortical column, or even specific
cytoarchitectural region as anterograde labels from the same injection site. For example, both
retrograde and anterograde labels from injection site D (VO) are found in area 35, but the
observed anterograde labelling is considerably posterior to the equivalent retrograde
labelling. A similar observation can be made for labelling from injection site B (PL) and C
(MO). In many cases the dorsal-ventral distribution of retrograde and anterograde labels
differs greatly. This indicates differential organisation of the inputs and outputs to a greater
extent to that which can be observed on a broader scale.

Labelling from injections sites in PL was identified in the earlier studies as being relatively
reciprocal in comparison to more lateral regions of PFC. Similarly, the findings from this
study show a greater level of reciprocity for connections from a medial PFC injection sites in
PL. The findings here show evidence for an anatomical separation between medial and orbital
PFC regions, whereby medial regions are much more reciprocal in their connectivity to
temporal cortex. This is consistent with previous findings of ordered and highly reciprocal
connections between adjacent medial PFC regions (Conde et al, 1995). Retrograde and
anterograde labelling from injection site A (PL) is found in the same region of area 36.
However, there is also evidence of non-reciprocal connections from PL; there was
anterograde labelling from injection site A (PL) in an anterior region of area 36, where no
equivalent retrograde labelling was seen. This shows that although there is evidence for
general reciprocity when viewed on a relatively large scale, more detailed investigation is

able to show that PFC — temporal cortex connections are not highly reciprocal.
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Connections from Prefrontal Cortex to Temporal Cortex

In order to investigate the fine scale relationship between input and output connections from
prefrontal to temporal cortex further, and visualise the fine scale connectivity, a connectivity
matrix was constructed (Fig.4.6). The connectivity matrix demonstrates the spatial
relationship between input and output connections from PFC to temporal cortex, whereby a
retrograde and anterograde injection site are connected if they produce labelling in the same
cytoarchitectural region of temporal cortex. The rows of the matrix represent retrograde
projections to temporal cortex from injection sites in PFC (A-G), the columns represent
anterograde projections to temporal cortex from injection sites in PFC (A-G). Fig. 4.6 shows
the retrograde and anterograde projections which occur in the same cytoarchitectural regions
of temporal cortex. A retrograde and anterograde projection are said to be connected if they
occur in the same cytoarchitectural region of temporal cortex, indicating the return

anterograde projections to each retrograde projection.

Figure 4.6. shows a clear difference in the connections between anterograde and retrograde
labelling. Retrograde injection sites A, B, E and F produced labelling in cytoarchitectural
regions that received anterograde projections from the same PFC injection sites, i.e. they
show reciprocal connectivity. Retrograde projections from C, D and G do not show this level
of reciprocity, labelling from injection G was found in regions of temporal cortex containing
no anterograde labelling. Figure 4.6 shows that some retrograde injection sites produced
labelling in temporal regions that received a large amount anterograde labelling (>3), whereas
others received less anterograde labelling (<3). Retrograde projection sites B, C and F were
found in cytoarchitectural regions of temporal cortex which received anterograde labelling
from >3 PFC injection sites. Interestingly, the retrograde labelling in sites B, C and F was
predominantly ventral in temporal cortex, whereas the retrograde labelling found in regions
with more anterograde labels (A, D and E) was predominantly dorsal to the rhinal sulcus in
temporal cortex. Retrograde projections A, C, D, E, F and G were all found dorsal to the
rhinal sulcus in temporal cortex (area 36 and Te), however very few of these labeled regions
received return anterograde labelling in the dorsal part of temporal cortex. The majority of
return anterograde labelling was found in the ventral aspect of temporal cortex (area 35). This
is with the exception of retrograde labelling in projection site F, labelling from here was

found in the same regions of area 36 as anterograde labelling from injection sites D and G.
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This gives further evidence for differential organisation between medial and lateral PFC,
indicating clearer reciprocity of connections in more lateral regions (this is excluding

injection site G, which may receive return connections from areas not studied).

Additionally, figure 4.6. shows that retrograde labelling in temporal cortex produced by PFC
injections A, B and C (medial PFC) was found in cytoarchitectural regions also containing
anterograde labelling from from medial and lateral PFC. In contrast, retrograde labelling in
temporal cortex produced by PFC injections D, E and F (lateral PFC) was found in
cytoarchitectural regions containing anterograde labelling from only lateral PFC. This shows
that the areas of temporal cortex from which medial PFC regions receive inputs receives
outputs from medial as well as lateral PFC. Whereas the areas of temporal cortex from which
lateral PFC regions receive inputs, receives outputs from only lateral regions of PFC. This
observation may indicate the existence of two organisational maps, which overlap
substantially with one another; one across medial PFC including injection sites A, B and C,

the other across the whole region including A, B, C, D, E and F.

The connectivity matrix shows that VLO/LO (inj E) is very highly connected. Labelling from
every retrograde projection site (excluding G (DLO)) was found in the same cytoarchitectural
region of temporal cortex as the anterograde labelling from projection E (VLO/LO).
Anterograde labelling from sites C and D was found in the same cytoarchitectural region as

labelling from only one retrograde projection (F).

Figure 4.6. clearly shows two distinct areas of return anterograde connections. For the most
part, labelling from every retrograde injection site receives return anterograde connections
from the area of PFC covered by injection sites A and B (PL) and/or the area of PFC covered
by injection sites E and F  (VLO/LO/DLO). The clear separation of these regions of return
connections is consistent with evidence of differential functions of medial, and orbital and
PFC (Furuyashiki & Gallagher, 2007; Heidbreder & Groenewegen, 2003; McAlonan &
Brown, 2003; Chudusama & Robbins, 2003). These findings may indicate differential
organisation for medial and lateral regions of PFC. These two distinct patterns of ordered
organisation exist within the overall ordering from medial to lateral identified on a larger
scale (Chapter 2 and 3).
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Figure 4.6. Connectivity matrix showing the relationship between input and output
connections from PFC to temporal cortex. X = Retrograde and anterograde labelling found in
the same cytoarchitectural regions of temporal cortex. X = Reciprocal connection: Retrograde
and anterograde labelling from the same PFC injection site is found in the same
cytoarchitectural region of temporal cortex. E.g. Retrograde projection site A is found in the
same cytoarchitectural region as anterograde projections A, B and E.

To further investigate the relationship between Fluoro-Gold and Fluoro-Ruby labelled
connections, the source regions (in PFC) of return anterograde connections to retrograde
projections from PL, VO, LO and DLO was analysed (retrograde projection sites with 0O
return anterograde projections were excluded from this analysis to prevent false findings). A
numerical distance of each return anterograde PFC source region from the retrograde PFC
source regions (found in the same area of temporal cortex) was measured, based on the
connectivity matrix (Fig. 4.6). Each adjacent PFC injection site was given a distance of 1. A
greater assigned value for return anterograde projection = a greater distance (in PFC) of
anterograde projection from retrograde projection, therefore a retrograde injection site with a
large median distance would be more widely connected, a distance of O represents a 100%
reciprocal connection (e.g. if retrograde labelling from PL (A, B) were to be found in a
temporal cortex region with anterograde labelling from only PL (A, B) and no other PFC

region).

114



o
9]
lw]
[es]
5]
[»]

Ll
P e | e

3.5 A

LR RN N
R RN

o
J
o 1 = o o B »

2.5 A

1.5 A

Reciprocity index
N

0.5 -

PL MO VO VLO LO

Retrograde injection site

Figure 4.7. (i) The effect of PFC retrograde (Fluoro-Gold) injection site on the reciprocity
index, derived from connectivity matrix (Fig.4.6): median distance between Fluoro-Gold and
Fluoro-Ruby PFC injection sites of retrograde and anterograde labelling found in the same
cytoarchitectural regions of temporal cortex. A distance of 1 PFC injection site is given a
value of 1 (e.g. the distance between retrograde site A and anterograde site B = 1). The
absolute value is taken, regardless of direction. Regions where no anterograde projections
were found in the same cytoarchitectural region as the retrograde connection (e.g. injection
site G:DLO) were not included, as a value of zero here represent an entirely reciprocal
connection. Where a retrograde projection is found in the same region as multiple
anterograde projections a median distance is calculated. Fluoro-Gold injection sites made into
the same PFC sub-regions (i.e. PL) are combined. Injection G (DLO) is excluded due to
having no return connections. PL = A & B, MO =C, VO =D, VLO =E, LO =F. Error bars
= standard error. (ii) The connectivity matrix from which the graph (i) is produced.

Figure 4.7 shows that as retrograde injection site moves from medial to lateral in PFC, the
median distance between the source retrograde and anterograde PFC injection sites of labeled
inputs and outputs found in the same cytoarchitectural regions of temporal cortex decreases
(from PL to VLO). This analysis shows that although PL is the most reciprocal of the PFC
regions represented here (Fig. 4.4), it has the most widespread connections. The area with the
closest connections, in that retrograde and anterograde connections are found close together

(with little anterograde labelling far from the retrograde projections) is VLO.
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This result shows that as retrograde injection site is moved from medial to lateral in PFC
(increasing in distance from injection A and B (PL)), the distance between the source
injection site of retrograde labelling in temporal cortex, and the source injection sites of
anterograde labels found in the same cytoarchitectural regions of temporal cortex decreases
(from PL to VLO). Much like the alignment gradient from anterior to posterior PFC
discussed in Chapter 3 and the ordered shift in anatomical connections from PFC described
by Heidbreder & Groenewegen (2003), figure 4.7 shows an ordered changes in the
relationship between input and output connections, following a gradient. For input and output
connections to follow different ordered arrangements, there must be some level of underlying
order in the relationship between them, this gradient relationship may be an important factor
in the fine detail of PFC to temporal cortex organisation. These findings give an insight into
the detailed arrangement of PFC connections to temporal cortex and the complex relationship

between input and output projections.
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Chapter 5.

Organisation of Prefrontal Cortex — Sensory-Motor Cortex

Connections

Prefrontal cortex (PFC) is known to be associated with executive functions, complex
cognitive processes, temporal ordering and autonomic function (Kolb, 1984; Neafsey,
1990; Alvarez and Emory, 2006; Schoenbaum and Esber, 2010) and has been
implicated in a number of neurological disorders (Goldman-Rakic, 1991; Perlstein et
al, 2001; Courchesne et al, 2011). Functional differentiation of PFC regions has been
observed in rats; dorsal mPFC is involved in motor and temporal processing
(Narayanan & Laubach, 2006; Vertes, 2006; Kim et al, 2013), ventral mPFC is
involved in cognition and emotion (Frysztak & Neafsey, 1994; Vertes, 2006), orbital
cortex is described as being involved in making predictions based on the environment,
as well as associative learning (Schoenbaum & Roesch, 2005; Schoenbaum & Esber,
2010). However, despite advances in understanding prefrontal function there remains
relatively little detailed understanding of the anatomical connectivity and organisation
of PFC. Without a clear understanding of anatomical organisation, the functional
connectivity of PFC cannot be fully defined.

Recent studies into PFC organisation indicate ordered connectivity (Hoover & Vertes,
2011; Kondo & Witter, 2014).These studies have described topographic organisation
between PFC and the parahippocampal region in rats. Chapters 2, 3 and 4 have

explored the organisation of PFC connections to areas of temporal cortex.

Studies in rats have shown evidence of projections for connections from PFC to a
number of subcortical and cortical targets (Vertes, 2004; Gabbott et al, 2005; Hoover
& Vertes, 2007). Studies have also shown rat PFC to exhibit broad scale topological
ordering; ordered projections from lateral and posterior regions of PFC to the

posterior cingulate have been described (Olsen & Musil, 1992). The findings in

117



chapters 2 and 3 were consistent with reports of ordered connections to PRh and Te
(Hoover & Vertes, 2011) and a medial-lateral topographic organisation previously
only reported in subcortical connections from PFC (Berendse et al, 1992; Schilman et
al, 2008).

PFC is known to have connections to multiple cortical regions, therefore a clear
understanding of PFC organisation requires the investigation of multiple PFC
connections. The earlier studies (Chapters 2, 3 and 4) identified prominent labelling in
areas of sensory-motor cortex as well as the temporal cortex labelling which has been
investigated already. In order to clearly establish the nature of physiological
organisation within PFC, it is necessary to gain a detailed understanding of multiple
PFC pathways.

Aims

This study aimed to reveal the broad scale ordered arrangement of connections from
PFC to regions of motor and sensory cortex, as well as the relationship between input
and output connections in this pathway. This study provides an important basis on
which to build further investigations into the fine scale organisation of this pathway.
Retrograde and anterograde neuroanatomical tracers (co-injections) were injected into
rat medial and lateral PFC (prelimbic (PL), ventral orbital (VO), lateral orbital (VLO)

and dorsolateral orbital cortex (DLO).

Methodology

For detailed methodology and surgical procedures, see Chapter 2.

Data was collected from 18 male CD rats (294-371g, Charles River, UK). Animal
procedures were carried out in accordance with the UK Animals scientific procedures
act (1986), EU directive 2010/63 and were approved by the Nottingham Trent
University ethical committee. The data used in the experiments reported here is
derived from the same PFC injection sites used in Chapter 2: Co-injections of Fluoro-
Gold (100nl) and BDA (Fluorescein, 100nl) were made into predetermined co-

ordinates in PFC (R37, R38, R41, R42). In this experiment three of the injections
118



were made into the left hemisphere (R37, R38, and R42) and one injection was made
in the right hemisphere (R41). Additional single injections of Fluoro-Gold (100nl) and
BDA (Fluorescein or Texas Red, 100nl), in which rats received an injection of
Fluoro-Gold into the right hemisphere (R4, R5, R6, R7) and BDA into the left (R1,
R3, R7, R8) were administered in a separate study (Bedwell et al, 2014), the findings
of which are reported in Appendix L. Additional and equivalent Fluoro-Gold
injections were made into the left hemisphere in later studies (Chapter 6: R9, R12,
R13, R16, R19, R20, R21). This data was used to verify whether the location and
ordering of projections differed on either side of the brain. No difference was found
(Appendix M).

. A (R42 (FG + BDA)
® O % B (R37 (FG + BDA)
B~ C (R41(FG+BDA)

D (R38 (FG + BDA)

Figure 5.1. Coronal section of PFC (A-P 4.2mm from Bregma) showing the
cytoarchitectural boundaries of PFC sub-regions according to Van de Werd &
Uylings (2008), depicting sites of almagamated anterograde and retrograde tracer
injections; Prelimbic (PL):A, ventral orbital (VO):B, ventrolateral orbital(\VLO):C and
dorsolateral orbital(DLO):D, with 1mm separation.

The volume and location of PFC injection sites was based on the findings of
preliminary experiments (reported in Appendix A). The co-ordinates used were all at
3.7mm with respect to Bregma, injection site A (PL) was 1.2mm from the midline and
2.4mm below the cortical surface. Injection sites B (VO), C (VLO) and D (DLO)
were all positioned 3.2mm below the cortical surface and 1.2mm (B), 2.2mm (C) and
3.2mm (D) from the midline. The spread of tracer at each injection site was less than

Imm.
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Anatomical Processing and Microscopic Analysis

The anatomical and microscopic analysis used in this study is described in detail in
Chapter 2. The entire forebrain was examined for labelling. Areas of sensory-motor
cortex were identified as containing strong and consistent labelling, therefore a

detailed analysis was carried out on this region.

Statistical Analysis of the Arrangement of Connections Between Prefrontal and

Sensory-Motor Cortex

The numerical and statistical analysis used in this study was similar to that used in the
previous temporal cortex studies (Chapters 2 and 3). Image J (Wayne Rasband, NIH)
was used to determine numerical values representing the location of each retrogradely
labeled cell in sensory-motor cortex. The three dimensional location of each
retrogradely labeled cell (Fluoro-Gold) was calculated by measuring the distance of
each labeled cell from the medial surface (medial-lateral) and the dorsoventral
distance from the most dorsal aspect of the cortical surface (dorsal-ventral). The
anterior-posterior location of labeled cells was recorded in terms of distance from
Bregma (according to Paxinos and Watson, 1998). The same analysis was repeated
for fluorescent BDA labelling. A similar acquisition of data was implemented for the
anterograde BDA labelling, whereby four data points were recorded from the
perimeter of each anterogradely labeled area, denoting its distance from the medial
and dorsal surfaces. The anterior-posterior location of each labeled area was also

recorded.
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Figure 5.2. (i) Coronal cross section of sensory-motor cortex at 2.2mm posterior to
bregma, depicting the three dimensions in which the locations of labelled cells were
recorded (Anterior-Posterior (A-P), Medial-Lateral (M-L) and Dorsal-Ventral (D-V)).
(ii) Retrogradely labelled cells (blue cells) in sensory-motor cortex produced by a co-
injection of Fluoro-Gold (100nl) and BDA (Fluorescein, 100nl (green cells)) into VO.
Arrows indicate measurements of labelled cell location in the medial-lateral
dimension (distance to lateral cortical surface) and dorsal-ventral dimension (distance
from cortical surface). (iii) Anterogradely labelled area (Brown) in sensory-motor
cortex produced by an injection of BDA (100nl) into PL. Crosses indicate the four
points on the perimeter at which measurements were taken. Arrows indicate
measurements of labelled area location in the medial-lateral dimension (distance to
medial cortical surface) and dorsal-ventral dimension (distance from dorsal surface:
laminar). Scale bars = 200um.

Labelled cells/areas were grouped according to PFC injection site location. These data
sets were analysed in SPSS by way of a factorial ANOVA, in order to establish the
existence of an effect of injection site location on the positioning of labels in sensory-
motor cortex (in dorsal-ventral, anterior-posterior and medial-lateral axes). The
relationship between input (retrograde) and output (anterograde) connections was
examined by a two factor ANOVA. Anterograde DAB labelling is reported in the
results section and shown in figures 5.4 and 5.6, with the exception of where

fluorescent labelling is clearly stated.

Further statistical analyses were applied in the form of paired samples t-tests, in order
to compare the results produced from separate tracer injections and co-injections of
retrograde (Fluoro-Gold) and anterograde (BDA) tracer, confirming consistency in
the findings (Appendix N). Paired samples t-tests were applied to the Euclidean

distance between labels from left and right hemisphere injections in order to establish
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if a hemispheric difference in labelling was present (Appendix M). All statistical tests

were applied with a significance level of 0.05 and confidence intervals of 95%.

Results

The data used in this study was produced from the same co-injections of Fluoro-Gold
(100nl) and BDA (Fluorescein, 100nl) described in Chapter 2. Labelling in sensory-
motor cortex from additional separate injections of Fluoro-Gold and BDA (injection
sites described in Appendix L), in the same PFC co-ordinates as used here, was
investigated prior to this study and produced similar results (Bedwell et al, 2014; for

findings see Appendix L).

Co-injections of Fluoro-Gold (100nl) and BDA (100nl Fluorescein) made into PL,
VO, VLO and DLO (R42, R37, R41, R38) occurred in the intended PFC regions.
Details of these co-injection sites were described in Chapter 2. The co-injection sites
(Fluoro-Gold & BDA) spanned layers I/1l — VI and covered the majority of the
intended cytoarchitectural region. Injection sites into PL (A) and VO (B) overlapped,
however the majority of the spread of tracers was confined to separate PFC sub-
regions. The positioning of co-injections of Fluoro-Gold and BDA was considered to
be comparable to the positioning of separate injection sites of Fluoro-Gold, BDA,
Fluoro-Ruby and Fluoro-Emerald described elsewhere (Appendix A, Appendix F,
Appendix H). The co-injection site into VO (B) was positioned dorsally in
comparison to the separate Fluoro-Gold and BDA injection sites described in
Appendix A, despite this the majority of the spread of tracers at this injection site was
in the same location as that seen with separate injection sites (Fig.5.3).
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Figure 5.3. (i) Coronal section of PFC showing location and spread of (100nl) Fluoro-
Gold and (100nl) Fluorescein at injection site in VO. (ii) Coronal section of PFC
showing location and spread of (100nl) Fluoro-Gold and (100nl) Fluorescein at
injection site in DLO. (iii) Representations of Fluoro-Gold and Fluorescein co-
injection sites in PL (R42), VO (R37), VLO (R41) and DLO. Scale bars = 200pum.

We observed locations of labelling throughout the brain following co-injections of
anterograde (BDA,; Fluorescein) and retrograde (Fluoro-Gold) tracer into PFC (PL,
VO, VLO and DLO) using light and fluorescent microscopy. Retrogradely labelled
cells were seen in secondary motor cortex (M2), primary motor cortex (M1), primary
somatosensory cortex (S1J, S1BF), cingulate cortex (Cgl), piriform cortex (Pir),
perirhinal cortex (PRh), entorhinal cortex (Ent), secondary auditory cortex (AuV) and

primary auditory cortex (Aul). Anterograde labelling was seen in M2, S1J, secondary
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somatosensory cortex (S2), Cgl, PRh, Ect, LEnt, agranular insular cortex (AID) and
PFC regions. Labelling was most prominent in temporal (analysed in Chapters 2, 3
and 4) and sensory-motor cortex (M1, M2, SIJ and Cgl). Therefore a statistical
analysis was applied to this region to determine whether there was evidence for an
ordered arrangement of prefrontal to sensory-motor cortex connections. Labelling
from separate injections of BDA and Fluoro-Gold in the same PFC co-ordinates as
those described here, confirmed observations that labeled inputs and outputs occurred

in different locations.
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® B (VO: R37 (FG + BDA))
,@ ® C (VLO: R41(FG+BDA))

D (DLO: R38 (FG + BDA))
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J: Bregma 2.2mm

1mm | Bregma 2.2mm

Figure 5.4. Diagram representing the injection sites of Fluoro-Gold and BDA, and the
projection sites to sensory motor cortex for both retrograde (Fluoro-Gold) and
anterograde (BDA) tracer injections. (i) The locations of injection sites A (PL: R3,
R7), B (VO:R6, R7), C (VLO:R1, R4) and D (DLO:R5, R8) in PFC. (ii)The locations
of retrogradely labelled cells in sensory-motor cortex, resultant from 100nl Fluoro-
Gold injections into PFC injection sites A-D (R4, R5, R6, R7). (iii) The locations of
anterogradely labelled areas in sensory-motor cortex, resultant from 100nl BDA
injections into PFC injection sites A-D (R1, R3, R7, R8).
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Organisation of Input Connections to Prefrontal Cortex from Sensory-Motor

Cortex

Labelled input (retrograde) projections to PFC from areas of sensory-motor cortex
were seen in secondary motor (M2), primary motor (M1) and primary somatosensory
cortex (S1J) (Fig.5.4ii). Retrogradely labelled cells from each injection location were
distributed across several cytoarchitecturally distinct regions. The distribution of
retrogradely labelled cells within temporal cortex maintained a spatial order according
to the corresponding PFC injection sites. Retrogradely labelled cells in the sensory-
motor region showed an ordered arrangement in terms of cortical layers (Fig.5.4ii).
Labelled cells produced by an injection of retrograde tracer (Fluoro-Gold) into VLO
appear in layer V1, whereas those produced by an injection of tracer into VO appear in
layer V in the same region. Cells labelled following an injection of retrograde tracer
into DLO appear across layers Il to VI. In addition, retrogradely labelled cells were
consistently seen in deeper cortical layers (V1, V) than anterogradely labelled areas (1,
I) (Fig. 5.4ii & iii.). The factorial ANOVA revealed a significant main effect of
injection site on dorsoventral (i.e. laminar) location of retrogradely labeled cells
(F(3,303)=176.557 p<0.001 r=0.607). Post hoc comparisons (Tukey HSD) revealed
significant differences between retrograde injection sites A*B, B*C and B*D
(p<0.001). This indicates an ordered arrangement of input projections from sensory-
motor regions to medial sub-regions of PFC (PL, VO, VLO).

