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 31 
ABSTRACT 32 

 Neuroimaging experiments in humans suggest that regions in parietal cortex and 33 

along the posterior midline are functionally connected to the medial temporal lobe and 34 

are active during memory retrieval. It is unknown whether macaques have a similar 35 

network. We examined functional connectivity in isoflurane-anesthetized macaques to 36 

identify a network associated with posterior parahippocampal cortex (PPHC). Functional 37 

connectivity was observed between the PPHC and retrosplenial, posterior cingulate, 38 

superior temporal gyrus, and inferior parietal cortex. PPHC correlations were distinct 39 

from regions in parietal and temporal cortex activated by an oculomotor task.  40 

Comparison of macaque and human PPHC correlations revealed similarities that suggest 41 

the temporal-parietal region identified in the macaque may share a common lineage with 42 

human Brodmann Area 39, a region thought to be involved in recollection. These results 43 

suggest that macaques and humans may have homologous PPHC-parietal pathways.  By 44 

specifying the location of the putative macaque homologue in parietal cortex we provide 45 

a target for future physiological exploration of this area’s role in mnemonic or alternative 46 

processes.  47 

 48 

49 
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INTRODUCTION 50 

Human posterior parietal cortex and limbic cortex are activated during long-term 51 

memory retrieval (Wagner et al., 2005; Vilberg and Rugg, 2008; Cabeza et al., 2008). 52 

Specifically, greater responses in human lateral parietal regions as well as the posterior 53 

cingulate and retrosplenial cortex have been repeatedly observed with functional 54 

magnetic resonance imaging (fMRI) when participants correctly recognize previously 55 

studied items (hits) versus correctly identified new items (correct rejections).  The human 56 

lateral parietal retrieval success effect occurs regardless of whether the stimuli are lexical, 57 

graphic, or acoustic (Henson et al. 1999; Kahn et al. 2004; Konishi et al. 2000; Leube et 58 

al. 2003; McDermott 2000; Shannon and Buckner 2004; Wheeler and Buckner 2003; 59 

2004) and does not depend on response contingency (i.e., whether a motor response is 60 

made only to new versus only to old items) (Shannon and Buckner 2004). Furthermore, 61 

activation in the human posterior parietal cortex is implicated in retrieval of episodic 62 

details: recollection elicits a greater response than familiarity-based decisions in the 63 

absence of recollection (Wagner et al., 2005; Vilberg and Rugg, 2008; Cabeza et al., 64 

2008).   65 

The functional nature of the human parietal old/new effect remains unclear and 66 

would benefit greatly from study in the monkey, where the anatomy and physiology of 67 

the parietal cortex is accessible.  However, it is uncertain whether or not the macaque 68 

monkey has parietal regions that are homologous to those responsive during human 69 

memory retrieval experiments. One way to compare species using the same technique is 70 

to compare patterns in fMRI-based functional connectivity (Biswal et al., 1995; Fox and 71 

Raichle, 2007; Vincent et al., 2007; Van Dijk et al., 2009).  Spontaneous blood 72 



  Macaque Parahippocampal Functional Connectivity 
 

 4

oxygenation level-dependent (BOLD) (Ogawa et al., 1990) fluctuations reflect both direct 73 

and indirect anatomic connectivity (Vincent et al., 2007; Hagmann et al., 2008; Honey et 74 

al., 2009) and are correlated with fluctuations in neuronal activity as reflected in the 75 

gamma band of the local field potential, multi-unit activity, and spiking activity (Shmuel 76 

& Leopold, 2008). While there are caveats and limitations to the technique (reviewed 77 

recently in Van Dijk et al., 2009), functional connectivity appears sufficiently constrained 78 

by anatomic connectivity to facilitate comparative study of brain systems between 79 

species. 80 

Previous studies of intrinsic functional connectivity in the human have 81 

demonstrated that BOLD fluctuations in human medial temporal lobe are correlated with 82 

the same regions in posterior parietal and limbic cortex that respond during memory 83 

retrieval (Vincent et al., 2006). In the human, this hippocampal-cortical memory system 84 

overlaps core regions of the so-called ‘default network’ (Vincent et al., 2006; Buckner et 85 

al., 2008).  More recently, correlations were demonstrated between BOLD fluctuations in 86 

macaque posterior cingulate/precuneus and bilateral lateral temporo-parietal regions that 87 

may be anatomical homologues to human lateral parietal regions known to respond 88 

during episodic memory retrieval (Vincent et al., 2007; Margulies et al., in press).  89 