An ordered organisation of input connections can be seen in the anterior-posterior
axis; moving mediolaterally in PFC, specifically from VO to DLO, labeled cells in
sensory-motor cortex become more posterior. A factorial ANOVA revealed a
significant main effect of injection site on anterior-posterior location of retrogradely
labelled cells (F(3,303)=81.301 p<0.001 r=0.460). Post hoc comparisons (Tukey
HSD) revealed significant differences between retrograde injection sites A*B, B*C,
B*D (p<0.001) and C*D (p=0.001). A factorial ANOVA also revealed a significant
main effect of injection site on medial-lateral location of retrogradely labeled cells
(F(3,303)=415.149 p<0.001 r=0.760). Post hoc comparisons (Tukey HSD) revealed
significant differences between retrograde injection sites A*B, B*C and B*D

(p<0.001). Retrogradely labelled cells were found in additional regions to those in
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which corresponding anterograde labels were seen, indicating non-alignment of

connections.

In comparison to earlier single injection experiments (Bedwell et al, 2014; Appendix
L), labelling of output projections from PFC to sensory-motor cortex resultant from
injections of BDA; Fluorescein (100nl) was seen with both fluorescence and DAB
staining. Labelled axon terminals were numerically analysed from both visualisation
methods (fluorescent and brightfield). The locations of areas of DAB stained axon
terminals were measured in order to directly compare findings. Individual
fluorescently labelled axon terminals were measured in terms of their 3-dimensional
location, consistent with the methodology used to quantify retrograde (Fluoro-Gold)

labelling.

The labelling seen in sensory-motor cortex from co-injections of Fluoro-Gold and
BDA shows evidence of ordered arrangements of both input and output connections
from PFC to sensory-motor cortex, as well as clear evidence of non-alignment of
connections. Some co-labelling of cells with BDA and Fluoro-Gold was seen, with
the majority of Fluorescein and Fluoro-Gold labels seen in different locations to one
another (Fig.5.4). The co-injection of retrograde (100nl Fluoro-Gold) and anterograde
(100nI Fluorescein) tracers revealed similar results to those produced from separate

retrograde and anterograde injections (Bedwell et al, 2014; Appendix L).

127



Figure 5.5. (i) Coronal section of sensory-motor cortex showing retrograde labelling
(blue) and anterograde labelling (green) resultant from co-injection of Fluoro-Gold
and BDA (Fluorescein) into VO (injection site B, R37). (ii) Retrograde (blue) and
anterograde (green) labelling in motor cortex resultant from co-injection of Fluoro-
Gold and BDA (Fluorescein) into VO (injection site B, R37). (iii) Coronal section of
sensory-motor cortex showing area of anterograde labelling (brown (fluorescein
visualised with DAB)) resultant from co-injection of Fluoro-Gold and BDA into DLO
(injection site D, R38). (iv) Retrograde (blue) and anterograde (green (fluorescein
visualised with fluorescence)) labelling in motor cortex resultant from co-injection of
Fluoro-Gold and BDA (fluorescein) into VLO (injection site C, R41). Scale bars =
100pm.
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Organisation of Output Connections from Sensory-Motor Cortex to Prefrontal

Cortex

Labelled output (anterograde) projections from PFC to sensory-motor cortex were
seen in M1, M2 and cingulate cortex (cgl). The distribution of anterogradely labelled
areas within motor cortex (M1, M2) maintained a relatively clear spatial order in
accordance with their corresponding injection sites in PFC (VO, LO and DLO). An
ordered arrangement of output connections can be seen in the dorsal-ventral axis.
Moving from lateral to medial in PFC (from DLO to VO), anterograde labelling in
sensory-motor cortex becomes more ventral. The factorial ANOVA revealed a
significant main effect of injection site on dorsoventral (i.e. laminar) location of
anterogradely labeled areas (Fluorescent labelling: F(3,408)=14.112 p<0.001 r=0.183,
DAB staining: F(3,20)=4.248 p=0.018 r=0.419) in sensory-motor cortex. Post hoc
comparisons (Tukey HSD) revealed significant differences between anterograde
injection sites A*C (p=0.003), A*D (p<0.001), B*C (p=0.011) and B*D (p<0.001).

There is also evidence of ordering in the anterior-posterior and medial-lateral axes. A
factorial ANOVA revealed a significant main effect of injection site on anterior-
posterior location of anterogradely labelled areas (Fluorescent labelling:
F(3,408)=107.054 p<0.001 r=0.456,DAB staining: F(3,20)=4.167 p=0.019 r=0.415)
in sensory motor cortex. Post hoc comparisons (Tukey HSD) revealed significant
differences between anterograde injection sites A*D, B*D and C*D (p<0.001). A
factorial ANOVA revealed a significant main effect of injection site on medial-lateral
location of anterogradely labeled areas (Fluorescent labelling: F(3,408)=54.016
p<0.001 r=0.342, DAB staining: F(3,20)=11.938 p<0.001 r=0.611) in sensory-motor
cortex. Post hoc comparisons (Tukey HSD) revealed significant differences between
anterograde injection sites A*D, B*D and C*D (p<0.001). These results show
evidence for ordering of output connections from PFC to sensory-motor cortex in

three axes of orientation.

Anterograde labelling in sensory-motor cortex seen here shows a convergent
organisation of connections; PFC injections separated by 1mm produce labelling
much closer together e.g. injections made into separate PFC cytoarchitectural regions

produced anterograde labelling close together in M2.
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The anterograde labelling of connections from PFC to sensory-motor cortex shows
evidence of broad scale reciprocity. Anterogradely labeled output connections are
consistently seen in the same cytoarchitectural regions as corresponding retrogradely
labeled neuronal cell bodies from the same PFC injection site e.g. in M2. Reciprocity
on this scale is present for connections from VO, LO and DLO. This is the case both
with the co-injections of retrograde and anterograde tracers described here and
separate injections described in Appendix L (Bedwell et al, 2014).

The two factor ANOVA revealed a significant interaction effect between input and
output connections in the dorsal-ventral (F(3,323)=22.089 p<0.001 r=0.253), anterior-
posterior (F(2,323)=4.177 p=0.006 r=0.113) and medial-lateral (F(3,323)=48.494
p<0.001 r=0.361) axes. This shows that the location of anterogradely and retrogradely
labelled cells vary in respect to one another, meaning that the input and output

connections follow differential ordering.

The analysis indicates an ordered organisation of connections between prefrontal and
sensory-motor cortex. As the PFC injection site moves from medial to lateral (VO to
DLO), the pattern of input projections moves in a dorsal-ventral direction, indicating
laminar organisation. Similarly, moving mediolaterally from VO to DLO, output
projections move from ventral to dorsal (in the opposite direction to input
connections), whilst simultaneously moving from posterior to anterior. Ordering of
output connections can also be seen in the medial-lateral axis, as PFC injection site
moves from medial to lateral (VO to VLO), sensory-motor cortex projections become
more lateral. In comparing the organisation of connections labeled from anterograde
and retrograde co-injections, the findings indicate differential organisation of input

and output connections between prefrontal and sensory-motor cortex.
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Figure. 5.6. The mean effect of PFC co-injection site location on the mean location of
retrogradely labelled cells (n= 307; PL (A:R42)=77, VO (B:R37)=121, VLO
(C:R41)=80, DLO (D:R38)=29) and anterogradely labeled axon terminals (n=24; PL
(A:R42)=4, VO (B:R37)=4, VLO (C:R41)=4, DLO (D:R38)=12) within temporal
cortex, in the (i) dorsal-ventral (ii) anterior-posterior and (iii) medial-lateral axes.
Error bars = standard error. (iv) Coronal cross section of PFC showing the position of
4 injection sites; Prelimbic (A), ventral orbital (B), ventrolateral orbital (C),
dorsolateral orbital (D). Coronal cross section of temporal cortex showing the three
dimensions in which the locations of labels were recorded.

The calculation of a 3 dimensional mean location (E) for the labelling produced by

each retrograde and anterograde injection site,

E =/(DV)2 + (AP)2 + (ML)?
allowed for the visualisation of the 3-dimensional locations of input and output

connections in comparison to one another (Fig.5.7).
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Figure 5.7. The effect of PFC injection site (PL:A, VO:B, VLO:C, DLO:D) on the
three dimensional mean location of retrogradely labelled cells (blue) and
anterogradely labelled areas (red) in sensory-motor cortex. Error bars = standard
error.

The results of the analysis show that input and output connections follow different
orders of arrangement as injection sites move from PL (injection A) to DLO (injection
D). Figure 5.7. shows that connections from injection site C (VLO) show the most
similarity between inputs and outputs, therefore connections from VLO to sensory-
motor cortex show a high level of reciprocity. In comparison, connections from VO
(injection site B) show the greatest difference between inputs and outputs, indicating a
high degree of differential organisation between inputs and outputs from VO to

sensory-motor cortex.

These findings indicate that the ordered arrangement of input and output connections
are affected by one another, most prominently in the dorsal-ventral and medial-lateral
axes. Further to this, I have demonstrated that the location of retrogradely labelled
cells is directly associated with the location of anterogradely labelled cells. For
instance, in the dorsal-ventral axis, retrograde and anterograde labels appear to move

in opposite directions as the PFC injection sites is moved from medial to lateral (VO
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to DLO); retrograde labelling becomes more ventral, whereas anterograde labelling

becomes more dorsal. This finding is consistent across multiple studies.

The results from co-injections of retrograde and anterograde tracer showed no
difference in the location of sensory-motor cortex labelling in comparison to separate
injections (see Appendix N). Statistical evidence for this is shown by paired samples
t-tests. No significant difference in the mean location of retrograde labelling in
temporal cortex was found: in the dorsal-ventral axis (t(3)=1.139 p=0.337), anterior-
posterior axis (t(3)=-0.666 p=0.553) and medial-lateral axis (t(3)=0.353 p=0.747). No
significant difference in the mean location of anterograde labelling in temporal cortex
was found: in the dorsal-ventral axis (t(3)=0.571 p=0.608), anterior-posterior axis
(t(3)=1.265 p=0.295) and medial-lateral axis (t(3)=1.357 p=0.268). These findings
demonstrate the consistency of labelling in sensory-motor cortex between co-
injections and separate injections of Fluoro-Gold and BDA, as well as the

reproducibility of the findings.

Discussion

Broad Scale Connections from Prefrontal Cortex to Sensory-Motor Cortex

This study investigated the organisation of connections from adjacent prefrontal
regions with the use of neuroanatomical tracers. The findings have revealed evidence
for an ordered arrangement within the projections from PFC to sensory-motor cortex.
| revealed a clear ordered arrangement of PFC connections, most prominently arising
from significant portions of motor cortex. In addition I found evidence of differential
ordering of input and output connections between PFC and sensory-motor regions,
most clearly in the dorsoventral and mediolateral axes. This means that labelling from
Fluoro-Gold and Fluoro-Ruby were found in different columnar regions of sensory-

motor cortex, similar to that seen in the PFC — temporal cortex pathway (Chapter 2).
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Input Connections from Sensory-Motor Cortex to Prefrontal Cortex

Following the administration of the retrograde tracer, Fluoro-Gold, to the prefrontal
cortical areas PL (A), VO (B) , VLO (C) and DLO (D), labelling of neuronal cell
bodies was observed in areas of motor cortex, temporal cortex, auditory cortex,
somatosensory cortex, cingulate cortex and piriform cortex. Projections from areas of
motor and sensory cortex (M1, M2 and SIJ) were amongst those displaying the most
labelling. Retrograde labelling in sensory-motor areas showed an ordered arrangement
in terms of cortical layers (Fig.5.6i) (in the dorsal-ventral axis). Labelled cells in
sensory-motor cortex produced by a retrograde injection into DLO (injection site C,
R41) can be seen in layer VI, whereas those produced by an injection into VLO
(injection site B, R37) are seen in layer V (in the same cytoarchitectural region). The
labelling seen in sensory-motor cortex resultant from retrograde PFC injection sites
was considerably more widespread than the anterograde labelling produced from the
same injection sites. This was the case both with co-injections and separate injections
of retrograde and anterograde tracer (Bedwell et al, 2014; Appendix L). These
findings are comparable with previous studies (Sesack, 1989) which outlined

projections from prefrontal to areas of sensory-motor cortex.

Output Connections from Prefrontal Cortex to Sensory-Motor Cortex

Following the administration of the anterograde tracer, biotinylated dextran amines
(100nl Fluorescein), to the prefrontal cortical areas PL (A), VO (B), VLO (C) and,
DLO (D),labelling of axon terminals was observed in motor cortex, temporal cortex,
auditory cortex, somatosensory cortex, agranular insular cortex, cingulate cortex and
PFC regions. The projections arising from the motor and cingulate cortex (M1, M2
and cgl) were amongst those displaying the most labelling. This was broadly
consistent with previous studies which outlined prefrontal connections to medial-
frontal cortex (Sesack, 2004).
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Organisation and Alignment of Connections Between Prefrontal Cortex and

Sensory-Motor Cortex

The analysis of the location of input and output connections to and from prefrontal
regions shows an ordered arrangement of connections occurring in and across 3 axes
of orientation, most significantly so in the dorsal-ventral and medial-lateral axes. The
analysis of sensory-motor cortex connections revealed a laminar ordered arrangement
of input and output connections to PFC (occurring in the dorsal-ventral axis). For the
dorsal-ventral axis, injections in sites B (VO), C (LO) and D (DLO) produced an
ordered arrangement of PFC output connections to sensory-motor regions. There was
clear ordering in terms of the input connections from sensory-motor cortex (M1 and
S1) to PFC. Layers V and VI differentially project to injection sites B (VO) and C
(LO) in PFC. Laminar distribution has been described previously in connections from
PFC to subcortical and motor regions in rats (Gabbot, 2005). A similar laminar
ordering to that seen in this study has been described elsewhere; projections from
orbitofrontal and infralimbic cortices to entorhinal cortex produce labelling in deeper
layers, with more posterior-medial injections (Insausti and Amaral, 2008), but such an
organisational pattern has not been previously seen in sensory-motor cortex. This may
be of particular significance to PFC function because both of these regions (M1 and
S1) contain somatotopic maps. It appears that the same regions implicated in these
maps (in layers V and VI) project to distinct regions of PFC (i.e. VO and LO). It
could be functionally useful for the same ordered arrangement to be maintained

within sensory-motor to PFC connections.

These results show a projection from M1, M2 and S1 to PFC, which then projects to
M2. The circuit identified here is not typical of the organisation of connections we
may expect. Based on a traditional model of hierarchical organisation of functional
connectivity, PFC is positioned at the top of a processing hierarchy (Fuster, 2001;
Botvinick, 2008). Subsequently connections would usually travel from primary
sensory cortex, followed by secondary sensory cortex and association areas (e.g. PRh)
before reaching PFC at the top of the hierarchy. From PFC connections would travel
to secondary motor cortex followed by primary motor cortex (e.g. S1 - S2 >
association areas > PFC > M2 -> Ml), following an order of hierarchical

organisation from primary cortical regions, through secondary cortical regions, up to a
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high order area and back down through secondary cortical regions to primary cortical
regions. The connections observed here do not fit this hierarchical order. The
connections described from PFC = M2, and M2->PFC are consistent with what
would be expected based on a hierarchical model. However, the direct connection
found from S1-> PFC connects a primary cortical regions directly to a high order
region (PFC). This finding provides an insight into the complex functional
organisation of the PFC to sensory-motor cortex pathway, indicating the way in which
information travels between sensory and prefrontal cortices differ to that of other

cortical pathways.

These findings show evidence of reciprocal connections between PFC and M2.
Anterograde and retrograde labelling from identical PFC injection sites were
consistently found in the same cytoarchitectural regions of M2. This indicates a broad
reciprocal organisation. However, labelling from retrograde injections was
considerably more widespread than that from anterograde injections, resulting in
retrograde labels in areas of M1 and S1J. No evidence of anterograde labelling was
seen in these regions, resulting in non-reciprocal connections. These results show that
the PFC — sensory-motor cortex pathway contains aspects of reciprocity, but is not
entirely reciprocal in its organisation. A large degree of reciprocity was seen in the
connections from PL to M2 and Cg1, this is very different to the labelling seen of
connections from VO, VLO and DLO, which shows inputs and outputs in different
locations. This difference in reciprocity may be a product of differences in functional
organisation between PL and VO, VLO and DLO. Haber (2003) suggested that
cortical regions with similar functions are reciprocally connected, whereas regions
with different functions are not reciprocally connected. Connectional studies of
primary sensory (S1) and primary motor cortex (M1) often report reciprocity of
connections (Dinopoulos, 1994; Lee et al 2011), in that inputs and outputs occupy the
same precise locations. This has been described between S1 and S2 (Henry &
Catania, 2006; Aronoff et al, 2010), M1 and S1 (Porter & White, 1983; Aronoff et al,
2010) and M1 and S2 (Porter & White, 1983). The same study by Porter and White
reported non-reciprocal connections from M1 to the striatum, indicating that motor

cortex input and output connections are not always found in the same locations.
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These findings indicating different organisational patterns of input and output
connections are particularly unexpected when compared with what is currently
understood in terms of the connectivity of highly studied cortical regions, such as
visual cortex. Retinotopic maps within visual cortex (V1) have been widely described
(Wandell et al, 2007; Benson et al, 2011). The topographic organisation of input and
output connections from visual cortex are aligned (Van Essen et al, 1986; Triplett,
2009). Recent fine scale tracer findings (Nascimento-Silva et al, 2014) show clear
reciprocity in V2 and V4, although, similar to my findings in PFC, the results of this
study show that not all input projections had a reciprocal output projection. It is
suggested that topographic alignment of inputs and outputs is vital for visual attention
(Tootell et al, 1998), therefore we might expect the complex cognitive functions
associated with PFC to also be dependent on the anatomical alignment of input and

output connections.

The findings of this study demonstrate that PFC displays an ordered arrangement of
connections to regions of sensory-motor cortex. The input connections to PFC arise
from distinct regions of sensory-motor cortex, notably different layers within M1 and
S1. Output connections from PFC labeled by anterograde tracer injections are seen in
distinct regions of sensory-motor cortex (M1 and M2), much more concentrated than
the relatively widespread retrogradely labeled cells. In a broad sense, there is
similarity between the labeled input and output projections from PFC to sensory-
motor cortex, as they are found in the same general cytoarchitectural regions.
However, at a more detailed level there is a separation in the location of inputs and
outputs. Labelled input connections can be seen spreading significantly more laterally
into regions of motor (M1) and sensory (S1J) cortex in comparison to the consistently
medial (Cgl, M2) output labels. Although there are areas of reciprocity, this provides
clear evidence of large areas of non-reciprocal connections and non-alignment of
inputs and outputs. Such non-alignment has not been previously described in PFC, but
was observed in the connections between PFC and temporal cortex investigated in
Chapters 2-4. Previous observations in organisation suggest reciprocity of inputs and
outputs to be a common attribute in perirhinal, entorhinal and parahippocampal
regions in primates (Suzuki and Amaral, 1994; Canto et al, 2008). In addition, recent
dual tracer studies in primates have given no indication of differential organisation

between input and output connections to ventrolateral and medial PFC from premotor
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cortex as well as subcortical regions (Kim and Lee, 2012; Takahara et al, 2012).
However, these findings report PFC connectivity on a relatively large scale and from

specific sub-regions.

In summary, this study showed evidence for an ordered arrangement of connections
between PFC and sensory-motor cortex, with evidence of different organisational
patterns of input and output connections. The ordering of these connections appears

across anatomical orientations.
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Chapter 6.

Organisation of Connections to Sensory-Motor Cortex from

Anterior, Central and Posterior Prefrontal Cortex

Studies into prefrontal cortex (PFC) function have identified differential functioning
of neurons (Duncan, 2001; Kargo, 2007) and changes in organisation in anterior
compared to posterior PFC (Olson & Musil, 1992; Taren et al, 2011), often describing

a gradient in terms of abstract processing (Taren et al, 2011).

The findings from the connections from anterior, central and posterior PFC to
temporal cortex (Chapter 3) provided evidence to support a gradient of PFC
connectivity. The findings in the PFC — temporal cortex pathway showed an
increasing degree of non-alignment (and decrease in reciprocity of connections)
towards anterior PFC. These observations were consistent with the findings in
primates of increased abstraction (following a gradient) towards anterior PFC and
suggestions of unique and differential ordering, separate to that identified with

hierarchical organisation (Ramnani & Owen, 2004).