The main goal of this study was to determine whether macaque posterior 90 

parahippocampal cortex (PPHC) is functionally correlated with regions in posterior 91 

limbic and lateral parietal cortex and whether these regions are anatomically distinct from 92 

the parietal regions traditionally associated with visual-spatial attention and sensory-93 

motor integration (e.g. Andersen and Buneo 2002; Colby and Goldberg 1999; Heilman 94 

and Gonzalez Rothi 1993; Mesulam 1999). A secondary goal was to examine functional 95 
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correlations in the posterior cingulate/retrosplenial cortex.  Hayden and colleagues (2009) 96 

have recently shown that firing rates in the macaque posterior cingulate are suppressed 97 

during task performance, which is functionally similar to deactivations observed in the 98 

human posterior cingulate and the extended default network (Shulman et al., 1997; 99 

Mazoyer et al., 2001; Gusnard and Raichle, 2001; Buckner et al., 2008). Further, several 100 

previous human studies suggest that the posterior cingulate is functionally connected to 101 

many of regions that fall within the human default network (e.g. Hagmann et al., 2008; 102 

Buckner et al., 2008; 2009; Grecius et al., 2009).  Therefore, by seeding the macaque 103 

posterior cingulate we seek to explore the broader set of regions within this functionally 104 

correlated brain network. 105 

 106 

METHODS 107 

 Subjects, procedures, preprocessing, and analysis are similar to a previous report 108 

(Vincent et al., 2007). These data have been previously published (Vincent et al., 2007; 109 

Margulies et al., in press).  Briefly, eleven healthy adult macaque macaques (8 Macaca 110 

fascicularis; 3 Macaca mulatta) were anesthestized with isoflurane and scanned using 111 

fMRI.  The macaques were divided into two groups: data set 1 consisted of 4 macaques; 112 

data set 2 consisted of 8 macaques (1 macaque was common to both groups). Data set 2 113 

has been provided for download at www.brainscape.org.  Data were aligned to a Martin 114 

and Bowden atlas template (Black et al., 2004; Martin and Bowden, 2000; see 115 

http://www.purl.org/net/kbmd/cyno) and preprocessed to prepare for seed-based 116 

functional correlation analysis.  Details of the procedures are provided in a previous 117 

publication (Vincent et al., 2007) as well as the Supplementary Methods. 118 
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 119 

Creation of ROIs 120 

For the group analysis of PPHC correlations in data set 2, seed regions in the left 121 

and right PPHC were defined as voxels in and around the posterior parahippocampal 122 

gyrus that were functionally correlated with a posterior cingulate seed region in data set 1 123 

(similar to Vincent et al., 2006).  In addition, a posterior cingulate/retrosplenial cortex 124 

(pC/Rsp) region of interest was defined in data set 2 as voxels functionally correlated 125 

with the combined left and right PPHC seed regions. The fact that the pC/Rsp region was 126 

defined in data set 2 as voxels correlated with the PPHC seed region in data set 2 makes 127 

statistical interpretation of the pC/Rsp correlations in the medial temporal lobe limited. In 128 

addition, limitations of resolution, spatial distortion, spatial blurring, as well as our 129 

method of defining the PPHC region make the true boundaries of the group PPHC region 130 

ambiguous.  Therefore, follow-up analyses were conducted in individual subjects.  The 131 

full extent of the right PPHC  was carefully drawn on the distorted echo-planar images in 132 

3 subjects using the Martin and Bowden (2001) atlas, high-resolution MP-RAGE, and the 133 

high-resolution echo-planar image as an anatomical guide.  These subject-specific PPHC 134 

regions were then used to generate subject-specific functional correlation maps to 135 

confirm the group map results (See Figure 2). 136 

 137 

Correlation mapping 138 

For each subject and each ROI, correlation maps were computed as previously 139 

described (Vincent et al., 2007) by correlating a selected regional time course against all 140 

other voxels in the brain.  Application of Fisher’s z transform (Zar et al., 1996) yielded 141 
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maps with values at each voxel that theoretically are nearly normally distributed over the 142 

population of subjects.  Fixed effects significance maps were created for each individual 143 

as previously described (Vincent et al., 2007). 144 

Group data were displayed over the average MP-RAGE or EPI MRI slices 145 

(aligned to the atlas of Martin and Bowden, 2000; see 146 

http://www.purl.org/net/kbmd/cyno) or projected from volume data to the F6 cortical 147 

surface (Vincent et al., 2007) using the Caret ‘enclosed voxel’ method.  Individual 148 

subject data were displayed over the individual subject’s averaged EPI MRI slices. 149 

 150 

RESULTS 151 

The left and right PPHC seed regions and their associated correlation maps are 152 

shown in Figure 1.  Figure 1A shows the correlation pattern for the right hemisphere 153 

PPHC seed.  The top row shows the correlation data overlaid on transverse and sagittal 154 

sections of the average anatomy.  The bottom row shows the correlation data on lateral 155 

and medial views of the inflated F6 cortical surface. The left hemisphere PPHC 156 

correlation maps are shown in Figure 1B.  The PPHC was functionally correlated with 157 

the contralateral parahippocampal cortex, retrosplenial cortex, the posterior cingulate, and 158 

bilateral temporo-parietal cortex (including supramarginal gyrus and the superior 159 

temporal gyrus). Overall, these results were similar across seed regions and hemispheres. 160 

However, the left PPHC correlation with left temporal parietal cortex did not reach 161 

significance. 162 

Figure 1C shows the results of left and right PPHC correlations on coronal slices 163 

as well as a conjunction map showing voxels correlated with both seed regions in red.  164 
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The PPHC correlations include parietal cortex lateral to the intraparietal sulcus on the 165 

supramarginal and superior temporal gyrus.  In the more anterior slices, correlations were 166 

found on the superior temporal gyrus. The correlations extended onto the inferior 167 

temporal gyrus near V4, possibly as a consequence of spatial blurring. For better 168 

localization, we examined correlations in individual subjects. 169 

 To further examine the location of functional correlations between the PPHC and 170 

temporo-parietal cortex, we manually traced the right PPHC on the T2* weighted image 171 

in 3 macaques (taken from data set 2) and computed functional correlations using those 172 

individually drawn PPHC regions as seeds. Figure 2 shows the individual subject maps 173 

along side the right PPHC group correlation map. The intraparietal cortex (IPS) and 174 

superior temporal sulcus (STS) are traced with black lines.  Overall, individuals 175 

demonstrated similar patterns of correlation to the group map. These data demonstrate 176 

that the PPHC correlation pattern in temporo-parietal cortex is largely lateral to the IPS, 177 

superior to the STS, and includes the supramarginal and superior temporal gyrus.  178 

Portions of macaque parietal cortex are associated with visuospatial attention and 179 

sensory-motor integration. An important question is whether or not the temporo-parietal 180 

region we identified by functional connectivity with the PPHC corresponds with regions 181 

implicated in visual-spatial or sensory-motor functionality.  To explore this issue, we 182 

compared the temporo-parietal region that was correlated with the PPHC to the set of 183 

regions activated by a common visual-spatial, sensory-motor task: visually guided 184 

saccadic eye movements. 185 

We compared the map of PPHC functional correlations (Figure 3A, collapsed 186 

across hemispheres) to a map of BOLD responses evoked during performance of a 187 
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visually guided saccadic eye movement task in two awake, behaving macaques (Figure 188 

3B, data from Baker et al., 2006).  Voxels that overlap in the two maps are shown in 189 

yellow in Figure 3C.  There is relatively little overlap, which indicates segregation. The 190 

only region of potential overlap lies in or around dorsal-anterior MST.  To estimate the 191 

areal location of the temporo-parietal correlation with the PPHC (Figure 3A), the 192 

correlation data were displayed on a cortical flat map with estimated architectonic area 193 

boundaries overlaid (from Lewis and Van Essen 2000a) (Fig. 3D). The temporo-parietal 194 

region correlated with the PPHC is in or near areas 7a, TPOc, and PA.   Areas activated 195 

by saccadic eye movements were in or near areas PO, MIP, VIPm, VIPl, LIPv, LIPd, 7a, 196 

MSTdp, MSTm, MSTda, MT, FST, LOP, and V3a (Figure 3E).  Overall, there are few 197 

areas that overlap between the regions activated by saccadic eye movements and the 198 

regions correlated with the PPHC.  The only areas that were identified by both analyses 199 

were area 7a (and potentially MSTda). However, the correlations with PPHC were 200 

located in a more anterior region within area 7a, whereas the activations associated with 201 

saccadic eye movements were associated with a more posterior region within 7a.  202 

Overall, these data suggest that the regions correlated with the PPHC are likely to be 203 

distinct from the regions associated with saccadic eye movements. 204 

 In humans, the hippocampal formation and posterior PPHC are functionally 205 

correlated with regions in posterior parietal cortex that are activated by recollection 206 