The studies described in Chapter 5 established an ordered arrangement of connections
from PFC to areas of sensory-motor cortex. The findings revealed unusual properties
in the organisation of connections, inconsistent with assumptions of the expected
hierarchical organisation. This study also produced evidence for differential ordering
of input and output connections, not previously described in this pathway and
consistent with the findings from the PFC — temporal cortex pathway. The study
described in Chapter 5 provided an important insight into the organisation of
connections from PFC to regions of sensory and motor cortex, however focused only
on a specific central area of PFC (in terms of its anterior-posterior axis), further
experiment into the anterior-posterior connectivity of PFC to sensory and motor

cortices will provide a greater insight into its detailed structural organisation.
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Aims

The aim of this study was to expand on earlier work and determine the connectivity
pattern of a wider area of PFC, from anterior to posterior, in terms of ordered

connections as well as alignment between input and output connections.

Methodology

For detailed methodology and surgical procedures, see Chapter 2 and 3.

The anterograde tracer Fluoro-Ruby (FR) was introduced to this study, replacing the
previously used BDA. The fluorescence of Fluoro-Ruby proved to be more vibrant,
and provided more detailed images of labelled projections, allowing for more detailed
investigations and analysis. The labelling properties of Fluoro-Ruby were investigated
to establish the reliability of it as an anterograde tracer. Investigation of the labelling
properties of Fluoro-Ruby (described in Chapter 3 and Appendix F) concluded the
Fluoro-Ruby labelling produced in this experiment to be predominantly anterograde
(~70% of labelling observed was anterograde). Based on this finding, the Fluoro-

Ruby labelling observed in this study was treated as anterograde.

Craniotomies (<1mm) were repeated at 3 A-P locations (Bregma 4.7mm, 4.2mm,
3.7mm) (Fig.6.1). The medial-lateral co-ordinates and depth of injections at each A-P
location were identical to injection sites A, B, C and D (PL, VO, VLO and DLO)
described in Chapter 2 and 3. Injections of anterograde (100nl 10% Fluoro-Ruby in
distilled water, Fluorochrome, Denver, Colorado) and retrograde tracer (100nl 4%
Fluoro-Gold in distilled water, Fluorochrome, Denver, Colorado) were made into PL,
VO, VLO and DLO (Fluro-Gold:100nl/min, 2 mins diffusion time; Fluoro-Ruby
10nl/min, 2 mins diffusion time). Injection sites were separated by 1mm and produced

a spread of tracer at injection site of <lmm.
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Figure 6.1. Coronal sections of PFC ((i) A-P 4.7mm, (ii) 3.7mm and (iii) 4.2mm
from Bregma) showing the cytoarchitectural boundaries of PFC sub-regions
according to Van de Werd & Uylings (2008), depicting the amalgamated sites of
tracer injections; PL (Aa, A, Ap), VO (Ba, B, Bp), VLO (Ca, C, Cp) and DLO (Da, D,
Dp), with 1Imm separation.

Additional co-injections of (100nl) Fluoro-Gold and (100nl) Fluoro-Ruby were made
into the same central PFC co-ordinates (Appendix Q). Further anterograde (100nl
Fluoro-Emerald) injections were made into central PFC (PL, VO, VLO and DLO), in
the same co-ordinates as previous injection sites in order to provide confirmation of

anterograde labelling (Appendix R).

Anatomical Processing, Imaging and Microscopic Analysis

For details of anatomical processing and microscopic analysis, see Chapters 2, 3 and
5. Areas of sensory-motor cortex were known from earlier studies (Chapter 5 and
Appendix L) to contain strong connections with PFC, therefore a detailed analysis
was carried out on labelling found in sensory-motor cortex to examine the

organisation of a wider area of PFC.

Statistical Analysis of the Arrangement of Connections Between Prefrontal

and Temporal Cortex

The same numerical and statistical analysis was applied to that which had been used
in the previous experiments (Chapter 5), in order to determine whether connections
between PFC and sensory-motor cortex displayed an ordered arrangement similar to

that which had been observed previously, and how that ordered arrangement differed
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as the anterior-posterior location of PFC injection sites changed. The replacement of
BDA with Fluoro-Ruby allowed for a more precise measuring of anterograde
labelling, in which the 3-dimensional location of each individually labeled axon
terminal could be recorded.

To determine the organisation of connections across PFC from anterior to posterior, a
factorial ANOVA was applied. Post hoc analyses revealed the presence of differences
in ordering between anterior, middle and posterior PFC. The alignment of connections
from anterior, middle and posterior PFC were compared by applying a further
statistical analysis. The mean Euclidean distance between retrograde and anterograde
labels from 4 injection sites was calculated. Paired samples t-tests were used to
compare the distance between retrograde and anterograde labels at each anterior-
posterior location in PFC. All statistical tests were applied at a significance level of

0.05 and confidence intervals of 95%.

Results

The results presented in this study were produced from the same PFC injection sites

used in Chapter 3.

Retrograde labelling was found in areas of M2, M1, S1J, S1BF, Cgl, Pir, PRh, Ent,
AuV and Aul and prefrontal regions. Anterograde labelling was found in areas of
M2, S1J, Cgl, S2, PRh, Ent, AID and prefrontal regions. To investigate in detail the
pathway between PFC and sensory-motor cortex, which had already been established
in Chapter 5, the statistical analysis was applied to labelling found in motor and
sensory regions. The organisation of input and output connections were initially
investigated at three A-P PFC locations separately (anterior, middle, posterior). The
connectivity to sensory-motor cortex across the whole investigated PFC region was

then examined.
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Anterior Prefrontal Cortex

The positioning and spread of injection sites is described in detail in Chapter 3.
Retrograde injection sites into the anterior aspect of PFC (R28, R24, R17, R23) were
observed in the intended regions of PFC (according to VVan de Werd & Uylings, 2008)
and were mostly confined to cytoarchitectural boundaries of PFC regions (Fig.6.2v).
There is some overlap seen between the retrograde injection sites in PL (R28) and VO
(R24) as well VO and VLO (R24 and R17). Anterograde injection sites into the
anterior aspect of PFC (R32, R23, R21, R24) were observed in the intended
subdivisions of PFC and were confined to the cytoarchitectural boundaries of PFC
regions. No overlapping occurred between anterograde PFC injection sites.

R24

Figure 6.2. (i) Coronal section of anterior PFC (AP 4.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), medial orbital (MO), ventral
orbital (VO), ventolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital
(DLO) cortices (according to Van de Werd & Uylings, 2008), depicting sites of
injections; Prelimbic: Aa, Ventral orbital: Ba, Ventrolateral orbital: Ca and
dorsolateral orbital: Da, with 1mm spread. (ii) Coronal section of PFC showing
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location and spread of (100nl) Fluoro-Gold at injection site in VO (R24). (iii)
Coronal section of PFC showing location and spread of (100nl) Fluoro-Ruby at
injection site in PL (R32). (iv) Representations of Fluoro-Ruby (100nl) (R21, R23,
R24, R32 (broken line)) injection sites in PL (R32), VO (R23), VLO (R21) and DLO
(R24) in the right hemisphere. (v) Representations of Fluoro-Gold (100nl) (R17, R23,
R24, R28 (solid line)) injection sites in PL (R28), VO (R24), VLO (R17) and DLO
(R23) in the left hemisphere. Fluoro-Ruby injection sites were predominantly within
the boundaries of Fluoro-Gold injection sites. There is minimal overlap between
Fluoro-Gold injection sites (R28 & R24, R24 & R17). Fluoro-Gold and Fluoro-Ruby
injection sites are mostly limited to the cytoarchitectural boundaries of PFC regions,
and span the majority of the region (PL, VO/MO, VLO, DLO), injections into VO
spread into MO. Scale bars = 100um.

Retrograde labelling, resultant from Fluoro-Gold injections into anterior PFC (PL,
VO, VLO and DLO) was found in regions of PRh, Ent, AuV, Cgl, M2, M1, S1J and
prefrontal regions (Fig. 6.3i, ii, 6.4ii). Anterograde labelling resultant from Fluoro-
Ruby injections into anterior PFC (PL, VO, VLO and DLO) was found in regions of
PRh, Ent, Cgl, M2 and M1, as well as prefrontal regions (Fig. 6.3iii, iv, 6.4iii). In
order to further investigate the pathway between PFC and sensory-motor cortex,
which had already been identified, the labelling within areas of M1, M2 and S1J was

analysed.
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Figure 6.3. (i) Coronal section showing retrogradely labeled cells (blue) in sensory-
motor cortex produced by injection of Fluoro-Gold (100nl) into VO (R24). (ii)
Retrogradely labeled cells (blue) in sensory-motor cortex produced by injection of
Fluoro-Gold into VO (R24). (iii) Coronal section showing anterogradely labeled axon
terminals (red) in sensory-motor cortex produced by injection of Fluoro-Ruby (100nl)
into PL (R32). (iv) Anterograde labelling (red) in sensory-motor cortex produced by
injection of Fluoro-Ruby (100nl) into DLO (R24). Scale bars = 100um.

Organisation of Input Connections from Sensory-Motor Cortex to Anterior

Prefrontal Cortex

Projections to anterior PFC from temporal cortex were seen in Cgl, M2 M1 and S1J.
Retrogradely labelled cells from each each PFC injection site were distributed across
several cytoarchitecurally distinct regions. The distribution of retogradely labelled
cells in sensory-motor cortex maintained an overall spatial order according to the
corresponding (Fluoro-Gold) PFC injection sites (PL, VO, VLO and DLO). Moving
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laterally in PFC from VO to DLO (injection site Ba to Da), projections from VO were
seen dorsally to those from VLO, and projections from VLO were seen dorsally to
those from DLO. A factorial ANOVA revealed a significant main effect of anterior
PFC injection site location on the dorsal-ventral distance from the cortical surface of
retrogradely labelled cells in sensory-motor cortex (F(3,224)=16.129 p<0.001
r=0.259). Post hoc comparisons (Tukey HSD) revealed significant differences
between retrograde PFC injection sites Aa*Ba, Ba*Da (p<0.001), Aa*Ca (p=0.015)
and Ca*Da (p=0.047).

Additionally, an ordered organisation can be seen in the anterior-posterior axis;
projections from VO are present more anterior to VLO and projections from VLO
anterior compared to DLO. A factorial ANOVA revealed a significant main effect of
anterior PFC injection site location on the anterior-posterior location of retrogradely
labelled cells in sensory-motor cortex (F(3,224)=70.614 p<0.001 r=0.490). Post hoc
comparisons (Tukey HSD) revealed significant differences between retrograde PFC
injection sites Aa*Da, Ca*Da (p<0.001) and Ba*Ca (p=0.001).

A similar ordering can be seen between VO and DLO in the medial-lateral axis,
moving from medial to lateral in PFC (VO->VLO->DLO), projections in sensory-
motor cortex become more medial. A factorial ANOVA revealed a significant main
effect of anterior PFC injection site location on the medial-lateral distance from the
medial cortical surface of retrogradely labelled cells in sensory-motor cortex
(F(3,224)=15.020 p<0.001 r=0.251). Post hoc comparisons (Tukey HSD) revealed
significant differences between retrograde PFC injection sites Aa*Da, Ba*Da
(p<0.001) and Ca*Da (p=0.003). There is considerable overlapping of projections
from VO and VLO (injection sites B and C).
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Aa (PL: R28(FG), R32(FR))
Ba (VO: R24(FG), R23(FR))
Ca (VLO: R17(FG), R21FR))
Da (DLO: R23(FG), R24(FR))

Bregma 1.2mm

Bregma 1.2mm

Bregma 2.2mm

/ Bregma 2.2mm

Figure 6.4 Diagram representing the amalgamated injection sites of Fluoro-Gold and
Fluoro-Ruby in anterior PFC, and the projection sites to sensory-motor cortex for both
retrograde (Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections. (i) The
locations of injection sites Aa (PL: R28, R32), Ba (R23, R24), Ca (R17, R21) and Da
(R23, R24) in anterior PFC. (ii) The locations of retrogradely labeled cells in sensory-
motor cortex, resultant from 100nl Fluoro-Gold injections into anterior PFC injection
sites Aa-Da (R17, R23, R24, R28). (iii) The locations of anterogradely labeled axon
terminals in sensory-motor cortex, resultant from 100nl Fluoro-Ruby injections into
anterior PFC injection sites Aa-Da (R21, R23, R24, R32).
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Organisation of Output Connections to Sensory-Motor Cortex from

Anterior Prefrontal Cortex

Output projections from anterior PFC to temporal cortex were seen in Cgl, M2 and
M1. The distribution of anterogradely labelling (from Fluoro-Ruby) in sensory-motor
cortex resultant from anterior PFC tracer injections is less widespread than the
corresponding retrograde labelling (from Fluoro-Gold). The distribution of
anterogradely labelled axon terminals in sensory-motor cortex maintain a spatial order
in terms of the corresponding Fluoro-Ruby PFC injection site. Moving from medial to
lateral in PFC (from VO to DLO), projections from VO are seen more posterior to
VLO. Similarly projections from VLO are seen posterior to those from DLO. A
factorial ANOVA revealed a significant main effect of anterior PFC injection site
location on the anterior-posterior location of anterogradely labelled axon terminals in
sensory-motor cortex (F(3,240)=178.569 p<0.001 r=0.653). Post hoc comparisons
(Tukey HSD) revealed significant differences between anterograde injection sites
A*B, B*C, B*D (p<0.001) and C*D (p=0.003). No significant differences were found
between anterograde injection sites Aa*Ba, Ba*Ca, Ba*Da (p<0.001) and Ca*Da
(p=0.003).

The ordering of output projections seen here follows an opposing order to that seen of
input connections. In contrast to labeled input projections, no clear ordering of outputs
can be seen in terms of the dorsal-ventral (laminar) or medial-lateral axes, although
some evidence of ordering can be seen. A factorial ANOVA revealed a significant
main effect of anterior PFC injection site location on the dorsal-ventral distance from
the cortical surface of anterogradely labelled axon terminals in sensory-motor cortex
(F(3,240)=79.033 p<0.001 r=0.498). Post hoc comparisons (Tukey HSD) revealed
significant differences between anterograde PFC injection sites Aa*Ba, Aa*Da,
Ba*Ca and Ca*Da (p<0.001). A factorial ANOVA revealed a significant main effect
of anterior PFC injection site location on the medial-lateral distance from the medial
cortical surface of anterogradely labelled axon terminals in sensory-motor cortex
(F(3,240)=174.252 p<0.001 r=0.649). Post hoc comparisons (Tukey HSD) revealed
significant differences between anterograde injection sites Aa*Ba, Aa*Ca, Aa*Da,
Ba*Ca and Ca*Da (p<0.001).
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A two factor ANOVA revealed a significant interaction effect of input and output
connections in the dorsal-ventral (F (3 442=56.626 p<0.001 r=0.336), anterior posterior
(F(3,444)=142.386 p<0.001 r=0.493) and medial-lateral (F(3,444)=66.212 p<0.001
r=0.360) axes. This indicates differential organisation of input and output connections

from PFC to sensory-motor cortex.
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Figure 6.5. The mean effect of injection site in anterior PFC on the (i) dorsal-ventral,
(if) anterior-posterior and (iii) medial-lateral location of retrogradely labelled cells
(n=208 arising from 4 rats: PL=20, VO=77, VLO=39, DLO=72) and anterogradely
labelled axon terminals (n=244 arising from 4 rats: PL=87, VO=91, VLO=30,
DLO=36) within sensory-motor cortex. Error bars = standard error. (iv) Coronal cross
section of PFC showing the position of 4 injection sites; Prelimbic (Aa), Ventral
orbital (Ba), Ventrolateral orbital (Ca) and Dorsolateral orbital (Da). Coronal cross
section of sensory-motor cortex showing the three dimensions in which the locations
of labels were recorded.
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This analysis shows evidence of an ordered organisation of connections between
anterior PFC and areas of sensory-motor cortex. As PFC injection sites move in the
mediolateral direction (VO to DLO; Ba to Da), the pattern of input projections moves
in an anterior-posterior direction across sensory-motor cortex, whilst simultaneously
moving in a medial-lateral direction. Similarly, an organisational pattern of output
projections can be observed, however, this occurs in a different direction to input
projections. As anterograde injection sites move mediolaterally in PFC from VO to
DLO, the projections in temporal cortex move from posterior to anterior. The medial-
lateral organisation of output connections is not clear in comparison to input
connections. It is evident from these results that the input and output connections from

anterior PFC to sensory-motor cortex are organised differently.

Central Prefrontal Cortex

The positioning and spread of injection sites is described in detail in Chapter 3.

Retrograde injection sites into the central aspect of PFC (R4, R5, R6, R7) were
observed in the intended regions of PFC (according to Van de Werd & Uylings, 2008)
and were mostly confined to cytoarchitectural boundaries of PFC regions (Fig.6.6iv).
There is some overlap seen between the retrograde injection sites in PL (R7) and VO
(R6). Anterograde injection sites into the central aspect of PFC (R9, R19, R20, R29)
were observed in the intended subdivisions of PFC and were confined to the
cytoarchitectural boundaries of PFC regions. No overlapping occurred between

anterograde PFC injection sites.
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Figure 6.6 (i) Coronal section of central PFC (AP 4.2mm from Bregma) showing the
cytoarchitectural boundaries of the premlimbic (PL), infralimbic (IL), medial orbital
(MO), ventral orbital (VO), ventrolateral orbital (VLO) and dorsolateral orbital
(DLO) cortices (according to Van de Werd & Uylings, 2008), depicting sites of
injections; prelimbic:A, ventral orbital:B, ventrolateral orbital:C and dorsolateral
orbital:D, with 1mm spread. (ii) Coronal section of PFC showing location and spread
of (100nl) Fluoro-Gold (blue) at injection site in VO (R6). (iii) Coronal section of
PFC showing location and spread of (100nl) Fluro-Ruby (red) at injection site in VLO
(R9). (iv) Representations of Fluoro-Gold (100nl) (R4, R5, R6, R7 (solid line)) and
Fluoro-Ruby (100nl) (R9, R19, R20, R29 (broken line)) injection sites in PL (R7,
R29), VO (R6, R20), VLO (R4, R9) and DLO (R5, R19), in the right hemisphere.

Anterograde labelling, resultant from Fluoro-Ruby injections into central PFC (PL,
VO, VLO, DLO) was seen in regions of sensory and motor cortex similar to that
which had previously been identified with BDA injections in the same region
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(Chapter 5). Anterograde labelling was seen in areas of Cgl, M1 and M2 (fig.6.7iii,
iv). The locations of both input and output connections observed in central PFC was
similar to that seen in anterior PFC (Fig.6.8). Similar locations of retrograde and
anterograde labelling were seen as a result of co-injections of Fluoro-Gold and
Fluoro-Ruby (Appendix Q) and anterograde labelling from injections of Fluoro-
Emerald (Appendix R).

Figure 6.7.(i) Coronal section showing retrogradely labelled cells (blue) in cingulate
cortex produced by 100nl injection of Fluoro-gold into VLO (R4). (ii) Coronal section
showing retrogradely labelled cells (blue) in cingulate cortex produced by 100nl
injection of Fluoro-gold into VO (R6). (iii) Coronal section showing anterograde
labelling (red) produced by injection of Fluoro-Ruby into DLO (R19). Anterograde
labelling in sensory-motor cortex produced by injection of Fluoro-Ruby into DLO
(R19). Scale bars = 100pum.
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Organisation of Input Connections to Central Prefrontal Cortex from

Sensory-Motor Cortex

Projections to central PFC from sensory-motor cortex were seen in Cgl, M2, M1 and
S1J (Fig.6.8ii). Labelled cells from each injection location were distributed across
several cytoarchitecturally distinct regions. The distribution of retrogradely labelled
cells within sensory-motor cortex maintained a spatial order according to the
corresponding Fluoro-Gold injection sites. Moving laterally in PFC from VO to DLO:
projections from VO were seen dorsally to those from VLO, and projections from
DLO were seen dorsally to those from VLO. This indicates an ordered laminar
organisation of connections from central PFC (VO-DLO) to sensory motor cortex,
similar to that seen in anterior PFC and consistent with those described in Chapter 5.

There is overlapping of projections from VO, VLO and DLO.
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Figure 6.8. Diagram representing the amalgamated injection sites of Fluoro-Gold and
Fluoro-Ruby, and the projection sites to sensory-motor cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections. (i) The locations of
injection sites A (PL: R7, R29), B (VO:R6, R20), C (VLO:R4, R9) and D (DLO: R5,
R19) in central PFC. (ii) The locations of retrogradely labeled cells in sensory-motor
cortex, resultant from 100nl Fluoro-Gold injections into central PFC injection sites A-
D (R4, R5, R6, R7). (iii) The locations of anterogradely labeled axon terminals in
sensory-motor cortex, resultant from 100nl Fluoro-Ruby injections into central PFC
injection sites A-D (R9, R19, R20, R29).
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Organisation of Output Connections to Central Prefrontal Cortex from
Sensory-Motor Cortex

Output projections from central PFC to sensory-motor cortex were seen in Cgl and
M2 (Fig.6.8iii). The distribution of of anterogradely labelled axon terminals in
sensory-motor cortex maintained a spatial order corresponding to Fluoro-Ruby central
PFC injection sites. As PFC injection sites move from medial to lateral (VO to DLO)
projections in sensory-motor cortex move from anterior to posterior, whilst
simultaneously moving from medial to lateral. This ordering is consistent with that
observed with BDA injections in Chapter 5, as well as that seen with Fluoro-Emerald
labelling (Appendix R) and co-injections of Fluoro-Gold and Fluoro-Ruby (Appendix
Q). No clear laminar ordering (in the dorsal-ventral axis) can be seen in the output

projections from central PFC to sensory-motor cortex.