(Vincent et al., 2006).  The present analyses demonstrate that a qualitatively similar 207 

parahippocampal-parietal network exists in macaques.  To provide a more objective 208 

comparison between the two species, we used a mapping between macaque and human 209 

cortex based on a set of 29 landmarks representing known or presumed homologies 210 
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(Supplementary Information and Supplementary Figure 1). Using this mapping, we 211 

registered the macaque brain to the surface of the human brain using anatomical and 212 

functional landmarks (see Supplementary Information) and projected the macaque PPHC 213 

functional connectivity results (collapsed across left and right seed regions) onto the 214 

human atlas surface (Supplementary Figure 2). The deformed monkey PPHC correlation 215 

map includes a region in the inferior parietal lobule plus a smaller region in posterior 216 

cingulate/retrosplenial cortex (Supplementary Figure 2).  For reference, we plot the 217 

estimated borders of relevant human Brodmann areas.  Based on the results of the 218 

deformation, the regions in the macaque that were correlated with the PPHC were in or 219 

around human Brodmann areas 39, 31, and 23.  This hypothesis, however, is dependent 220 

on the validity of the cross-species registration (see discussion and Supplementary Figure 221 

1). 222 

 The regions functionally correlated with the medial temporal lobe in humans 223 

overlap with regions in the default network, including the inferior parietal lobule and 224 

posterior cingulate/retrosplenial cortex (Vincent et al., 2006; Buckner et al., 2008). The 225 

similarity between macaque and human PPHC functional correlation results (Vincent et 226 

al., 2006; Kahn et al., 2008) suggest that macaques may have regions that share a lineage 227 

with the human default network.  Further evidence for this view comes from recent work 228 

showing that a region in the macaque PPHC network, the posterior cingulate, shows 229 

similar functional responses to the human posterior cingulate during task performance 230 

(Hayden et al., 2009). Therefore, we also examined functional correlations associated the 231 

macaque posterior cingulate/retrosplenial (pC/Rsp) cortex.  The pC/Rsp was functionally 232 

correlated with bilateral posterior medial temporal lobe, parietal cortex (in and around 233 
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areas 7a, LIP, and DP), medial prefrontal cortex (in and around areas 9, 14r, 10m, 24b, 234 

and 32), superior temporal sulcus, superior temporal gyrus, and dorsal lateral prefrontal 235 

cortex (in and around areas 6, 8, 9, and 46) (Figure 4).  To further examine the 236 

correlations in medial prefrontal cortex, the data were projected onto the cortical surface 237 

and boundaries around functional areas were estimated based on the schema of Ferry and 238 

colleagues (2000). The pC/Rsp was functionally correlated with regions in and around 239 

areas 9, 24b, 10m, 32, and 14r.  Thus, PPHC is functionally correlated with a region in 240 

pC/Rsp cortex that in turn is functionally connected with an additional set of regions 241 

throughout the anterior cingulate and medial prefrontal cortex.  242 

 243 

DISCUSSION 244 

Overview 245 

This work reports the BOLD functional correlations of the PPHC and pC/Rsp.  246 

The main finding is that specific regions within lateral temporo-parietal, posterior 247 

cingulate, and retrosplenial cortex are functionally correlated with the medial temporal 248 

lobe (Figure 1). This system was largely distinct from the network of regions activated by 249 

a saccadic eye movement task, which suggests that it is unlikely driven by spatial 250 

attention or oculomotor performance (Figure 3).  Individual subject results and detailed 251 

anatomical analyses suggest that the medial temporal lobe has functional connections to 252 

supramarginal and superior temporal gyrus in or near areas TPOc, PA, and 7a (Figures 2 253 

and 3). Cross-species registration between macaque and human suggested that the 254 

parietal region correlated with the PPHC in macaques might be in or around human 255 

Brodmann area 39 (SupplementaryFigure 2).  Finally, although we found no direct 256 
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functional connectivity between the PPHC and medial prefrontal cortex, evidence for 257 

indirect functional connectivity with the medial prefrontal cortex did emerge when 258 

pC/Rsp cortex was explored as an intermediate (Figure 4). 259 

 260 

Limitations and caveats 261 

Resting state functional correlation patterns measured using fMRI are consistent 262 

across acquisition sessions within a participant (Shehzad et al., 2009; Honey et al., 2009; 263 

Meindl et al., in press; Van Dijk et al., 2009) as well as across participants and groups 264 

(e.g. Desmoiseaux et al., 2006; Vincent et al., 2006; Van Dijk et al., 2009). While 265 

functional correlations appear to be constrained by anatomical connectivity (Vincent et 266 

al., 2007; Honey et al., 2009; Margulies et al., in press), the correlation strength between 267 

regions also reflects polysynaptic connectivity (e.g., Habas et al., 2009; Krienen and 268 