Statistical evidence for this ordered arrangement is consistent with that described in
Chapter 5 and can be seen in detail in Appendix P. A Factorial ANOVA revealed a
significant main effect of central PFC injection location on the location of
retrogradely labeled cells in sensory-motor cortex (in the dorsal-ventral axis
(p<0.001), anterior-posterior axis (p<0.001) and medial-lateral axis (p<0.001)) and
anterogradely labeled axon terminals in sensory-motor cortex (in the dorsal-ventral
axis (p<0.001), anterior-posterior axis (p<0.001) and medial-lateral axis (p<0.001)
(Fig.6.9). A two factor ANOVA also revealed evidence of differential ordering of
inputs and outputs in the anterior-posterior, dorsal-ventral and medial-lateral axes
(p<0.001). These results show clear evidence of ordering for both input and output
connections from central prefrontal to sensory-motor cortex, as well as evidence for
different patterns of organisation between inputs and outputs, across 3 axes of

orientation.
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Figure 6.9. The mean effect of central PFC injection site on the (i) dorsal-ventral, (ii)
anterior-posterior and (iii) medial-lateral location of retrogradely labelled cells (n=494
arising from 4 rats: PL=143, VO=156, VLO=83, DLO=112) and anterogradely
labelled axon terminals (n=224 arising from 4 rats: PL=138, VO=29, VLO=19,
DL0O=38) within sensory-motor cortex. Error bars=standard error. (iv) Coronal crosss
section of PFC showing the position of 4 injection sites; prelimbic (A), ventral-orbital
(B), ventrolateral orbital (C) and dorsolateral orbital (D). Coronal cross section of
sensory-motor cortex showing the three dimensions in which the locations of labels
were recorded.

This analysis shows evidence for an ordered organisation of connections between
central PFC and sensory-motor cortex, consistent with that described in Chapter 5 and

Appendix L.
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Posterior Prefrontal Cortex

The positioning and spread of injection sites is described in detail in Chapter 3.
Retrograde injection sites into the posterior aspect of PFC (R27, R22, R11, R26) were
observed in the intended regions of PFC (according to Van de Werd & Uylings, 2008)
and were mostly confined to cytoarchitectural boundaries of PFC regions (Fig.6.10v).
There is some overlap seen between the retrograde injection sites in PL (R27) and VO
(R22) as well PL and VLO (R27 & R11). Anterograde injection sites into the anterior
aspect of PFC (R28, R26, R25, R27) were observed in the intended subdivisions of
PFC and were confined to the cytoarchitectural boundaries of PFC regions. No
overlapping occurred between anterograde PFC injection sites.
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R26

R26

Figure 6.10 (i) Coronal section of PFC (AP 3.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), infralimbic (IL), ventral orbital
(VO) ventrolateral orbital (VLO) and dorsolateral orbital (DLO) cortices (according
to Van de Werd & Uylings, 2008), depicting sites of injections; Prelimbic: Ap,
Ventral orbital: Bp, Ventrolateral orbital: Cp and Dorsolateral orbital: Dp, with 1mm
spread. (ii) Coronal section of PFC showing location and spread of (100nl) Fluoro-
Gold (blue) at injection site in PL (R27). (iii) Coronal section of PFC showing
location and spread of (100nl) Fluoro-Ruby (red) at injection site in PL (R28). (iv)
Representations of Fluoro-Ruby (100nl) (R25, R26, R27, R28 (broken line) injection
sites in PL (R28), VO (R26), VLO (R25) and DLO (R27), in the right hemisphere. (V)
Representations of Fluoro-Gold (100nl) (R11, R22, R26, R27 (solid line)) injection
sites in PL (R27), VO (R22), VLO (R11) and DLO (R26), in the left hemisphere.
Fluoro-Ruby injection sites were consistently within the boundaries of corresponding
Fluoro-Gold injection sites. There is minimal overlap between Fluoro-Gold injection
sites (R27 & R22). Scale bars = 100um.
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Retrograde labelling, resultant from Fluoro-Gold injections into posterior PFC (PL,
VO, VLO and DLO) was found in regions of PRh, Ent, AuV, Cgl, M2, M1, S1J and
prefrontal regions (Fig.6.11i, ii. Fig.6.12ii). Anterograde labelling resultant from
Fluoro-Ruby injections into posterior PFC (PL, VO, VLO and DLO) was found in
regions of PRh, Ent, Cgl, M2 and M1, as well as prefrontal regions (Fig. 6.11iii, iv,
6.12iii). In order to investigate the pathway between posterior PFC and sensory-motor

cortex, the labelling within areas of Cgl, M1, M2 and S1J was analysed.
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Figure 6.11. (i) Coronal section showing retrogradely labelled cells (blue) in sensory-
motor cortex produced by injection of Fluoro-Gold (100nl) into posterior VO (R22).
(i) Retrogradely labelled cells (blue) in sensory-motor cortex, resultant from injection
of Fluoro-Gold (100nl) into posterior VLO (R11). (iii) Coronal section showing
anterogradely labelled axon terminals (red) in sensory-motor cortex produced by
injection of Fluoro-Ruby (100nl) in posterior DLO (R27). (iv) Anterograde labelling
(red) in sensory-motor cortex, resultant from injection of Fluoro-Ruby (100nl) in
posterior VO(R26). Scale bars = 100um.
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Organisation of Input Connections to Posterior Prefrontal Cortex from

Sensory-Motor Cortex

Projections to posterior PFC from sensory-motor cortex were seen in Cgl, M2 and
M1 (6.12.ii). The distribution of retrogradely labelled cells within sensory-motor
cortex maintained a spatial order according to the corresponding Fluoro-Gold
injection sites in posterior PFC. Moving laterally in PFC from VO to DLO:
projections from VO were seen dorsally to those from VLO, and projections from
DLO were seen dorsally to those from VLO. : A factorial ANOVA revealed a
significant main effect of posterior PFC injection site location on the dorsal-ventral
distance from the cortical surface of retrogradely labelled cells in sensory-motor
cortex (F(3,585)=587.539 p<0.001 r=0.71). Post hoc comparisons (Tukey HSD)
revealed significant differences between all retrograde PFC injection sites; Ap*Bp,
Ap*Cp, Ap*Dp, Bp*Cp, Bp*Dp (p<0.001) and Cp*Dp (p=0.014). This indicates an
ordered laminar organisation of connections from central PFC (VO-DLO) to sensory

motor cortex, consistent with that observed in anterior and central PFC.

An additional ordering of input connections to posterior PFC can be seen in the
medial-lateral axis. As injection sites move from medial to lateral (VO — DLO),
retrograde labelling in sensory-motor cortex becomes more medial; labelling from the
injection into VO is seen laterally to VLO, and labelling from VLO is seen laterally to
DLO. A factorial ANOVA revealed a significant main effect of posterior PFC
injection site location on the medial-lateral distance from the medial cortical surface
of retrogradely labelled cells in sensory-motor cortex (F(3,585)=667.015 p<0.001
r=0.73). Post hoc comparisons (Tukey HSD) revealed significant differences between
PFC injection sites Ap*Bp, Ap*Cp, Bp*Cp, Bp*Dp and Cp*Dp (p<0.001). This is

similar to the ordering seen in anterior and central PFC.

A factorial ANOVA also revealed a significant main effect of posterior PFC injection
site location on the anterior-posterior location of retrogradely labelled cells in
sensory-motor cortex (F(3,585)=328.004 p<0.001 r=0.60). Post hoc comparisons
(Tukey HSD) revealed significant differences between retrograde PFC injection sites
Ap*Bp, Bp*Cp and Bp*Dp (p<0.001).
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Figure 6.12. Diagram representing the amalgamated injection sites of Fluoro-Gold
and Fluoro-Ruby, and the projection to sensory-motor cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections. (i) The locations of
injection sites Ap (PL:R27,R28), Bp (VO:R22,R26), Cp (VLO:R11,R25) and Dp
(DLO:R26,R27) in posterior PFC. (ii) The locations of retrogradely labelled cells in
sensory-motor cortex, resultant from 100nl Fluoro-Gold injections into posterior PFC
injection sites Ap-Dp (R11, R22, R26, R27). (iii) The locations of anterogradely
labelled axon terminals in sensory-motor cortex, resultant from 100nl Fluoro-Ruby
injections into posterior PFC injection sites Ap-Dp (R25, R26, R27, R28).

Organisation of Output Connections to Posterior Prefrontal Cortex to

Sensory-Motor Cortex

Output projections from posterior PFC to sensory-motor cortex were seen in Cgl, M2
and M1 (Fig.6.12iii). The distribution of anterogradely labelled axon terminals in
sensory-motor cortex maintained a spatial order corresponding to Fluoro-Ruby central
PFC injection sites). As PFC injection sites move from medial to lateral (VO to DLO)
projections in sensory-motor cortex move from posterior to anterior, this is not
consistent with the ordering of output connections seen in anterior and central PFC. A
factorial ANOVA revealed a significant main effect of posterior PFC injection site
location on the anterior-posterior location of anterogradely labelled axon terminals in
sensory-motor cortex (F(3,242)=41.946 p<0.001 r=0.39). Post hoc comparisons
(Tukey HSD) revealed significant differences between anterograde injection sites
A*B, B*C, B*D (p<0.001), A*C (p=0.002) and A*D (p=0.036).

No clear ordering can be seen in the output projections from posterior PFC to sensory-
motor cortex in the medial-lateral or dorsal-ventral axes, although there is evidence of
ordering. A factorial ANOVA revealed a significant main effect of posterior PFC
injection site location on the dorsal-ventral distance from the cortical surface of
anterogradely labelled axon terminals in sensory-motor cortex (F(3,242)=104.737
p<0.001 r=0.55). Post hoc comparisons (Tukey HSD) revealed significant differences
between anterograde injection sites A*C, B*C, C*D (p<0.001) and A*D (p=0.004). A
factorial ANOVA revealed a significant main effect of posterior PFC injection site
location on the medial-lateral distance from the medial cortical surface of
anterogradely labelled axon terminals in sensory-motor cortex (F(3,242)=49.475

p<0.001 r=0.41). Post hoc comparisons (Tukey HSD) revealed significant differences
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between anterograde injection sites A*C, A*D, B*C, B*D and C*D (p<0.001).
Anterograde labelling was more widespread when resultant from posterior PFC

injections than the projections seen with anterior and central PFC injections.
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Figure 6.13. The mean effect of posterior PFC injection site location on the (i) dorsal-
ventral (ii) anterior-posterior and (iii) medial-lateral location of retrogradely labeled
cells (n=586 arising from 4 rats: PL=152, VO=268, VLO=136, DLO=30) and
anterogradely labeled axon terminals (n=243 arising from 4 rats: PL=124, VO=44,
VLO=35, DLO=40) within sensory-motor cortex. Error bars = standard error.(iv)
Coronal cross section of PFC showing the posisition of 4 injection sites; prelimbic
(Ap), ventral orbital (Bp), ventrolateral orbital (Cp) and dorsolateral orbital (Dp).
Coronal cross section of sensory-motor cortex showing the three dimensions in which
the locations of labels were recorded.
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This analysis shows evidence for an ordered organisation of connections between
posterior PFC and sensory motor cortex. As PFC injection sites move in the
mediolateral direction (VO to DLO; Bp to Dp), the pattern of input projections moves
in a dorsal-ventral direction across temporal cortex, whilst simultaneously moving in
a lateral-medial direction. This is an opposing order compared to that seen in anterior
PFC. Similarly, an organisational pattern of output projections can be observed. As
anterograde injection sites move mediolaterally in PFC from VO to DLO, the
projections in temporal cortex move from dorsal to ventral. It is evident from these
results that the input and output connections from posterior PFC to sensory-motor

cortex show more similarities in their ordering than those seen in anterior PFC.

Organisation of Connections from Anterior to Posterior Prefrontal Cortex

A factorial ANOVA was applied to determine if there was an effect of the anterior-
posterior location of PFC injection sites on the location of retrograde and anterograde
labels in sensory-motor cortex. The analysis revealed evidence for a gradient in terms
of alignment of input and output connections from PFC to temporal cortex, with a
significant change in the relationship between inputs and outputs in anterior PFC

compared to central and posterior PFC.
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Figure 6.14 Diagram representing the projections to sensory-motor cortex for both
retrograde (Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections, from
anterior, central and posterior PFC. (i) Retrograde labelling in sensory-motor cortex
produced by Fluoro-Gold injections into anterior PFC. (ii) Retrograde labelling in
sensory-motor cortex produced by Fluoro-Gold injections into central PFC. (iii)
Retrograde labelling in sensory-motor cortex produced by Fluoro-Gold injections into
posterior PFC. (iv) Antrograde labelling in sensory-motor cortex produced by Fluoro-
Gold injections into anterior PFC. (v) Anterograde labelling in sensory-motor cortex
produced by Fluoro-Gold injections into central PFC. (vi) Anterograde labelling in
sensory-motor cortex produced by Fluoro-Gold injections into posterior PFC.

Statistical evidence for this anterior-posterior organisation came from the
following analysis:

In the dorsal-ventral axis: A factorial ANOVA revealed a significant effect of the
anterior-posterior location of PFC injection site on the dorsal-ventral location of
retrogradely labelled cells (F(1142=217.989 p<0.001 r=0.400) and anterograde
labelling (F2,708=8.767 p<0.001 r=0.111) in sensory-motor cortex. Post hoc
comparisons (Tukey HSD) revealed significant differences between retrograde
anterior and central PFC injection sites, anterior and posterior, as well as central and
posterior PFC injection sites (p<0.001). Post hoc comparisons (Tukey HSD) revealed
significant differences between anterograde anterior and central PFC injection sites
(p<0.001) and anterior and posterior (p=0.009).

In the anterior-posterior axis: A factorial ANOVA revealed a significant main
effect of the anterior-posterior location of PFC injection site on the anterior-posterior
location of retrogradely labelled cells (F1142=165.143 p<0.001 r=0.355) and
anterograde labelling (F2708y=32.715 p<0.001 r=0.210) in sensory-motor cortex. Post
hoc comparisons (Tukey HSD) revealed significant differences between retrograde
anterior and central PFC injection sites, anterior and posterior PFC injection sites, as
well as central and posterior PFC injection sites (p<0.001). Post hoc comparisons
(Tukey HSD) revealed significant differences between anterograde anterior and
central PFC injection sites (p=0.005), anterior and posterior, as well as central and

posterior PFC injection sites (p<0.001).

In the medial-lateral axis: A factorial ANOVA revealed a significant main effect of
the anterior-posterior location of PFC injection site on the medial-lateral location of

retrogradely labelled cells (F1142=222.237 p<0.001 r=0.404) and anterograde
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labelling (F,708=1242.129 p<0.001 r=0.798) in sensory-motor cortex. Post hoc
comparisons (Tukey HSD) revealed significant differences between retrograde
anterior and central PFC injection sites, anterior and posterior injection sites and
central and posterior PFC injection sites (p<0.001). Post hoc comparisons (Tukey
HSD) revealed significant differences between anterograde anterior and central as

well as central and posterior PFC injection sites (p<0.001).

These results show that an anterior-posterior change in the location of PFC injection
sites substantially changes the location of labelled targets in sensory-motor cortex,
indicating evidence of ordered organisation occurring from anterior to posterior PFC
(Fig. 6.14, Fig. 6.15).

Figures 6.14 and 6.15 show a substantial change in the organisational pattern of both
input and output connections as the PFC injection site moves from anterior to
posterior. Most notably in the anterior-posterior axis, the organisation of input and
output connections become considerably more aligned with one another in central and

posterior PFC compared to anterior PFC (Fig. 6.15iii).
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Figure 6.15. The mean effect of PFC injection site on the location of retrograde and
anterograde labels in sensory-motor cortex. (i) The effect of anterior PFC injection
sites (Aa (PL), Ba (VO), Ca (VLO) , Da (DLO)) on the mean anterior-posterior
distance of retrograde and anterograde labels from Bregma. (ii) The effect of central
PFC injection sites (A (PL), B (VO), C (VLO), D (DLO)) on the mean anterior-
posterior distance of retrograde and anterograde labels from Bregma. (iii) The effect
of posterior PFC injection sites (Ap (PL), Bp (VO), Cp (VLO), Dp (DLO)) on the
mean anterior-posterior distance of retrograde and anterograde labels from Bregma.
(iv) The effect of anterior PFC injection sites (Aa (PL), Ba (VO), Ca (VLO) , Da
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(DLO))) on the mean dorsal-ventral distance of retrograde and anterograde labels
from the cortical surface. (v) The effect of central PFC injection sites (A (PL), B
(VO), C (VLO), D (DLO)) on the mean dorsal-ventral distance of retrograde and
anterograde labels from the cortical surface. (vi) The effect of posterior PFC injection
sites (Ap (PL), Bp (VO), Cp (VLO), Dp (DLO)) on the mean dorsal-ventral distance
of retrograde and anterograde labels from the cortical surface. (vii) The effect of
anterior PFC injection sites (Aa (PL), Ba (VO), Ca (VLO) , Da (DLO)) on the mean
medial-lateral distance of retrograde and anterograde labels from the medial surface.
(viii) The effect of central PFC injection sites (A (PL), B (VO), C (VLO), D (DLO))
on the mean medial-lateral distance of retrograde and anterograde labels from the
medial surface. (ix) The effect of posterior PFC injection sites (Ap (PL), Bp (VO), Cp
(VLO), Dp (DLO)) on the mean medial-lateral distance of retrograde and anterograde
labels from the medial surface.

Alignment of Input and Output Connections to Sensory-Motor Cortex

from Anterior — Posterior Prefrontal Cortex

To clearly visualise the relationship between input and output connections to sensory-
motor cortex across anterior — posterior PFC, the mean Euclidean distance (E)
between retrograde and anterograde labels from each injection site was calculated.
Paired samples t-tests revealed a greater difference in the distance between
anterograde and retrograde labels in sensory-motor cortex following anterior PFC
injections (t(3)=-1.216 p=0.311), compared to posterior PFC (t(3)=0.334 p=0.754).
Figure 6.16 shows that as PFC injection sites become more posterior, the distance
between retrograde and anterograde labels becomes smaller, meaning that input and
output connections become more aligned with one another. The greatest change in the
distance between inputs and outputs can be seen between anterior and central PFC,
the distance does not decrease greatly from central to posterior PFC. This indicates a
greater similarity in the organisation of central and posterior PFC connections to

sensory-motor cortex in comparison to those in anterior PFC.

170



© L o ©
A N 0O O =
1

T

Anterior Middle Posterior

(mm
S e
_ N W B U
1

3 dimensional mean distance between
retrograde and anterograde labels

o

Anterior-Posterior location of PFC injection site

Figure 6.16. The effect of the anterior-posterior location of PFC injection site on the
mean 3 dimensional distance (E) between anterograde and retrograde labels in
sensory-motor cortex. Error bars = standard error.

Discussion

This study investigated connections to sensory-motor cortex from the most anterior
reigon of PFC ( 4.7mm from Bregma) to the most posterior region of PFC (3.7mm
from Bregma). The findings shown here support the earlier observations of an ordered
arrangement of projections from PFC to regions of sensory-motor cortex (Chapter 5
and Appendix L) and provides additional insights into the alignment of PFC

connections.

| revealed a clear ordered arrangement of connections from central PFC (Bregma
4.2mm) to sensory-motor cortex, resultant from both anterograde and retrograde
labelling. This ordering was consistent with that seen as a result of Fluoro-Gold and
BDA injections in the previous study (Chapter 5). Evidence was also revealed of a
similar ordered organisation of both input and output connections occurring in the
pathways between anterior PFC (Bregma 4.7mm) and sensory-motor cortex and
posterior PFC (Bregma 3.7mm) to sensory-motor cortex. The ordering seen in
anterior PFC showed differences in organisation compared with central and posterior
PFC. This provides evidence to suggest differential organizational patterns within
PFC, similar to that seen in the connections between PFC and temporal cortex
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described in Chapter 3. Consistent evidence has been shown for different ordering of
input and output connections from PFC to sensory-motor cortex. In addition, evidence
has been shown for changes in the degree of alignment (difference between inputs and
outputs) in anterior compared to posterior PFC, whereby anterior PFC is highly non-
aligned and posterior PFC is considerably aligned. This is similar to the organisation
seen in the PFC-temporal cortex pathway and demonstrates an organisational gradient
of connections, consistent with reported functional organizational gradients observed
in terms of abstraction (Christoff, 2009).

Anterior Prefrontal Cortex

The retrograde labelling found in areas of sensory and motor cortex resultant from
anterior PFC tracer injections differed to that which was identified from central PFC
injections, in that labelling was more ventral than that produced from central PFC
injections. The pattern of ordered organisation of input connections from temporal
cortex to PFC was very similar in anterior and central PFC, this is most clear in the
anterior-posterior axis, where labelling becomes more posterior in sensory-motor
cortex from VO to DLO. Input connections to anterior PFC showed evidence of a
similar laminar organisation, specifically between VO and VLO, although this is not

as clear as with central PFC connections.

The labelling of output connections found in sensory and motor regions resultant from
anterior PFC tracer injections (particularly PL) was found posterior and lateral
compared to those produced from central PFC injections. Labelling of input
connections to anterior PFC was found to be more posterior compared to labeled input
connections to central PFC. The difference between output and input connections was
observed at it’s greatest in anterior PFC connections, indicating the highest degree of
non-alignment here. The pattern of ordered organisation of input connections from

sensory-motor cortex to PFC was very similar in anterior and central PFC.

The results show clear evidence of ordering of both input and output connections in
between anterior PFC and sensory-motor cortex. This ordering can be seen across

multiple orientations. There is strong evidence of non-alignment of inputs and
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outputs, in that anterograde and retrograde labelling from the same PFC injection sites
are not found in the same locations. Despite the clear differential organisation, there
remains to be evidence of broad scale reciprocity of connections, similar to that
identified in earlier experiments (Chapter 5).

Central Prefrontal Cortex

Injection of the retrograde tracer Fluoro-Gold and the anterograde tracer Fluoro-Ruby
to central PFC regions of PL, VO, VLO and DLO resulted in similar retrograde and
anterograde labelling to that described in Chapter 5. Retrograde labelling was seen
more widespread in sensory-motor cortex, spreading into areas of S1J than
anterograde counterparts. Large amounts of retrograde and anterograde labelling from
the same PFC injection site was found in different sensory and motor regions. The
findings from this study show the same ordered organisation of input connections
described for anterior PFC, however the analysis shows a change in the ordering of
output connections; labelling of outputs becomes more posterior from VO to DLO,
whereas in anterior PFC labelling becomes more anterior from VO to DLO. This
change in ordering of output connections results in an increased alignment between

inputs and outputs.

Posterior Prefrontal Cortex

The ordering of output connections from posterior PFC differed to the ordering seen
in central PFC, this is clearest in the anterior-posterior axis where output connections
follow an opposing order to those from central PFC; moving mediolaterally in PFC
(from VO to DLO), output connections from posterior PFC become more anterior,
whereas the output connections from central PFC become more posterior. This
ordering of outputs is similar to that seen in anterior PFC. The output projections from
posterior PFC to temporal cortex follow the same ordered arrangement as the input
projections. As well as following the same order, the input and output connections
from posterior PFC to temporal cortex are aligned with one another (i.e. are found in

the same regions).
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The retrograde labelling produced from posterior PFC injections was seen in more
posterior and ventral regions of sensory-motor cortex to that observed in central and
anterior PFC. The ordering of input connections to posterior PFC differed to the order
observed from anterior and central PFC, specifically in the anterior-posterior axis,
where the ordering was opposite to that seen in anterior and central PFC. This is
clearest in the anterior-posterior axis where input connections follow an opposing
order to those from anterior and central PFC; moving mediolaterally in PFC (from
VO to DLO), input connections from posterior PFC become more anterior, whereas
the input connections from anterior and central PFC become more posterior. The
input projections from posterior PFC to sensory-motor cortex follow the same ordered
arrangement as the output projections. The laminar organisation of input connections
identified in anterior and central PFC (as well as Chapter 5) was not seen in the

connections from posterior PFC.

The retrograde labelling resultant from injections into posterior PFC was consistently
found to be more widespread than that produced by anterior and central PFC injection

sites, indicating less specificity of the connections from this region of PFC.

Alignment of Input and Output Connections Across Prefrontal Cortex,

from Anterior to Posterior

The findings presented here clearly show that as PFC connections become more
anterior, the inputs and outputs become less aligned with one another. The distance
between labelled input and output connections from the same PFC injection site
becomes greater moving from posterior to anterior PFC, across three axes of
orientation simultaneously. It was observed that connections become more
widespread in sensory-motor cortex as injection sites in PFC become more posterior.
This is the case for both anterograde and retrograde connections. Such a change in the
convergence/divergence pattern of connections indicates a change in the specificity of
connections to sensory-motor cortex from anterior compared to posterior PFC. The
differential organisation of anterior PFC compared to more posterior regions, and

other cortical regions, is consistent with the conclusions of Ranmani & Owen (2004)
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that anterior PFC holds a specific purpose in the complex integration of multiple
cognitive operations, different to that of other prefrontal regions. This is also
consistent with the findings in the organisation of connections between PFC and
temporal cortex (described in Chapter 3) and previous findings of ordered, reciprocal
connections between adjacent medial PFC regions (Conde et al, 1995). McFarland &
Haber (2002) identified non-reciprocal connections in frontal cortex pathways, similar
to those described here. Haber (2003) suggested that cortical regions with similar
functions are reciprocally connected, whereas regions with different functions are not
reciprocally connected. This may mean that posterior regions of PFC, where there is
greater reciprocity, are more similar to regions of sensory-motor cortex than anterior

regions of PFC are.

The findings described here consistently show a circuit which is not consistent with
traditional models of hierarchical organisation, in which PFC is positioned at the top
of a processing hierarchy (Fuster, 2001; Botvinick, 2008) E.g. S1 - S2 - association
areas > PFC - M2 - ML. The connections described from PFC - M2, and
M2->PFC are consistent with what would be expected based on a hierarchical model,
and are observed in anterior, central and posterior PFC. However, the direct
connection found from S1-> PFC connects a primary cortical regions directly to a
high order region (PFC). This connection is observed most prominently in central
PFC. There are considerably fewer labels observed in S1 in posterior and anterior
regions of PFC. This finding provides an insight into the complex functional
organisation of the PFC — sensory-motor cortex pathway, indicating different
functional organisation across PFC.

Together these findings show that the relationship between input and output
connections in the pathway between PFC and sensory-motor cortex differs from
anterior to posterior PFC, showing evidence of an organizational gradient from
anterior to posterior (similar to that observed in PFC — temporal cortex connections in
Chapter 3).

These findings provide evidence to support claims of differential functional
organisation from anterior to posterior PFC, in terms of an organisaitional gradient

(Taren et al, 2011) and observations of differences in the level of abstraction between
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anterior and posterior PFC (Christoff, 2009). Christoff (2009) proposed increased
abstract processing in anterior PFC in humans, the findings here imply that increased
abstract and complex processing is associated with a different ordered arrangement of
connections to that required by less abstract PFC regions. Based on these
observations, and the similar findings described in PFC-temporal cortex connections
(Chapter 3) it is reasonable to suggest that the increased abstract processing associated
with anterior regions of PFC requires anatomical connections to be non-aligned in

terms of inputs and outputs.
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Chapter 7.

The Fine Scale Organisation of Prefrontal Cortex — Sensory-

Motor Cortex Connections

There is evidence for ordered connections between prefrontal cortex and sensory-
motor cortex. Chapters 5 and 6 identified clear ordered arrangements of both input
and output connections and have established there is differential ordering between
inputs and outputs, most prominently in anterior regions of PFC. The findings from
Chapter 5 and 6 have given us an important basis in understanding the topological
organisation of connections from PFC to sensory-motor cortex. In order to fully
understand PFC organisation, it is necessary to establish the underlying intra-areal

(topographic) connections of the topological ordering described in earlier Chapters.

The parallel arrangement of input and output projections, and therefore reciprocal
connections, is a widely accepted property of cortical organisation. Such parallel
arrangement of connections has been described in perirhinal, postrhinal, entorhinal,
piriform, frontal, insular, temporal, cingulate, parietal and occipital cortices (Canto et
al, 2008; Agster and Burwell, 2009). The structural organisation of connections

described in the broad scale analysis (Chapter 5 and 6) contradicts this common

property.

Previous studies have described ordered projections from PFC to areas of sensory-
motor cortex (Sesack, 1989; Vertes, 2004). Connectivity studies of of S1 and M1
often report reciprocal connectivity (Dinopoulous, 1994; Lee et al, 2011).
Specifically, connections between M1 and S1 (Porter & White, 1983; Aronoff et al,
2010), S1 and S2 (Henry & Catania, 2006; Aronoff et al, 2010) and M1 and S2
(Porter & White, 1983) have been found to show evidence of reciprocity. However,
Porter & White (1983) also reported non-reciprocal connections between M1 and
Striatum. This, along with the findings from Chapter 5 and 6, indicate that motor

cortex connections show considerable reciprocity, but are not always reciprocal. The

177



finer scale analysis allowed by small and more closely positioned tracer injections in
this study allowed us to further investigate this phenomenon, allowing us to pinpoint
to greater accuracy the reciprocally connected regions of PFC in the PFC — sensory-
motor cortex pathway.

In order to gain a clear understanding of prefrontal organisation, it is necessary to
establish an understanding of the organisation of connections on a fine scale. The
findings from my earlier studies (Chapters 5 and 6) provided an important basis from
which to expand the experiments and investigate the organisation of prefrontal —

sensory-motor cortex connections at a greater resolution.

This study sought to address whether these relationships could be seen at a finer scale
and in the same pathway. By using smaller injection volumes of tracers it was
possible to establish that there is a more detailed ordering of both input and output
connections and that the ordering seen usually reflects that observed at a broader
level. The findings of this study established differential ordering of inputs and
outputs, this is in agreement with the earlier findings. The findings of broad scale
connectivity in this pathway showed evidence of a circuit not typical of the expected
hierarchical organisation (see Chapter 5), by investigating these connections at a
greater resolution it was possible to investigate this unexpected pathway further.
Following the initial findings of an ordered arrangement within broad scale PFC
projections, the investigation was continued using smaller volumes of tracer
(retrograde: Fluoro-Gold and anterograde: Fluoro-Ruby). These smaller injections
were positioned along the same medial-lateral line in central PFC as the previous
100nl injections (Chapters 5 and 6). Use of the anterograde tracer Fluoro-Ruby rather
than the previously used BDA allowed for fine scale visualization, which would
otherwise not have been possible. This is due to its increased sensitivity and ability to

be easily visualised with fluorescence.

Aims

This study aimed to determine if the organisational pattern already identified on a
broad scale is present when examined in finer detail, and if the properties of the
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underlying fine scale organisation of connections from PFC to sensory-motor cortex
differed. The earlier investigation into the fine scale organisation of connections from
PFC to temporal cortex revealed a more complex organizational structure than that
which could be observed at a lower resolution. The fine scale analysis provided a
useful insight into the detailed organisation of connections between PFC and temporal

cortex, this study enabled a similar insight into the organisation of this pathway.
Methodology
Animals and Surgical Procedures

The methodology used in this study can be seen in detail in Chapter 4. The data used

in this study was obtained from the same experiments as Chapter 4.

Figure 7.1. Coronal section of PFC (A-P 3.7mm from Bregma) showing the
cytoarchitectural boundaries of PFC sub-regions according to Van de Werd &
Uylings (2008), depicting sites of tracer injections; PL (A, B), IL/MO (C), VO/VLO
(D), VLO/LO (E), LO/DLO (F) and DLO (G), with 0.5mm separation.

Anatomical Processing, Imaging and Microscopic Analysis

The anatomical and microscopic analysis used in this study is described in detail in
chapters 2 and 4.

For the analysis of both anterograde and retrograde connections, two series of 40um
coronal sections were taken (2 in 6 sections) on a freezing microtome (CM 1900,

Leica, Germany). Sections were mounted onto gelatin coated slides. One series of
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sections was cover slipped with Vectashield® (Vector laboratories) mounting
medium (with DAPI), for fluorescent imaging of Fluoro-Ruby injection sites and
labeled projections. The second series was cover slipped with Vectashield® (Vector
laboratories) mounting medium (with propidium iodide) for fluorescent imaging of
Fluoro-Gold injection sites and labeled projections. Sections were examined using
fluorescent microscopy. Fluorescent photos were captured of injection sites,
retrogradely labeled cells (Fluoro-Gold) and anterogradley labeled axon terminals
(Fluoro-Ruby) using an Olympus DP-11 system microscope with a x4, x10 and x20

objective lens.

Statistical Analysis of the Fine Scale Connections Between Prefrontal and

Sensory-Motor Cortex

A statistical analysis was implemented similar to that used in previous studies (see
chapters 2 and 4). The three dimensional location of each retrogradely labeled cell
(Fluoro-Gold) or anterogradely labeled axon terminal (Fluoro-Ruby) was determined.
ImageJ (Wayne Rasband, NIH) was used to measure the distance of each label from
the cortical surface in the dorsal-ventral and medial-lateral axes. The anterior-
posterior location of each retrogradely labelled cell was also recorded, in terms of

distance (mm) from Bregma (according to Paxinos and Watson, 1998).

Labelled cells were grouped according to injection site location. The resultant data
was analysed in SPSS by way of a factorial ANOVA, in order to establish the
existence of an effect of injection site location on positioning of labeled cells in
sensory-motor cortex (in dorsal-ventral, anterior-posterior and medial-lateral axes).
The relationship between anterograde and retrograde labelling was determined from a
two factor ANOVA.

A statistical comparison of the results obtained here from injections of small tracer
volumes and the results obtained earlier from larger tracer injections enabled
confirmation that the observations made were reliable representations of the

underlying fine scale structure of the same ordered organisation identified in Chapter
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5. By calculating the Euclidean distance between anterograde and retrograde labels
from large and small tracer volumes it was possible to produce a valid comparison
between the two datasets. A t-test was applied to determine if there was any
significant difference in the broad scale organisation produced from the two

experiments.

By constructing a connectivity matrix, in which an anterograde and retrograde
injection site were connected to one another if they produced labelling in the same
region of sensory or motor cortex, it was possible to investigate the connectional

organisation of PFC to sensory-motor cortex projections further.

Results

The results described in this study were derived from the same injection sites as used
in the fine scale investigation of PFC — temporal cortex connections (Chapter 4).

Detailed descriptions of injection sites can be found in Chapter 4.

Injection sites from PFC injections of (30nl) Fluoro-Gold were positioned in the
intended regions (Fig.7.2.ii, v). Retrograde injection sites spanned layers 1l — VI with
some overlapping between injections into PL, IL, MO and VO, as well as LO and
DLO,. The majority of the spread of tracer at retrograde injection sites was confined
to the intended cytoarchitectural region.

Fluoro-Ruby injection sites were found in the intended regions of PFC (Fig.7.2.iii, iv).
Fluoro-Ruby injection sites were predominantly confined to the intended
cytoarchitectural regions of PFC and were found to be mostly within the borders of
the equivalent 30nl Fluoro-Gold injection sites. There was some overlap between
injection sites into LO and DLO . The Fluoro-Ruby injection sites spanned layers I11-
VI.
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R19

Figure 7.2. (i) Coronal section of PFC (AP 4.2mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), infralimbic (IL), medial orbital
(MO), ventral orbital (VO), ventolateral orbital (VLO), lateral orbital (LO) and
dorsolateral orbital (DLO) cortices (according to Van de Werd & Uylings, 2008),
depicting sites of injections; Prelimbic: A & B, Infralimbic/Medial orbital: C, Ventral
orbital/Ventrolateral orbital: D, Ventrolateral orbital/Lateral orbital: E, Lateral
orbital/Dorsolateral orbital: F and Dorsolateral orbital: G, with 0.5mm spread. (ii)
Coronal section of prefrontal cortex showing location and spread of (20nl) Fluoro-
Ruby at injection site in VLO/LO (R11). (iii) Coronal section of prefrontal cortex
showing location and spread of (30nl) Fluoro-Gold at injection site in PL (R21). (iv)
Representations of Fluoro-Ruby (20nl) (R13, R17, R16, R15, R11, R12, R8 (broken
line)) injection sites in PL (R13, R17), IL/MO (R16), VO/VLO (R15), VLO/LO
(R11), LO/DLO (R12) and DLO (RS8) in the right hemisphere. (v) Representations of
Fluoro-Gold (30nl) (R13, R21, R19, R20, R16, R12, R9 (solid line)) injection sites in
PL (R13, R21), IL/MO (R19) VO/VLO (R20), VLO/LO (R16), LO/DLO (R12) and
DLO (R9) in the left hemisphere. Fluoro-Ruby injection sites were predominantly
within the boundaries of Fluoro-Gold injection sites. There is some overlap between

182



retrograde injection sites into PL, IL and VO (R13 & R21, R21 & R19, R21 & R20).
There is minimal overlap between anterograde injection sites into DLO (R8 & R12).
Scale bars = 100um.

The patterns of anterograde and retrograde labelling were observed throughout the
brain using fluorescent microscopy, following tracer injections into PL, VO, VLO and
DLO. Retrogradely labelled cells were found in cingulate cortex (Cgl, Cg2),
secondary motor cortex (M2), primary motor cortex (M1), primary somatosensory
cortex (S1J, S1JO, S1BF), piriform cortex (Pir), perirhinal cortex (PRh), entorhinal
cortex (Ent), secondary auditory cortex (AuV), primary auditory cortex (Aul) and
prefrontal cortex regions. Anterograde labelling was found in Cgl, Cg2, M2, PRh,
Ent and prefrontal cortex regions. Both retrograde and anterograde labelling was most
prominent in several areas, including the sensory-motor regions of S1J, M1, M2 and
Col. In order to further investigate the pathway between PFC and temporal cortex in
fine detail, which we had already identified in Chapter 2, the labelling within areas of
Cgl, M2, M1 and S1J was analysed.
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Figure 7.3. (i) Coronal section showing retrogradely labelled cells (blue) in sensory-
motor cortex produced by injection of Fluoro-Gold (30nl) into VO/VLO (D: R20). (ii)
Coronal section showing retrogradely labelled cells (blue) in sensory-motor cortex
produced by injection of Fluoro-Gold (30nl) into PL (B: R21). Arrow denotes
location of retrogradely labeled cells. (iii) Retrogradely labelled cells in sensory-
motor cortex (blue) produced by injection of Fluoro-Gold (30nl) into PL (B: R20).
(iv) Coronal section showing anterogradely labelled axon terminals (red) in sensory-
motor cortex produced by injection of Fluoro-Ruby (20nl) into PL (B: R17). (v)
Anterograde labelling (red) in sensory-motor cortex produced by injection of Fluoro-
Ruby (20nl) into DLO (G: R8). (vi) Anterograde labelling (red) in temporal cortex
produced by injection of Fluoro-Ruby (20nl) into VLO/LO (E: R11). Scales bars =
100um.

Evidence of fine scale reciprocal connectivity between PFC and sensory-motor cortex
was observed. Regions of sensory-motor cortex (Cgl, M2) in which anterogradely
labelled axon terminals were found, also contained retrograde labelling from the same
PFC injection site. E.g. anterogradely labelled axon terminals from injection B (PL)
were found in M2 at AP 1.7mm from Bregma, retrogradely labelled cells from

injection B (PL) were also found in M2 at AP 1.7mm from Bregma. However, for the
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remaining 6 injection sites, connections which were not reciprocal were observed,
where retrograde and anterograde labels from identical PFC injection sites were not

found in the same region in sensory-motor cortex.

Organisation of Input Connections from Prefrontal Cortex to Sensory-

Motor Cortex

Projections to PFC from sensory and motor cortex were seen in Cgl, M1, M2 and S1J
(Fig. 7.3.ii., 7.4). The distribution of retrogradely labelled cells is seen across several
cytoarchitectural regions within sensory-motor cortex (Fig. 7.3.ii) and maintains some
spatial order in accordance with the corresponding Fluoro-Gold injection sites in PFC
(PL, IL, MO, VO, VLO, LO and DLO). A factorial ANOVA revealed a significant
main effect of injection site on dorsal-ventral location of retrogradely labelled cells in
sensory-motor cortex (F(6, 596) = 294.096 p<0.001). Post hoc comparisons (Tukey
HSD) between the seven retrograde groups indicated significant differences between
injection sites A*B, A*C, A*D, A*E, B*D, B*F, B*G, C*D, C*E, C*F, C*G, D*E,
D*F, D*G, E*F, E*G (p<0.001), A*G, B*E (p=0.001), B*C (p=0.012). A factorial
ANOVA also revealed a significant main effect of injection site on anterior-posterior
location of retrogradely labelled cells (F(6,596)=610.057 p<0.001). Post hoc
comparisons (Tukey HSD) between the seven retrograde groups indicated significant
differences between injection sites A*B, A*D, A*E, A*F, A*G, B*C, B*D, B*G,
C*D, C*E, C*F, C*G, D*E, D*F, D*G, E*G, F*G (p<.001).

The factorial ANOVA revealed a significant main effect of injection site on medial-
lateral location of retrogradely labelled cells (F(6, 596)=277.002 p<0.001). Post hoc
comparisons (Tukey HSD) between the seven retrograde groups indicated significant
differences between injection sites A*B, A*C, A*D, A*E, A*G, B*D, B*E, B*F,
B*G, C*D, C*E, C*F, C*G, D*E, D*F, D*G, E*F, E*G, F*G (p<0.001).
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. A (PL: R13)
B (PL: R17,R21)
C (IL/MO: R16, R19)
D (VO/VLO: R15, R20)
E (VLO/LO: R11, R16)
F (LO/DLO: R12)
G (DLO: R8, R9) AN

AN ii

Bregma 1mm

Bregma 2.2mm

Figure 7.4. Diagram representing the almagamated injection sites of Fluoro-Gold and
Fluoro-Ruby, and the projection sites to sensory-motor cortex for both retrograde
(Fluoro-Gold) and anterograde (Fluoro-Ruby) tracer injections. (i) The locations of
injection sites A (PL: R13), B (PL: R17, R21), C (IL/MO: R16, R19), D (VO/VLO:
R15, R20), E (VLO/LO: R11, R16), F( LO/DLO: R12) and G (DLO: R8, R9). (ii)
The locations of retrogradley labelled cells in sensory-motor cortex, resultant from
30nl Fluoro-Gold injections into PFC injection sites A-G (R13, R21, R19, R20, R16,
R12, R9). Note the concentration of retrograde labelling in layers V and VI, with
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laminar ordering present. (iii) The locations of anterogradely labelled axon terminals
in sensory-motor cortex resultant from 20nl Fluoro-Ruby injections into PFC
injection sites A-D (R13, R17, R16, R15, R11, R12, R8).

Organisation of Output Connections from Prefrontal Cortex to Sensory-

Motor Cortex

Projections from PFC to sensory-motor cortex were seen in Cgl and M1 (Fig. 7.3.iii.
7.4). The distribution of anterogradely labelled cells within sensory-motor cortex
maintained an overall spatial order in accordance with their corresponding Fluoro-
Ruby injection sites in PFC (Fig. 7.3.iii). The factorial ANOVA revealed a significant
main effect of injection site on dorsal-ventral location of anterogradely
(F(6,240)=23.233 p<0.001) labelled cells in medial-frontal cortex. Post hoc
comparisons (Tukey HSD) between the seven anterograde groups indicated
significant differences between injection sites A*B, B*C, B*D, B*E, B*F, B*G
(p<0.001). The results indicate an ordered arrangement of input connections in the
dorsoventral axis and an ordered arrangement of output connections, specifically

occurring in the medial aspect of PFC.

The factorial ANOVA revealed a significant main effect of injection site on anterior-
posterior location of anterogradely (F(6,240)=113.163 p<.001) labelled cells in
medial-frontal cortex. Post hoc comparisons (Tukey HSD) between the seven
anterograde groups indicated significant differences between injection sites A*B,
A*C, A*D, A*E, A*F, B*C, B*D, B*E, B*F, B*G, C*D, D*F, D*G, E*G (p<0.001),
C*E, C*G (p=0.001). The results indicate an ordered arrangement of input and output
connections in the anterior-posterior axis. Similarly, The factorial ANOVA revealed a
significant main effect of injection site on medial-lateral location of anterogradely
(F(6,240)=34.959 p<0.001) labelled cells in medial-frontal cortex. Post hoc
comparisons (Tukey HSD) between the seven anterograde groups indicated
significant differences between injection sites A*B, B*C, B*D, B*E, B*F, B*G
(p<0.001). This indicates an ordered arrangement of input connections in the medial-
lateral axis, and an ordered arrangement of output connections from the medial part of
PFC.
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In comparison to a relatively large number of cells labelled by Fluoro-Gold injections,
Fluoro-Ruby injections into the same PFC sites produced anterograde labelling in
sensory-motor cortex of a small number of cells, showing a high degree of
convergence, similar to that seen on a larger scale (Chapter 5 and 6). Earlier
investigations found the majority (70%) of labelling produced by Fluoro-Ruby to be
anterograde. Based on this, and for the purpose of the statistical analysis, all Fluoro-

Ruby labelling seen in sensory-motor cortex was assumed to be anterograde.

Statistical evidence for the ordered arrangement of Fluoro-Gold and Fluoro-
Ruby labelled connections came from the following analyses.

For the dorsal-ventral axis:

The two factor ANOVA revealed a significant interaction effect between input and
output connections (F,901)=94.900 p<0.001). This shows that the dorsoventral
location of anterogradely and retrogradely labelled cells vary in respect to one
another, meaning that the input and output connections are not aligned. These
analyses show significant ordering of both input and output connections in the
dorsoventral axis. The interaction and correlation analyses show that inputs and

outputs are ordered but not aligned in this axis of orientation (Fig. 7.5.i).

For the anterior-posterior axis:

The two factor ANOVA revealed a significant interaction effect between input and
output connections (F901)=306.116 p<0.001). This shows that the anterior-posterior
location of anterogradely and retrogradely labelled cells vary in respect to one
another, meaning that the input and output connections are not aligned. These
analyses show significant ordering of both input and output connections, and that they
are not aligned with one another (Fig.7.5.ii).

For the medial-lateral axis:

The two factor ANOVA revealed a significant interaction effect between input and
output connections (F001)=104.511 p<0.001). This shows that the mediolateral

location of anterogradely and retrogradely labelled cells vary in respect to one
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another, meaning that the input and output connections are not aligned. These results
show ordered arrangements of input and output connections, the interaction shows

that inputs and outputs are not aligned in this axis of orientation (Fig.7.5.iii).
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Figure 7.5. The mean effect of PFC injection site on the (i) dorsal-ventral, (ii)
anterior-posterior and (iii) medial-lateral location of retrogradely labeled cells (n= 597
arising from 7 rats: A(PL:R13)=119, B(PL:R21)=52, C(IL/MO:R19)=91,
D(VO/VLO:R20)=85, E(VLO/LO:R16)=22, F(LO/DLO:R12)=71, G(DLO:R9)=157)
and anterogradely labeled axon terminals (n=305 arising from 7 rats: A(PL:R13)=34,
B(PL:R21)=138, C(IL/MO:R19)=63, D(VO/VLO:R20)=24, E(VLO/LO:R16)=22,
F(LO/DLO:R12)=10, G(DLO:R9)=14) within sensory-motor cortex. Error bars =
standard error. (iv) Coronal cross section of PFC showing the position of 7 injection
sites; PL (A, B), IL/MO (C), VO/VLO (D), VLO/LO (E), LO/DLO (F) and DLO (G).
Coronal cross section of sensory-motor cortex showing the three dimensions in which
the locations of labels were recorded.

This analysis shows evidence for fine scale ordered organisation of connections
between PFC and sensory-motor cortex. As PFC injection sites move from medial to
lateral (VO - DLO) input connections move from dorsal-ventral, whilst output
connections (from VO - DLO) move from anterior to posterior. Output projections

remain almost constant in their positioning in sensory-motor cortex from VO — DLO
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in the dorsal-ventral axis; input connections change at a greater rate. Input
connections from PL — VO move from ventral to dorsal in sensory-motor cortex,
whilst output projections form PL — VO move from dorsal to ventral. This indicates
differential ordering of Fluoro-Gold and Fluoro-Ruby labeled projections from the
same PFC regions, as well as changes in ordering of input projections across PFC
from PL to DLO.

A direct comparison of broad and fine scale connectivity patterns, using a comparison
of Euclidean distances between corresponding retrogradely and anterogradely labelled

cells

E = \J((DVr) —(DVa))? + ((APr) — (APa))? + ((MLr) — (MLa))?

indicates similar orders of organisation in regards to the relationship between input
and output connections; a paired samples t-test indicated no significant difference
between the organisational pattern found from 100nl injections and 20-30nl injections
(t(1)=4.541 p=0.138). This shows that although PFC — sensory-motor cortex
connections are ordered on a broad scale, the underlying fine scale organisation is not

so clearly defined by a clear ordering from medial to lateral.

Discussion

Fine Scale Connections of the Prefrontal Cortex — Sensory-Motor Cortex

Pathway

This study confirmed the earlier broad scale evidence of an ordered arrangement of
projections from PFC to regions of sensory and motor cortex (M1, M2, S1J, Cgl).
Despite an overall similar appearance to the ordered pattern of connectivity we see at
a broad scale compared to fine scale, the more detailed visualisation and analysis of
organisation at a finer scale has revealed properties within the organisation of PFC
connections which could not be seen with larger injection volumes. In addition to

differential ordering, this study has shown that inputs and outputs did not move in
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opposing directions as it may appear at a larger scale, but that the relationship
between connections is more complex, similar to that seen in fine scale PFC —

temporal cortex connections (Chapter 4).

The results of this study indicate two distinct, overlapping patterns of organisation
within PFC — sensory-motor cortex connections. The findings show evidence of
reciprocal connectivity in the pathway between PFC and sensory-motor cortex (Cgl
& M2), consistent with that described in the earlier studies (Chapter 5, Chapter 6,
Appendix L, Appendix O). Anterograde and retrograde labelling from identical PFC
injection sites were found in similar areas of Cgl and M2 resultant from injections
into PL. However, from the majority of small volume injection sites it was found that
connections were not reciprocal; anterograde and retrograde labels were not found in
the same cytoarchitectural regions of sensory and motor cortex. In comparison to the
broad scale reciprocity found from larger tracer injection volumes, the findings here
indicate that the connections from PFC to sensory-motor cortex are for the most part
not reciprocal.

It should be noted that the labelling produced by Fluoro-Ruby is not exclusively
anterograde and is reported to hold retrograde properties (Zele et al, 2010; Hainec et
al, 2012). The earlier investigations into the properties of Fluoro-Ruby labelling
revealed it to be 70% anterograde, with 30% of labelling produced by Fluoro-Ruby
injections being retrograde (Appendix G). This should be considered when
interpreting the findings. However, the majority of Fluoro-Ruby labelling is
anterograde and shows no significant difference when compared to the anterograde
labelling produced by BDA (Appendix G); no statistically significant difference was
found in the location of labelling from the same injections sites, as well as the
distance of labelling from retrograde (Fluoro-Gold) labels from the same PFC
injection sites (Appendix G).

Input Connections to Prefrontal Cortex from Sensory-Motor Cortex

Following the administration of the retrograde tracer, Fluoro-Gold, to the seven
equally spaced injection sites across the PFC regions PL, IL/MO VO, VLO, LO and

191



DLO, fluorescently labelled neuronal cell bodies were found in areas of motor cortex,
temporal cortex, auditory cortex, somatosensory cortex, cingulate cortex and piriform
cortex. Projections arising from regions of motor and sensory cortex were amongst
the areas of most prominent labelling. These findings are consistent with the previous
results from larger PFC Fluoro-Gold injections, as well as previous studies defining
projections from PFC to areas of sensory-motor cortex (Sesack, 1989; Conde et al,
1995). Retrograde labelling resultant from tracer injections into PFC sub-regions (PL,
IL/MO, VO, VLO, LO and DLO) was consistent with that seen at a lower resolution
in my previous studies (Chapters 5 and 6) using larger tracer injection volumes.
Labelling was seen in similar regions of sensory-motor cortex to that described by
Sesack, (1989).

Retrogradely labelled input connections were consistently found in deeper cortical
layers in comparison to anterograde labels, and show evidence of ordered laminar
organisation, comparable to that identified on a broader scale. This is similar to the
equivalent labelling described with larger tracer injections, and consistent with
findings from Kondo and Witter (2014) of output projections from PFC terminating in
superficial layers. Ordered laminar organisation of connections has been described
elsewhere, but has not been reported in great detail in PFC; projections from
orbitofrontal and infralimbic cortices to entorhinal cortex produce labelling in deeper
layers with more posterior-medial injections (Insausti and Amaral, 2008). The laminar
organisation identified on a broad scale was reproduced here at a fine scale, indicating
that the organisational pattern seen across PFC regions remains broadly consistent and

reproducible at a greater resolution.

Output Connections from Prefrontal Cortex to Sensory-Motor Cortex

Following the administration of the anterograde tracer, Fluoro-Ruby to the seven
equally spaced injection sites across the PFC regions PL, IL, MO, VO, VLO, LO and
DLO, fluorescently labelling was found in areas of motor, sensory, cingulate,
perirhinal, enthorhinal and piriform cortex. Projections to regions of motor and
cingulate cortex were amongst the areas of most prominent labelling and were

consistent with the anterograde labelling identified in earlier, larger scale studies
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(Chapter 5 and 6). Anterograde labelling was consistently found to cover a smaller
region of sensory-motor cortex than retrograde counterparts. This is consistent with
larger scale findings and shows evidence of convergence in the PFC — sensory-motor

cortex pathway.

Organisation and Alignment of Fine Scale Connections Between

Prefrontal Cortex and Sensory-Motor Cortex

The comparison of labelling in sensory-motor cortex resultant from 100nl and 20-30nl
tracer injections revealed no significant difference in the midpoint location of labels
(for retrograde and anterograde). This indicates that the labelling of connections seen
here at a fine scale gives a reliable representation of the underlying organisation of the
connectivity pattern described on a broader scale (Chapter 5). The comparative
analysis shows that the ordered arrangement of PFC to sensory-motor cortex
connections is broadly reproduced on a finer scale, and that the non-alignment of
input and output connections remains evident. However, whereas on a broader scale
(100nl injections) input and output connections appear to follow opposing orders,
when visualised at a finer resolution this study has shown that the relationship

between input and output connections is more complex.

This fine scale analysis revealed the connectivity pattern of the PFC — sensory-motor
cortex pathway in greater detail than had previously been described. Visualisation of
the labelled input and output projections from the PFC injection sites shows a clear
segregation of connectivity between sensory-motor regions. That is, input projections
resultant from injections into PL, medial VO and DLO produce clearly defined
retrograde labelling, concentrated in motor regions (M1 and M2), whereas injections
into lateral VO and LO produce more widespread labelling across motor and sensory
regions (Cgl, M1, M2, and S1). This shows a distinction in the organisation of
connections, with the most medial and lateral regions of PFC receiving input from
very specific sites, whilst connections from more central PFC regions (i.e. LO and
VVO) are more widespread. This is somewhat consistent with findings from Miyachi
et al (2005) which identified greater motor connectivity from the most medial and

ventral aspects of PFC.
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The earlier studies (Chapters 5 and 6) revealed an interesting property in the circuitry
of PFC — sensory-motor cortex connections, in that PFC received a direct connection
from primary sensory cortex (S1J->PFC). This finding was inconsistent with theories
of hierarchical organisation (S1->S2->PFC). A similar observation was made when
viewed here at a greater resolution. However, here only IL/MO and VLO (injection
sites C, D and E) received direct input connections from primary sensory cortex. This
indicates that it is a specific region of PFC which is involved in this unexpected

circuit, it is not apparent in PL, LO or DLO.

By plotting the anterograde and retrograde labels in medial-frontal cortex alongside
one another it was possible to visualise how the locations of input and output
connections spatially related. These results demonstrated that at a fine scale, the input
and output connections are not consistently aligned with respect to one another,
confirming the previous findings. This finding is of particular interest when
considered in comparison to more clearly understood cortical regions, such as visual
cortex, in which input and output connections are found to be consistently aligned
with one another (Van Essen et al, 1986; Triplett, 2009) and considered to be
important in functional organisation (Tootell et al, 1998). Additionally, topographic
alignment of input and output connections has been widely described in M1 (Porter
and White, 1983; Miller and Vogt, 1984). Despite the known alignment of pathways
from M1 to other regions of the brain e.g. visual cortex, the findings of this study
show a surprising organisational pattern in M1 — PFC connections, with a high

instance of non-alignment between inputs and outputs.

Connections from Prefrontal Cortex to Sensory-Motor cortex
To visualise the connectivity of input and output connections in this circuit a

connectivity matrix was constructed, demonstrating the spatial relationship of input

and output connections between prefrontal and sensory-motor cortex (Fig. 7.6).

194



Anterograde projection

AIB|CID |E |F |G
A X

s |B X X | X
S [c

3

%;Dx X X | X
&% |E

S

g |F Ix |X |X|X X
G X

Figure 7.6. Connectivity matrix showing the relationship between input and output
connections from PFC to sensory-motor cortex. X = Retrograde and anterograde
labelling found in the same cytoarchitectural regions of sensory or motor cortex. X =
Reciprocal connection: Retrograde and anterograde labelling from the same PFC
injection site is found in the same cytoarchitecural region of sensory or motor cortex.
E.g. Retrograde injection site A receives input connections from a region of sensory-
motor cortex which injection site E sends output connections to.

The rows of the matrix represent the location of retrograde projections in sensory-
motor cortex from injection sites in PFC (A-G), the columns represent anterograde
projections to sensory-motor cortex from injection sites in PFC (A-G). Fig. 7.6 shows
the retrograde and anterograde projections which occur in the same cytoarchitectural
regions of sensory-motor cortex. X represents a retrograde and anterograde projection
found in the same cytoarchitectural region of sensory-motor cortex. A retrograde and
anterograde projection are said to be connected if they occur in the same
cytoarchitectural region of sensory or motor cortex, indicating the return anterograde
projections to each retrograde projection. Fig. 7.6 indicates two distinct patterns of
connectivity between input and output connections, dependent on the number of
connections between retrograde and anterograde projections (<2 or >2). Retrograde
projection A is found in the same cytoarchitectural region as anterograde projection E
(1 connection), retrograde projection B is found in the same cytoarchitectural region

as anterograde projection B, D and E (3 connections), retrograde projection C is found
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in the same cytoarchitectural region as 0 anterograde projections, retrograde
projection D is found in the same region as anterograde projections A, C, F and G (4
connections), retrograde projection E is found in the same region as 0 anterograde
projections, retrograde projection F is found in the same region as anterograde
projections A, B, C, D, and G (5 connections) and retrograde projection G is found in
the same region as anterograde projection B (1 connection). Alternate retrograde
injection sites exhibited alternate connectivity patterns. This is demonstrated in Fig.
1.1.

Number of anterograde return
connections
w
1

nl B I
. , , , , i
C D E F G

A B
Retrograde projection

Figure 7.7. The effect of retrograde PFC injection site on the number of return
anterograde connections from the same cytoarchitectural region of sensory-motor
cortex, constructed using the connectivity matrix in Fig. 7.6.

Retrograde injection sites A, C, E and G produced labelling in cytoarchitectural
regions of sensory-motor cortex which received relatively few anterograde projections
(<2), whereas retrograde projection sites B, D and F were in cytoarchitectural regions
which received a relatively large number of anterograde projections (>2). This
alternation continues mediolaterally across the seven retrograde projections (A-G). In
addition, it was observed that the retrograde injection sites which appear to produce
different connectivity patterns project to different areas of sensory-motor cortex in
terms of the anterior-posterior axis. Retrograde labelling resulting from injection sites
B, D and F were all found in more posterior regions of sensory-motor cortex in

comparison to the retrograde labelling resultant from injection sites A, C, E and G,
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which projected to more anterior regions. Based on these findings, it is proposed that
the alternating connectivity pattern between input and output connections | have
described could be an indication of two distinct but overlapping organisational maps.
The two organisational patterns, indicated in figure 7.7, show different ordering. The
number of return connections to retrograde projection sites B, D and F increases from
medial to lateral (from PL to DLO), whereas the number of return connections to PFC
retrograde sites A, C, E and G remains relatively constant (0 or 1). This may indicate
two different types of anatomical organisation occurring in the same pathway,
implying two different types of functional organisation. In the low connectivity map,
where retrograde projection sites receive <2 return connections, where there is a
return connection present (injection sites A and G), it is considerably distant from the
source injection site in PFC. For instance, retrograde site G receives only one return
connection, from anterograde site B. This is a distance of 5. In contrast, within the
highly connected map (>2 return connections) all retrograde sites receive return
connections from a neighbouring anterograde site (with a distance of 1). Interestingly,
the three retrograde PFC injection sites (C(IL/MO), D (VLO) and E (VLO)) which
produced labelling in S1J, (showing evidence of an unusual direct connection from
S1->PFC) do not appear here in the same organizational pattern. This indicates that if

there are two distinct organisational maps present, this property is present in both.

To further investigate the relationship between input and output connections, the
source regions (in PFC) of return anterograde connections to retrograde projections
from PL, VO, LO and DLO were analysed (retrograde projection sites with 0 return
anterograde projections were excluded from this analysis to prevent false findings). A
linear distance of each return anterograde PFC source region from the retrograde PFC
source regions (found in the same area of sensory-motor cortex) was measured, based
on the connectivity matrix (Fig. 7.6). Each adjacent PFC injection site was given a
distance of 1. A greater assigned value for return anterograde projection equals a
greater distance (in PFC) of anterograde projection from retrograde projection,
therefore a retrograde injection site with a large average distance would be more
widely connected, a distance of O represents a 100% reciprocal connection (e.g. if
retrograde labelling from PL were to be found in a sensory-motor region with

anterograde labelling from only PL and no other PFC region).
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Figure 7.8. (i) The effect of PFC retrograde (Fluoro-Gold) injection site on the
median distance between Fluoro-Gold and Fluoro-Ruby PFC injection sites of
retrograde and anterograde labelling found in the same cytoarchitectural regions of
sensory-motor cortex. A distance of 1 PFC injection site is given a value of 1 (e.g. the
distance between retrograde site A and anterograde site B = 1). Where a retrograde
projection is found in the same region as multiple anterograde projections a median
distance is calculated. Fluoro-Gold injection sites made into the same PFC sub-
regions (i.e. PL) are combined. PL = A & B, VO= D, LO=F, DLO=G. Injection G
(DLO) is excluded due to having no return connections. Error bars = standard error.
Error bars = standard error. (ii) The connectivity matrix from which the graph (i) is
produced.

Figure 7.8 shows that as retrograde injection site moves from medial to lateral in PFC
(VO-DLO), the median distance between the source retrograde and anterograde PFC
injection sites of labeled inputs and outputs found in the same cytoarchitectural
regions of sensory-motor cortex increases. A mean close to 0 indicates a higher
degree of overall reciprocity, or a smaller spread of anterograde projections connected
to a retrograde projection. This means that connections from VO are much closer
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together than those from LO and DLO (Fig. 7.8). Therefore, although DLO receives
a higher number of return connections (retrograde projection site F receives the
greatest number), these connections are more widespread. Additionally, although PL
consistently shows a high degree of reciprocity, the connections of PL are more
widespread than those at neighbouring VO, because it has distant as well as reciprocal
connections, the connections to VO are much closer together. It is the areas with less
return anterograde projections that are more closely connected (Fig. 7.7 & 7.8), and
are connected to more nearby regions (e.g.VO). Injection site B (PL) is the only
injection site which shows evidence for reciprocal connections. This is consistent with
the findings from larger injection volumes (Chapter 5 and 6), which identified clear
reciprocal connections from PL. Notably, the injection site which shows the smallest
average distance to return connection source regions (0.5), and considerably smaller
than those from other regions, is injection site D (in VLO), this injection site along
with E (VLO) and C (IL/MOQ) (which showed 0 return connections) are those which
also showed input connections from S1->PFC. This may indicate that the way in
which a specific region of PFC is connected, and how widespread its connections are,
are related to the type of circuit which is formed. These regions may be receiving
inputs from S1 in place of reciprocal connections from S2 or M2. It is not yet clear
what this relationship means, however it could offer an important insight into the
organisation of PFC connections to motor and sensory cortices. It should be noted that
the previous analysis (Chapter 3 & Appendix F) showed Fluoro-Ruby to be
approximately 70% anterograde (30% retrograde). The bidirectional properties of

Fluoro-Ruby should be considered when interpreting these findings.

To conclude, this study provides further evidence to confirm previous findings of
ordered arrangements of input and output connections between PFC and sensory-
motor cortex, as well as differential ordering of input and output connections. These
findings have also identified two possible distinct and overlapping organisations
within PFC — sensory-motor cortex connections, a structural property that has not

previously been described in this pathway.
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Chapter 8.

The Organisation of Frontal Association Cortex - Temporal

Cortex Connections

The previous chapters have established the detailed organisation of connectivity
within the sub-regions of prefrontal cortex (VO, VLO, LO, VLO, DLO). The
following chapter aims to investigate the connectivity of an often overlooked, and
difficult to access, frontal cortex region. Frontal association cortex (FrA — Paxinos &
Watson, 1998) refers to the area of cerebral cortex located in the dorsolateral frontal
pole in rats (Paxinos, 2009). The same region is described as frontal polar cortex by
Ray & Price (1992).

FrA has been associated with decision making, specifically having an involvement in
no-go reactions (Sasaki et al, 1993). There remains little understanding about FrA

compared to other cortical regions, particularly in terms of its connectivity.

Van Groen et al (1999) described connections from the anteromedial nucleus of the
thalamus (AM), an area involved in spatial learning, to the frontal polar region (FrA)
in rats, using tract tracers (BDA). Smaller volumes of injected tracer into AM resulted
in consistent, but less dense labelling in FrA. Van Groen et al (1999) revealed an
ordered shift in the pattern of labeled connections in FrA from dorsomedial — anterior

- ventromedial AM, indicating topographic ordering of connections.

FrA is also known to have connections with other frontal regions. Hoover & Vertes
(2007) identified strong connections between medial frontal agranular cortex (AGm)
and medial frontal polar cortex (FPm, synonymous to medial FrA) in the rat.
Retrograde labelling from the same AGm site was also found in MO, VO, VLO, LO,
PL and IL. The same study also described connections from PL and IL to FrA. This
indicates different connectivity in FrA compared to VO, VLO, LO and DLO, as well
as differential organisation of PL/IL compared to MO, VO, VLO and LO, showing
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consistency with the findings from chapters 2 — 4. Tracer experiements (Hoover &
Vertes, 2007) showed evidence for broad scale ordering of FrA connections.
Connections from anterior cingulate cortex (AC) are seen more medially in FrA than
connections from AGm. Additionally, labelling in FrA from injections in PL differed
to that from IL, labelling from PL was much more dense and widespread. These
observations provide evidence for the topographic organisation of FrA connections.
However, further, more detailed investigation is required to fully understand the
connectional organisation of FrA.

There remains little evidence for the ordered organisation of cortical connections from
FrA. A more detailed understanding of anatomical connectivity is required to fully
appreciate the properties of FrA as a cortical region and it’s role in frontal cortex

networks.

Aims

The intention of this study was to establish the ordered arrangement of broad scale
connections from FrA, as well as the alignment of input and output connections. The
understanding of FrA connections would provide a further insight into frontal cortex
connectivity. Injections of retrograde and anterograde neuroanatomical tracers were

made into three locations in rat FrA.

Methodology

For detailed methodology and surgical procedures, see Chapter 2.

Data was collected from 6 male CD rats (294-372g, Charles River, UK). Animal
procedures were carried out in accordance with the UK Animals scientific procedures
act (1986), EU directive 2010/63 and were approved by the Nottingham Trent

University ethical committee.

By employing the same methodology used and optimised in the previous
experiements, anterograde (Fluoro-Ruby) and retrograde (Fluoro-Gold) tracers
(100nl) were injected into 3 areas of FrA, separated by 1mm (Fig.8.1). Anterograde
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and retrograde injection sites were placed at three equally spaced locations, 1mm
below the cortical surface, across medial to lateral FrA (4.2 mm from Bregma),

according to Paxinos and Watson (1998).

5 ©©

Figure 8.1. Coronal section of PFC (A-P 4.7mm from Bregma) showing the
cytoarchitectural boundaries of PFC sub-regions according to Van de Werd &
Uylings (2008) and FrA according to Paxinos & Watson (1998), depicting sites of
tracer injections, with 1mm separation.

The volume and location of PFC injection sites was based on the findings of
preliminary experiments into the spread of tracer injections (reported in Appendix A).
The co-ordinates used were all at 4.2mm with respect to Bregma (altered to allow for
flat skull from Paxinos & Watson, 1998). One anterograde (Fluoro-Ruby) injection
site was excluded due to the injection site not being made sufficiently deep enough
into the cortex, resulting in a much smaller than desired spread of tracer at the

injection site.

Anatomical Processing and Microscopic Analysis

The anatomical and microscopic analysis used in this study is described in detail in
Chapter 2. The entire forebrain was examined for labelling. Areas of temporal cortex
were identified as containing strong and consistent labelling, therefore a detailed

analysis was carried out on this region.
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The previous investigations have identified Fluoro-Ruby as being 70% anterograde.
For the purposes of statistical analysis, all Fluoro-Ruby labelling identified in this
study was assumed to be anterograde in nature, this should be taken into consideration
when interpreting the findings.

Statistical Analysis of the Arrangement of Connections Between Frontal

Association Cortex and Temporal Cortex

The numerical and statistical analysis used in this study was similar to that used in the
previous temporal cortex studies (Chapters 2 and 3). Image J (Wayne Rasband, NIH)
was used to determine numerical values representing the location of each retrogradely
labeled cell in sensory-motor cortex. The three dimensional location of each
retrogradely labeled cell (Fluoro-Gold) was calculated by measuring the distance of
each labeled cell from the cortical surface (medial-lateral) and rhinal sulcus (dorsal-
ventral). The anterior-posterior location of labeled cells was recorded in terms of
distance from Bregma (according to Paxinos and Watson, 1998). The same analysis

was repeated for Fluoro-Ruby labelling.

Labelled cells/areas were grouped according to FrA injection site location. These data
sets were analysed in SPSS by way of a factorial ANOVA, in order to establish the
existence of an effect of injection site location on the positioning of labels in temporal
cortex (in dorsal-ventral, anterior-posterior and medial-lateral axes). Where the
collected data violated the assumption of equal population variance for ANOVA,
rendering it inapplicable, a non-parametric Kruskal-Wallis test was applied. The
relationship between input (retrograde) and output (anterograde) connections was
examined by a two factor ANOVA.
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Results

Injection sites from FrA injections of (100nl) Fluoro-Gold were positioned in the
intended regions (Fig.8.2iv, v). Retograde injection sites for the most part covered
layers I-1V and were consistently confined to the FrA cytoarchitectural boundary
(according to Paxinos and Watson, 1998). There was minimal overlapping between
injection sites into central and medial FrA (R29 & R33). The three retrograde FrA
injection sites were positioned separate to one another. Fluoro-Ruby (100nl) injection
sites were found in the intended regions of FrA and were confined to FrA and spread
across layers I-1V. There was minimal overlap between anterograde injections into
central and medial FrA (R37 & R41) and central and lateral FrA (R37 & R38)
(Fig.8.2).
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Figure 8.2. (i) Coronal section of PFC (AP 4.7mm from Bregma) showing the
cytoarchitectural boundaries of the prelimbic (PL), infralimbic (IL), medial orbital
(MO), ventral orbital (VO), ventolateral orbital (VLO), lateral orbital (LO) and
dorsolateral orbital (DLO) cortices (according to Van de Werd & Uylings, 2008) and
FrA (according to Paxinos & Watson, 1998). (ii) Coronal section of frontal
association cortex showing location and spread of (100nl) Fluoro-Gold at injection
site in medial FrA (R33). (iii) Coronal section of frontal association cortex showing
location and spread of (100nl) Fluoro-Ruby at injection site in lateral FrA (R38). (iv)
(iv) Representations of Fluoro-Ruby (100nl) ((R37, R38) (broken line)) injection sites
in central (R37) and lateral FrA (R38) and Fluoro-Gold (100nl) ((R33) solid line))
injection site in medial FrA, in the right hemisphere. (v) Representations of Fluoro-
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Ruby (100nl) ((R41)(broken line)) injection site in medial FrA, and Fluoro-Gold
(200nl) ((R29, R36)(solid line)) injection sites in central (R29) and lateral FrA (R36),
in the left hemisphere. Scale bars = 100pum.

Locations of labelling throughout the brain were observed following injections of
retrograde (100nl Fluoro-Gold) and anterograde (100nl Fluoro-Ruby) into FrA (R33,
R29, R36, R41, R37, R38) using fluorescent microscopy. Retrogradely labelled cells
were seen in areas of temporal cortex (PRh: areas 36v, 36d) (Fig.8.3i, ii, Fig.8.4ii).
Anterograde labelling was also found in temporal cortex (PRh: areas 36v, 36d. 35d)
(Fig.8.3iii, Fig.8.4iii). Temporal cortex was the only area of concentrated labelling
found. In order to further investigate the pathway between FrA a statistical analysis
was applied to this region to determine whether there was evidence for an ordered

arrangement of FrA to temporal cortex connections.

In comparison to the labelling produced by other PFC injections, labelling produced
by FrA injections (both retrograde and anterograde) was much more limited (Fig.8.3),
being found only in small regions of temporal cortex. This may be partially due to the
smaller spread of tracers at the injection site (Fig.8.2ii, iii, iv, v). No labelling at all

was found in motor or sensory cortices, in contrast to the abundant labelling seen

there from other PFC connections.

Figure 8.3. (i) Coronal section (-4.52mm from Bregma) showing retrogradely labeled
cells (blue) in temporal cortex produced by injection of Fluoro-Gold (100nl) into
medial FrA (injection site A:R33). (ii) Coronal section (-4.16mm from Bregma)
showing retrogradely labeled cells (blue) in temporal cortex produced by injection of
Fluoro-Gold (100nl) into lateral FrA (injection site C:R36). (iii) Coronal section (-
4.3mm from Bregma) showing anterogradely labeled axon terminals (red) in temporal
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cortex produced by injection of Fluoro-Ruby (100nl) into central FrA (injection site
B:R37). Arrows denote the location of the rhinal sulcus. Scale bars = 100um.

Organisation of Input Connections to Frontal Association Cortex from

Temporal Cortex

Retrograde projections to FrA were seen in PRh (Fig.8.3i, ii, Fig.8.4ii) and areas of
prefrontal cortex close to the injection site, where labelling was fairly sparse.
Prefrontal labelling was not analysed due to its proximity to the injection site. The
distribution of retrogradely labelled cells is seen mainly within one cytoarchitectural
region (Fig.8.4ii) and maintains some spatial order in accordance with the
corresponding Fluoro-Gold injection sites (medial, central and lateral). Retrograde
labelling from lateral FrA is more anterior in temporal cortex to labelling from medial
FrA. A factorial ANOVA revealed a significant main effect of injection site on the
dorsal-ventral distance of retrogradely labeled cells from the rhinal sulcus
(F(2,29)=021.566 p<.001 r=0.653). Post hoc comparisons (Tukey HSD) revealed
significant differences between retrograde injection sites b*c, a*c (p<0.001),
indicating a dorsal-ventral ordered arrangement of input projections from FrA to
temporal cortex (Fig.8.5i). A factorial ANOVA also revealed a significant main effect
of injection site on the medial-lateral distance of retrogradely labeled cells
(F(2,29)=53.541 p<0.001 r=0.805). Post hoc comparisons (Tukey HSD) revealed

significant differences between retrograde injection sites a*b and b*c (p<0.001).

The anterior-posterior data obtained from retrograde labelling violated the assumption
of equality of variance for the factorial ANOVA, therefore a non-parametric
alternative was applied. The Kruskal-Wallis test revealed a significant effect of FrA
injection site on the anterior-posterior distance of retrogradely labeled cells from
Bregma (¥2(2)=31.00 p<0.001). Post hoc comparisons (Mann Whitney U test)
revealed significant differences between retrograde injections sites a*c and b*c
(U=0.000 p<0.001). These results indicate evidence of ordering in three axes of

orientation (Fig.8.51i, ii, iii).
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Figure 8.4. Diagram representing the injection sites of Fluoro-Gold and Fluoro-Ruby,
and the projection sites to temporal cortex for both retrograde (Fluoro-Gold) and
anterograde (Fluoro-Ruby) tracer injections. (i) The locations of injection sites in FrA
(A:R33 & R41, B:R29 & R37, C:R36 & R38). (ii)The locations of retrogradely
labelled cells in temporal cortex, resultant from 100nl Fluoro-Gold injections into FrA
injection sites A (R33), B (R29) and C (R36) (iii) The locations of anterogradely
labelled areas in temporal cortex, resultant from 100nl Fluoro-Ruby injections into
FrA injection sites A (R41), B (R37) and C (R38).
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Organisation of Output Connections from Frontal Association Cortex to

Temporal Cortex

Anterograde projections to FrA were seen in PRh (Fig.8.3iii., 8.4). The distribution of
anterograde labelling is seen mainly within one cytoarchitectural region (Fig.8.3iii)
and maintains a spatial order in accordance with the corresponding Fluoro-Ruby
injection sites in FrA (medial, central and lateral). Moving from medial to lateral in
FrA, anterograde labelling in temporal cortex becomes more anterior and ventral
(Fig.8.4iii). The factorial ANOVA revealed a significant main effect of FrA injection
site on the anterior-posterior distance of anterogradely labeled axon terminals from
Bregma (F(2,90)=159.342 p<0.001 r=0.799). Post hoc comparisons (Tukey HSD)
revealed significant differences between anterograde injection sites a*b, a*c and b*c
(p<0.001).

The factorial ANOVA revealed a significant main effect of injection site on the
dorsal-ventral distance of anterogradely labeled axon terminals (F(2,90)=28.405
p<0.001 r=0.490) from the rhinal sulcus. Post hoc comparisons (Tukey HSD)
revealed significant differences between anterograde injection sites a*b, b*c
(p<0.001) and b*d (p=0.040).

A factorial ANOVA revealed a significant main effect of injection site on the medial-
lateral distance of anterogradely labeled axon terminals (F(2,90)=159.342 p<0.001
r=0.799) from the cortical surface. Post hoc comparisons (Tukey HSD) revealed
significant differences between anterograde injection sites a*b and a*c (p<0.001).
These results indicates evidence for an ordered arrangement of both input and output

projections from FrA to temporal cortex (Fig.8.5i,ii, iii).

In comparison to connections from PL, IL, MO, VO, VLO, LO and DLO (Chapters 2
— 7), retrograde and anterograde labelling from FrA regions was seen in a similar
number of cells, covering similar areas in temporal cortex, although anterograde
labelling was seen across a wider area of temporal cortex (Fig.8.4iii). Two factor
ANOVAs revealed significant interaction effects between input and output
connections in the dorsal-ventral (F(2,119)=12.469 p<0.001 r=0.308), anterior-
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posterior (F(2,119)=424.474 p<0.001 r=0.884) and medial-lateral (F(2,119)=95.599
p<0.001 r=0.667) axes. This shows that the location of anterogradely and retrogradely

labelled cells vary in respect to one another in three axes of orientation.
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Figure 8.5. The mean effect of FrA injection site location on the mean location of
retrogradely labelled cells (n=32: medial(R 33)=8, central(R29)=11, lateral (R36)=13)
and anterogradely labeled axon terminals (n=93: medial (R41)=39, central (R37)=18,
lateral (R38)=36) within temporal cortex, in the (i) dorsal-ventral (ii) anterior-
posterior and (iii) medial-lateral axes. Error bars = standard error. (iv) Coronal cross
section of PFC showing the position of 3 injection sites; medial, central and lateral
FrA. Coronal cross section of temporal cortex showing the three dimensions in which
the locations of labels were recorded.
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The calculation of a 3 dimensional mean location (E) for the labelling produced by

each retrograde and anterograde injection site,

E =/ (DV)? + (AP)? + (ML)?

allowed for the visualisation of the 3-dimensional locations of input and output

connections in comparison to one another (Fig.8.6).
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Figure 8.6. The effect of FrA injection site (medial, central and lateral FrA) on the
three dimensional mean location of retrogradely labelled cells (blue) and
anterogradely labelled axon terminals (red) in temporal cortex. Error bars = standard
error.

The results of the analysis show that when visualized across 3 dimensions, input and
output connections follow a similar order, however they occur in different places
(Fig.8.6). This indicates that the ordering of inputs and outputs are overall similar, but
the connections to temporal cortex from FrA are not reciprocal. The connections
between FrA and PRh do not show evidence of the differential ordering seen in PFC-

temporal cortex connections.

The mean distance between Fluoro-Gold and Fluoro-Ruby labelling in temporal

cortex resultant from FrA injections was compared to the distances between Fluoro-
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Gold and Fluoro-Ruby labelling resultant from injections into anterior, central and

posterior PFC. This distance was found to be greatest for FrA (Fig.8.7).
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Figure 8.7. The mean distance between Fluoro-Gold and Fluoro-Ruby labelling in
temporal cortex, resultant from tracer injections (100nl) into FrA, anterior regions of
PL, VO, VLO & DLO, central regions of PL, VO, VLO & DLO and posterior regions
of PL, VO, VLO & DLO. Note that the distance becomes greater in more anterior
regions. Note that the A-P distance from Bregma of FrA and anterior PFC injection
sites were equal.

When compared to connections to temporal cortex from anterior and posterior PL,
VO, VLO and DLO, these results show that the distance between Fluoro-Gold and
Fluoro-Ruby labelling is greatest from FrA.

These findings indicate that although input and output ordering from FrA appear
much more similar to one another, in that they follow the similar order, when
compared to connections from PFC to temporal cortex (Chapter 2,3 and 4) and
sensory-motor cortex (Chapters 5, 6 and 7), the Fluoro-Gold and Fluoro-Ruby
labelling seen here is further apart from one another. Analysis of the distance between
mean locations of labels in temporal cortex (Fig.8.7) shows an increased distance in
FrA compared to anterior PFC. Further investigation outside the scope of this study,
with a larger number of injection sites would be required to analyse this relationship

further.
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Discussion

Connections from Frontal Association Cortex to Temporal Cortex

This study investigated the organisation of connections from adjacent FrA regions
with the use of neuroanatomical tracers. The findings have revealed evidence for an
ordered arrangement within the projections from FrA to temporal cortex. We revealed

a clear ordered arrangement of FrA connections, for both inputs and outputs.

Input Connections from Temporal cortex to Frontal Association Cortex

Following the administration of the retrograde tracer, Fluoro-Gold to three FrA
regions, labelling of neuronal cell bodies was observed in areas of temporal cortex
(PRh). The labelling found in temporal cortex was less dense and more concentrated

in a specific region to that observed from PL, VO, VLO and DLO injections.

Consistent, prominent labelling was found only in this region. Retrograde labelling in
temporal cortex showed evidence of an ordered arrangement in the anterior-posterior
axis. As injection sites in FrA move from medial to lateral, retrograde labelling in
temporal cortex moves from posterior — anterior. This ordering is opposite to that seen
in retrograde connections from VO, VLO and DLO to temporal cortex (but the same
as the ordering of anterograde connections). The ordering identified here is broadly
consistent with the ordering seen in the study by Hoover & Vertes (2007), in which
more anterior cortical regions (anterior cingulate cortex) projected to more medial

aspects of FrA.

The amount of retrograde labelling seen in temporal cortex resultant from 100nl
Fluoro-Gold injections in FrA was considerably smaller than the amount of labelling
seen with equivalent Fluoro-Gold injections made into PL, VO, LO and DLO
(Chapter 2 and 3). The retrograde labelling seen in temporal cortex was confined to
small regions of PRh and Ent, showing evidence of divergence in the circuit: temporal
cortex - PFC - temporal cortex. In comparison to the pathways studied in chapters
2 — 7 (PFC — temporal cortex and PFC — sensory-motor cortex), the areas of
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retrograde labelling seen here were much smaller. In contrast to PFC-temporal cortex
and PFC-sensory-motor cortex connections, fewer retrograde than anterograde labels

were found resultant from equivalent FrA injection sites.

The retrograde labelling (Fluoro-Gold) seen in temporal cortex was considerably
more widespread than anterograde labelling (Fluoro-Ruby & BDA) in previous
chapters (Chapter 2, 3 and 4). This was not the case with the labelling resultant from
FrA injections. Here, Fluoro-Ruby labelling covered a much larger area in temporal

cortex (anterior-posterior).

Output Connections from Frontal Association Cortex to Temporal Cortex

Following the administration of the anterograde tracer Fluro-Ruby to three FrA
regions (medial, central and lateral), anterograde labelling was observed in discrete
areas of temporal cortex similar to the equivalent retrograde injections. Significant,
and consistent labelling was not seen in any other major cortical region. There is clear
ordering present in the anterior-posterior and dorsal-ventral axes; as injection sites
move from medial to lateral in FrA, anterograde labelling in temporal cortex becomes
more anterior and dorsal. Repeated ordering of output connections can be seen,
specifically from central and lateral FrA injection sites (B and C) (Fig. 8.4iii). This
may show evidence of fragmented mapping similar to that seen elsewhere in the
cerebral cortex (Malach, 1989). The ordering seen here is the same as that seen in
anterograde connections from VO, VLO and DLO - temporal cortex and is broadly
consistent with the ordering of sensorimotor and limbic inputs to mPFC observed by
Hoover & Vertes (2007).

Organisation and Alignment of Connections Between Frontal Association

Cortex and Temporal Cortex

This study revealed a clear ordered connectivity pattern of the FrA — PRh pathway.
This ordering has not been previously described in such detail. Visualisation of the

labelled input and output projections from the FrA injection sites shows a clear
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ordered arrangement of connections from medial to lateral. The ordered arrangement
of connections is seen across FrA, however the greatest difference in labelling can be
seen between medial and central regions, showing a clear difference in the

connections to PRh from these two regions.

The ordering observed is similar for both inputs and outputs, demonstrating a clear
difference in the organisation of FrA and the PFC regions discussed in earlier
Chapters (PL, IL, MO, VO, VLO, VO, DLO). That is, input and output connections
from FrA to temporal cortex show similar overall ordering as one another. When
visualized in detail (Fig. 8.4), anterograde labelling (Fluoro-Ruby) appears to produce
a repeating pattern of connections. This is not the case with retrograde labelling from
the same FrA injection sites. Such repeated ordering may be representational of

fragmented mapping similar to that described in striate cortex (Malach, 1989).

Consistent with the findings of connections to temporal cortex from VO, VLO and
DLO (Chapter 2), the input and output connections labelled were not found in the
same regions of temporal cortex. For both retrograde and anterograde labels,
connections from lateral FrA (injection site C) are found anterior in temporal cortex
compared to central and medial FrA (injection sites A and B), showing the same
ordering. However, anterograde labelling from lateral FrA was seen considerably
further anterior in temporal cortex compared to retrograde labelling from the same
injection site in lateral FrA. Additionally, although they do show a broad consistency
in location and ordering, retrograde and anterograde labelling from the same FrA
injection sites was not found in the same specific cytoarchitectural region of temporal
cortex. For instance, anterograde labelling from injections site C was found in PRh
areas 35 and 36, whereas retrograde labelling from the same injection site was found
only in area 36. The levels of reciprocity and alignment between input and output
connections here is lower than that seen in connections from other PFC regions to
temporal cortex (Chapters 2 and 3). Consistent with the findings described in Chapter
4, the mean distance between retrograde (Fluoro-Gold) and anterograde (Fluoro-
Ruby) connections increases as injection sites become more anterior. This provides
further evidence for the differential organisation of input and output connections in
this pathway and an increase in distance between inputs and outputs in the most

anterior regions of prefrontal cortex.
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It should be noted that Fluoro-Ruby is not 100% anterograde in the labelling it
produces (see Chapter 3 and Appendix F). Some of the Fluoro-Ruby labelling in
temporal cortex described here may have been retrograde. However, as the level of
retrograde labelling produced by Fluoro-Ruby was found to be relatively low (<30%),
we can reasonably conclude that even with a 100% anterograde tracer the findings

would be similar.

In conclusion, this study has shown that FrA is organised similarly to other PFC
regions (VO, VLO, LO & DLO) in terms of the relationship between input and output
connections. Inputs are consistently found in different regions to outputs. FrA retains
properties we have come to identify with PFC connections from earlier chapters i.e.
evidence of input and output connections occurring in different regions of temporal
cortex. However, here the labelled input and output connections appear to follow the
same overall order (although not in the same location). These findings indicate that
the connections of FrA are organised in a similar way to VO, VLO, LO and DLO, and
show similar properties of reciprocity as expected from previous chapters (Chapter 2
and 3). Additionally, these findings show evidence of similar ordering between inputs

and outputs, however it remains clear that they show differential organisation.
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Chapter 9.

Discussion

The studies carried out here have described the detailed ordered connections from the
sub-regions of prefrontal cortex, in two distinct pathways. The findings have shown
evidence for clear ordering of both input and output connections to areas of temporal
and sensory-motor cortex. In addition to this, complex relationships between input
and output connections have been revealed, in both of these pathways, which has not
been previously described in such detail. The ordered connections from frontal
association cortex to temporal cortex have also been revealed, along with how these

differ in terms of organisation.

Organisation of Prefrontal Cortex — Temporal Cortex

Connections

The investigation of the connections from PFC (PL, VO, VLO, LO, DLO) to temporal
cortex (PRh, Ent, Te) consistently revealed a clear ordered arrangement of both input
and output connections from VO-DLO. This ordered connectivity was broadly
consistent with the findings of previous studies (Kondo & Witter, 2014; Sesack, 1989;
Berendse, 1992; Schilman, 2008; Olsen &Musil, 1992), particularly the ordered
output connections from PFC in the dorsal-ventral axis described by Hoover &Vertes
(2011) and ordered connections from mPFC to areas of temporal cortex (Conde et al,
1995). The findings of ordered connectivity from PFC — temporal cortex are
consistent with existing evidence for functional mapping in temporal regions
(Boussaoud et al, 1991; De Beek et al, 2008; Hafting et al, 2005; Killian et al, 2012),
this may indicate that it is functionally important to preserve an ordered arrangement
in terms of connections linking these two regions. These studies revealed additional
organisational properties, in terms of ordering and the relationship between inputs and

outputs, previously undescribed.

217



The ordering of input and output connections identified here were found to differ
compared to one another in terms of ordering, and were found to show little
reciprocity (with the exception of PL). These properties were reliably reproduced with
various tracers (BDA, Fluoro-Ruby, Fluoro-Emerald) and methods (Brightfield,
Darkfield, fluorescence). There is current evidence of differential ordering in cortical
connections (Flaherty & Graybiel, 1994), however this is not a property which has
been investigated in great detail until now.

Reciprocity of cortical connections is a recurring characteristic throughout the brain,
said to be a hallmark feature of physiological and anatomical organisation, and has
been described throughout the cerebral cortex (Wang et al, 2006; Cantone et al, 2005;
Agster & Burwell, 2009; Nascimento-Silva et al, 2014). Based on this, the high
degree of non-reciprocal connections found between PFC and temporal cortex was a
surprising observation. However, Haber (2003), described non-reciprocal connections
between regions associated with different basal ganglia circuits. Haber stated that
within primate basal ganglia networks there are both reciprocal and non-reciprocal
connections between regions with similar functions, many of which involved PFC.
This may be a recurring property throughout the cortex; Haber (2003) concluded that
similarly functioning regions are connected by reciprocal connections and regions
with greatly differing functions are connected with non-reciprocal connections, or a
combination of reciprocal and non-reciprocal connections. This is consistent with
findings of reciprocal connectivity between PL and temporal regions. Similar
observations of reciprocal connections have been made elsewhere in the cortex, often
between areas holding similar functions. For example, S1 & S2 (Henry & Catania,
2006; Aronoff et al, 2010) and M1 & S1 (Porter & White, 1983; Aronoff et al, 2010).

The findings of PFC — temporal cortex connections consistently showed far greater
reciprocity of connections from PL (medial PFC) compared to other PFC regions
(VO, VLO, LO, DLO). The reciprocity observed between PL and temporal cortex is
consistent with previous findings showing that connections between temporal cortex
and PFC are highly reciprocal (Agster& Burwell, 2009). The findings from VO,
VLO, LO and DLO are consistent with findings from the same study (Agster&

Burwell, 2009) that temporal connections are not always clearly aligned. Based on the
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proposition by Haber (2003) that cortical regions with similar functions are highly
reciprocal, whereas those with greatly different functions are not reciprocal, this
finding suggests that PL/IL is much closer in terms of function to PRh, Ent and Te
than VO, VLO, LO and DLO are. Previous studies have identified distinct functions
in orbital PFC regions (Schoenbaum & Esber, 2010; Schoenbaum & Roesch, 2005)
compared to mPFC (Vertes, 2006; Narayanan & Laubach, 2006; Kim et al 2013),
providing further evidence to suggest they may be connected differently. This could
mean that VO, VLO, LO and DLO carry out more abstract processing than PL/IL.
This gives further evidence to suggest PL/IL forms part of a different PFC — temporal
cortex circuit to VO, VLO, LO and DLO. The retrograde properties of Fluoro-Ruby
should be considered in the interpretation of reciprocity. It is possible that a large
number of Fluoro-Ruby labels identified in PL were retrograde, which would result in
an over estimation of reciprocity. The possibility exists that with total anterograde
labelling from Fluoro-Ruby the same level of reciprocity would not have been
observed in PL. However, this could equally be the case in the connections observed
from other PFC sub-regions (VO, VLO, DLO) where a much lower level of

reciprocity was seen.

The analysis shows that input and output connections from PFC to temporal cortex
(specifically from VO, VLO and DLO) become more similar to one another, in terms
of their location, as PFC injection sites become more posterior, producing an
organisational gradient. In addition to a change in ordering from anterior to posterior
PFC, evidence of a gradient increase in alignment between inputs and outputs to
temporal cortex from anterior to posterior PFC has been revealed. That is, labelled
inputs and outputs from the same PFC injection sites became closer to one another in
temporal cortex as PFC injection sites became more posterior. This organisational
gradient provides further evidence of a change in connectional, and therefore also
functional organisation from anterior to posterior PFC. Anterior regions of PFC are
known to be associated with more abstract processes than posterior regions. Christoff
(2009) identified a similar organisational gradient to that described here, in terms of
levels of abstraction (abstraction increases from posterior to anterior). Based on the
observations of Haber (2003), this means that posterior PFC is more similar to
temporal cortex (PRh, Ent and Te) in terms of function than anterior PFC. Our

findings are similar to the findings of organisation described by Haber (2003).
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By examining the connections from PFC to temporal cortex across a wide area of
PFC (from anterior (-4.7mm from Bregma) to posterior (-3.7mm from Bregma)),
further evidence for the ordered arrangement of connections in this pathway has been
provided, as well as non-reciprocal and differentially ordered inputs and outputs. The
analysis of the input and output connections from anterior, central and posterior
regions of PFC to temporal cortex revealed similar ordering in the anterior and central
regions. Clear ordering was also found in the posterior region of PFC, however the
ordering here differed to that observed in more anterior areas. Anterior PFC is known
to be involved in different processes to posterior regions of PFC, this change in
ordering may be a reflection of change in function between anterior and posterior
regions of PFC, described in previous studies (Ramnani& Owen, 2004; Kolb, 1984;
Neafsey, 1990; Schoenbaum & Esber, 2010; Narayanan &Laubach, 2006; Vertes,
2006; Kim et al 2013) and suggested by Taren (2011) to be representational of a

dynamic processing ability and a level of adaptability in PFC function.

Organisation of Prefrontal Cortex — Sensory-Motor Cortex

Connections

The connections identified between PFC and sensory-motor cortex showed similar
organisational properties to those described in the PFC — temporal cortex pathway.
However, this investigation also produced some unigque observations, showing that

not all PFC connections are organised in the same way.

The investigation of the connections from PFC (PL, VO, VLO, LO, DLO) to sensory-
motor cortex (Cgl, M1, M2, S1J) consistently revealed a clear ordered arrangement
of both input and output connections from VO-DLO (medial-lateral), this was seen in
multiple axes of orientation. The ordering of input and output connection seen here
were found to differ to one another, showing evidence of differential ordering similar
to that seen in temporal cortex. These properties were reliably reproduced with
various tracers (BDA, Fluoro-Ruby, Fluoro-Emerald) and methods (Brightfield,

fluorescence).
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In addition to ordering of inputs and outputs, an unusual circuit was observed when
viewed in terms of a traditional model of hierarchical organisation (Fuster, 2001;
Botvinick, 2008). Our studies consistently identified direct connections from S1->
PFC, which would not be expected from a traditional view of information flow (i.e.
sensory cortex —> higher sensory cortex - association cortex - PFC - secondary
motor cortex > motor cortex). The meaning of this connection is not yet clear,
however the knowledge of its existence may provide an important insight into the

overall organisation of PFC.

The analysis revealed part of this circuit to show laminar organisation (VO & LO).
Ordered laminar organisation has been described elsewhere in the cerebral cortex
(Insausti and Amaral, 2008) as well as between PFC and motor, limbic and
subcortical regions (Gabbott et al, 2005). The clear laminar organisation between VO
and LO was consistently seen in multiple experiments. The laminar organisation was
only seen in PFC - sensory-motor cortex (and only in specific sites), such ordering
was not seen in temporal cortex connections, this could mean that in terms of PFC,

laminar organisation is a specific feature of PFC — sensory-motor cortex circuit.

Although there was an overall lack of reciprocity of connections on a fine scale (as
with PFC — temporal cortex), the findings show evidence of reciprocal connections
between PFC and M2. A large degree of fine scale reciprocity was seen in the
connections from PL to M2 and Cgl, this is very different to the labelling seen of
connections from VO, VLO and DLO, which shows inputs and outputs in different
locations. This gives further evidence to confirm PL and IL as part of a separate
network to VO, VLO, LO and DLO.

Connectional studies of primary sensory (S1) and primary motor cortex (M1) often
report reciprocity of connections (Dinopoulos, 1994; Lee et al 2011), in that inputs
and outputs occupy the same precise locations. This has been described between S1
and S2 (Henry & Catania, 2006; Aronoff et al, 2010), M1 and S1 (Porter & White,
1983; Aronoff et al, 2010) and M1 and S2 (Porter & White, 1983). The same study by
Porter and White reported non-reciprocal connections from M1 to the striatum,

indicating that motor cortex input and output connections are not always found in the
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same locations. Haber (2003) showed that areas with similar functions display high
degrees of reciprocity, whereas cortical regions differing greatly in function do not
possess many reciprocal connections. Based on this, the results described in both the
PFC — sensory-motor cortex and PFC-temporal cortex pathway indicate that PL has
functional similarities with both M2 and PRh, whereas VO, VLO, LO and DLO are

not functionally similar to either region.

Previous studies suggest the reciprocity of input and output connections to be
common (Suzuki &Amaral, 1994; Canto et al, 2008) and recent tracer studies have
not shown evidence of non-alignment such as that described here (Kim & Lee, 2012;
Takahara et al, 2012). However, these findings report PFC connectivity on a relatively
large scale and from specific sub-regions and Haber’s (2003) observations of
differences in reciprocity imply that differences in alignment must also occur. Recent
fine scale tracer findings (Nascimento-Silva et al, 2014) show clear reciprocity in V2
and V4, in which the area of labelled inputs and outputs were consistently found
together. Although, on a fine scale, similar to the findings in PFC, the results of this
study show that not all input projections had a reciprocal output projection. However,
input and output connections were consistently centred on the same location. It is
suggested that topographic alignment of inputs and outputs is vital for visual attention
(Tootell et al, 1998), therefore we might expect the complex cognitive functions
associated with PFC to also be dependent on the anatomical alignment of input and
output connections. The findings across PFC (anterior-posterior) may indicate that
PFC complex functioning is dependent on the differential ordering of inputs and

outputs.

The gradient of alignment identified from anterior to posterior PFC (in both temporal
and sensory-motor cortex pathways) provides an important insight into PFC
anatomical organisation. The findings of this study, combined with functional
observations of increased abstraction in anterior regions of PFC, indicate evidence
for an association between abstract processing and non-aligned input and output
connections. It is reasonable to suggest that complex abstract processes, such as
executive functions, require input and output connections within PFC circuits to be

ordered differently to one another, i.e. outputs from PFC —>other cortical regions need
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to send back inputs to a different region of PFC. This shows that although there are
clear differences in the function and anatomy of different PFC sub-regions, it is
necessary for them to work together as part of the overall cortical circuits. This may
be a result of each individual area of PFC being highly specialised. The specialisation

of every area is needed simultaneously to carry out a specific complex task.

The detailed and fine scale analysis of PFC — sensory-motor cortex connections
enabled us to reveal organisational properties which have not previously been
described. The fine scale analysis (chapter 7) revealed evidence for two possible

overlapping connectivity maps within the PFC — sensory-motor cortex pathway.

Organisation of Frontal Association Cortex — Temporal

Cortex Connections

The investigation of the connections from frontal association cortex to temporal
cortex (PRh) revealed a clear ordered arrangement of both input and output
connections from medial to lateral FrA. The ordering of input and output connections
were found to be similar to one another, however they showed a further decrease in
alignment and reciprocity than the connections seen in anterior PFC (PL, VO, VLO,
LO, DLO) - temporal cortex pathway. Although connections from FrA clearly
showed more similarities in the ordering of input and output connections when
compared to VO, VLO, LO and DLO, the detailed analysis revealed differentiation
between the 3-dimensional organisation of anterograde and retrograde labels in
temporal cortex. This shows that frontal association cortex is organised in a similar
way to other PFC regions, and continues the organisational gradient from posterior-

anterior in terms of the relationship between inputs and outputs locations.

Conclusions

To conclude, the studies presented here have described in detail the ordered
connections of three previously little understood pathways. The ordered PFC
connections shown here provide clear evidence of a complex and fine scale

organisational pattern different to that described in other cortical regions (e.g visual,
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sensory and motor cortex). The analyses show that the organisation of PFC
connections is more complex than previously understood, specifically in terms of the

relationship between input and output connections.

Based on the analysis of the tracers used, it is important to note that the interpretation
of the findings described in these studies is to some extent compromised by the bi-
directional properties of anterograde tracers. Without a 100% anterograde tracer being

available, it is not yet possible to visualise entirely anterograde labelling.

The organisational relationships between input and output connections revealed here,
both in the PFC — temporal cortex and PFC — sensory-motor cortex pathway indicate
an important effect of anterior-posterior PFC on reciprocity and alignment of
connections. Based on functional findings of abstract processing (specifically the
gradient in abstraction identified in humans by Christoff (2009)), it is reasonable to
suggest that this change in organisation is an underlying cause of the change in
complex processing. It is not yet clear why the anatomical organisation of connections
changes with the complexity of processing/abstraction, however this provides an

important insight into the structure and ultimately the organisation of function in PFC.

In summary, this project has revealed that the organisation of PFC connections
changes from anterior to posterior , in two different PFC pathways. It has also
demonstrated patterns of organisation in PFC connections that differ greatly to other
complex cortical regions; non-reciprocal and non-aligned connections are consistently
seen in PFC connections. The findings described here have identified distinct
differences in how connections from PFC to different cortical regions are ordered.
Further to this, the results have shown that the frontal association area shows
similarities with PFC organisation. The significance of the organisational properties
described here is not yet clear, however the increased understanding of prefrontal
connectivity gained by these findings will provide a basis on which to build further

investigations into anatomical organisation, and ultimately functional organisation.
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Figure M.2. (i) Coronal section showing retrogradely labelled cells (blue) in cingulate cortex produced by
100nl injection of Fluoro-gold into VLO (injection C). (ii) Coronal section showing retrogradely labelled
cells (blue) in cingulate cortex produced by 100nl injection of Fluoro-gold into VO (injection B). (iii)
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cells (blue) in sensory cortex produced by injections of Fluoro-Gold (100nl) into VLO (injection C). (v)
Coronal section showing retrogradely labelled cells (blue) in sensory cortex produced by injections of Fluoro-
Gold (100nl) into and VO (injection B). (vi) Coronal section of sensory-motor cortex showing locations of
anterograde labelling (brown) produced by injection of BDA (100nl Texas red) into VLO (injection B).
Arrow shows area of intense anterograde labelling of axon terminals. Other brown staining indicates less
intense anterograde labelling, as well as some artifactual staining. Scale bars = 200pm. .........ccccceereerernens 284

Figure M.3. Diagram representing amalgamated injection sites within prefrontal cortex and subsequent
projection sites to sensory-motor cortex for both anterograde (BDA) and retrograde (FG) tracer injections in
several rats. Coronal sections depict the injection site and projecting site. (i) The positions of 4 injection sites
within prefrontal cortex; PL (injection A: R5(FG), R8(BDA)), VO (injection B: R4(FG), R7(BDA)), VLO
(injection C: R6(FG), R1(BDA)) and DLO (injection D: R7(FG), R3(BDA)). (ii) Anterograde labelling of
axon terminals (PFC output connections) following injections into 4 PFC sites (A-D BDA: R1, R3, R7, R8).
(iii) Retrograde labelling (PFC input connections) following injections into 3 PFC sites (A-D, FG: R4, R5, R6,
R7). Note the ordered location of labeled areas/neurons within the dorsal-ventral and medial-lateral axes..285

Figure M.4. The mean effect of injection site on the (i) dorsal-ventral, (ii) anterior-posterior and (iii) medial-
lateral location of retrogradely cells (n=494 cells arising from 4 rats) and anterogradely labelled areas (n=40
points from 4 rats) within the sensory-motor cortex. Error bars = standard error. (iv) Coronal cross section of
PFC indicating the position of 4 injection sites within prefrontal cortex: Prelimbic (injection A), Ventral
Orbital (injection B), Ventrolateral Orbital (injection C) and Dorsal Lateral Orbital (injection D), Coronal
cross section of sensory-motor cortex, depicting the three dimensions in which the locations of labelled cells
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Figure N.1 Representations of four comparative Fluoro-Gold injection sites made into the left hemisphere; in
PL (R13), PL/IL/MO (R19), VLO/LO (R16) and DLO2 (R9), used to ascertain whether hemispheric
differences affected projections. R13 is positioned higher than the corresponding right hemisphere PL
injection (R7), however the majority of the injection site is confined to PL and covers the dorsal aspect of the
R7 TNJECTION STttt bbb bbb bbbt bbbt bbbt bbbt bbbt e 289

Figure N.2. The effect of injection site location on the 3-dimensional location of retrograde labelling in
sensory-motor cortex, between left and right hemisphere injections of Fluoro-Gold. Error bars = standard

Figure Q.1. The mean effect of injection site on the (i) dorsal-ventral, (ii) anterior-posterior and (iii) medial-
lateral location of Fluoro-Gold labeled cells (n=282 resultant from 4 rats, PL=48, V0=119, VLO=57,
DLO=58) and Fluoro-Ruby labels (n=180 resultant from 4 rats, PL=92, VO=27, VLO=31, DLO=30) within
sensory-motor cortex. Error bars = standard error. (iv) Coronal cross section of PFC indicating the position of
four co-injection sites within PFC: Prelimbic (injection A), Ventral Orbital (injection B), Ventrolateral
Orbital (injection C) and Dorsal Lateral Orbital (injection D), coronal cross section of sensory-motor cortex,
depicting the three dimensions in which the locations of labelled cells were recorded. ...........ccccovvvivinnnen, 296
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Appendix A.

Preliminary Experiments

Preliminary experiments were carried out in order to determine the spread, accuracy
of location and visualisation capabilities of our chosen anterograde and retrograde
tracers (Fluorescein, Texas red, Fluoro-Gold and Fluoro-Ruby) in the rat brain. These
preliminary experiments enabled the optimisation of our methodology before studies
began, ensuring the reliability of the data we produced. Testing the experimental
design and tracer solutions beforehand enabled us to make informed decisions about
the ideal tracer injection volume and to ensure craniotomies would be made at the
precise desired location. Preliminary investigations into the optimum processing and
visualisation techniques also ensured that the best possible data would be obtained

and analysed, therefore ensuring the reliability and reproducibility of our findings.

Fluorescent vs. Brightfield Imaging for Visualisation of Tracers

Several parallel series of sections were taken from the 1% brains in order to establish
the optimum visualisation method for the different tracers being used. One series was
coverslipped with vectashield mounting medium (with DAPI) for fluorescent
imaging, a second series was processed for bright field imaging of BDA and
or/Fluoro-Gold. All tracers used (Fluoro-Gold, Fluorescein and Texas Red) were
visualised with both methods initially, in order to determine the best way to process

and visualise each tracer to its maximum potential.

Fluorescein, Texas red and Fluoro-Gold injection sites and labelling were examined
using both brightfield and fluorescent imaging. Fluoro-Ruby, when introduced later
on in the experiments, was also initially visualised with both fluorescent and
brightfield imaging to establish the best method. Injections sites of Fluorescein, Texas

Red, Fluoro-Gold and Fluoro-Ruby were consistently more easily and more clearly
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visualised with fluorescent imaging. Fluorescent imaging allowed for more detailed

visualisation of injection sites of all tracers used.

Anterograde labelling from injections of BDA (Fluorescein and Texas Red)
throughout the brain was difficult to identify with fluorescent imaging. Fluorescein
could be more easily identified with fluorescence than Texas-Red. Areas of
anterograde labelling produced by BDA (both Texas Red and Fluorescein) could be
more easily identified with brightfield imaging after DAB staining. However,
anterograde labelling throughout the brain produced by injections of Fluoro-Ruby
were easily identified with fluorescent imaging. Fluorescent imaging of Fluoro-Ruby
labelling allowed for more precise and accurate analysis of anterograde labelling in
our later studies.

Fluoro-Gold labelled cells throughout the brain were easily and clearly visualised
with fluorescent imaging . Fluorescent imaging of Fluoro-Gold was clearer and more
easily identified than brightfield imaging, allowing the visualisation of individually
labelled cells (Fig. A.1).
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visualisation of Fluoro-Gold (100nl) injection site (blue). (ii) Coronal section of
prefrontal cortex showing the fluorescent visualisation of BDA (100nl fluorescein)
injection site (green). (iii) Coronal section of temporal cortex showing the fluorescent
visualisation of retrogradely labelled (Fluoro-Gold) cells (blue). (iv) Coronal section
of sensorimotor cortex showing the bright-field visualisation of anterogradely labelled
(BDA) axon terminals (brown). Scale bars = 200um.

The results indicated that fluorescent imaging was more accurate and allowed for
clearer visualisation of labelling where it was pos