Buckner, 2009; O’Reilly et al., in press) and may be influenced by common driving 269 

inputs (see Van Dijk et al., 2009 for discussion). Thus, the methods applied here provide 270 

information about large-scale brain systems and the relationship of medial temporal 271 

structures to distributed cortical systems, but the details of anatomic connectivity will 272 

require further exploration using direct measures of anatomic connectivity.  273 

Functional correlations can also be modified by the cognitive state of the 274 

participant.  For example, the strength of functional correlations can be modified by task 275 

performance (Fransson, 2006; Newton et al., 2007), sleep stage (Horovitz et al., 2009), 276 

and anesthesia (Supplementary figures 4, 5, and 6 of Vincent et al., 2007).  The 277 

anesthetized state of the macaques in this study may have caused a reduction in the 278 

correlation strength between some nodes in the PPHC and pC/Rsp correlation networks.  279 
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For example, an unexpected finding in our study was the weak functional connectivity 280 

between the PPHC and the medial prefrontal cortex and anterior temporal lobe.  In 281 

humans, the default network (of which PPHC and pC/Rsp are a part) is known to exhibit 282 

significantly decreased connectivity with the medial prefrontal cortex during loss of 283 

consciousness characterized by deep sleep (Horovitz et al., 2009).  The present finding 284 

that the macaque medial prefrontal cortex was not correlated with the PPHC and weakly 285 

correlated with the pC/Rsp may be due to the anesthesia.  Another possibility for the 286 

weak or non-significant correlations with prefrontal and anterior temporal regions is that 287 

the BOLD data were distorted and had low signal in the anterior temporal lobe and the 288 

medial prefrontal cortex.  For these reasons, we are cautious when interpreting weak or 289 

non-significant correlations with these anterior regions. 290 

Supplementary Figure 2 plots the macaque PPHC functional correlation data on 291 

the human cortical surface using a nonlinear monkey to human registration technique 292 

based on a previously published schema (Denys et al., 2004) with additional landmarks in 293 

the prefrontal cortex (Supplementary Figure 1).  Based on the current set of landmark 294 

constraints, the temporal-parietal region correlated with the macaque PPHC may be 295 

functionally related to a region in the human Brodmann area 39.  However, one should be 296 

cautious when drawing conclusions from this analysis due to the paucity of landmarks 297 

driving the cross-species registration in parietal cortex. 298 

 299 

Relation to anatomical connectivity 300 

Information about human anatomical connectivity is scarce. Therefore, other 301 

methods, including functional connectivity mapping of spontaneous BOLD fluctuations, 302 
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have been used to study potential anatomical networks in humans. Functional 303 

connectivity methods alone cannot unambiguously designate functional pathways, 304 

determine the directionality of a projection, or discern whether a pathway is direct or 305 

indirect. Nevertheless, despite these caveats, functional correlation mapping has 306 

successfully generated functional and anatomical predictions about the human brain.  For 307 

example, we have previously shown that the regions functionally correlated with the 308 

human medial temporal lobe during the resting state overlapped those regions activated 309 

by episodic memory retrieval (Vincent et al., 2006). The study of functional connectivity 310 

in the macaque is useful for refining our understanding of the relation between functional 311 

and anatomical connectivity.  Previously, we reported similarities between functional and 312 

anatomical connectivity maps in the oculomotor system as well as functional correlations 313 

in visual cortex and known sub-areal, retinotopic organization (Vincent et al., 2007). 314 

Here, we compare and contrast known anatomical tract tracing work in macaques in 315 

relation to our functional correlation results from seed regions in PPHC and pC/Rsp. 316 

The PPHC is strongly anatomically connected to the posterior limbic cortex.  317 

Parahippocampal cortex (area TF) has light to moderate projections to area 29 and 318 

moderate to heavy projections to areas 30, 23, and retrosplenial area 23v (Lavenex et al., 319 

2002). Morris et al. (1999) also reported that posterior parahippocampal cortex (areas TF 320 

and TH) sends projections to retrosplenial area 30.  The parahippocampal cortex (area 321 

TF) receives strong input from areas 30, 29l, and 29m of the retrosplenial cortex (Suzuki 322 

and Amaral, 1994). Blatt et al. (2003) used separate retrograde tracer injections in 323 

parahippocampal regions TF and TH and showed that injections in both regions result in 324 

uptake in posterior cingulate area 23 and retrosplenial cortex (areas 29 and 30).  Finally, 325 
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Kobayashi and Amaral (2003, 2007) demonstrated reciprocal connections between the 326 

parahippocampal cortex and areas 23, 29, and 30.  Therefore, our reported functional 327 

correlations between PPHC and posterior cingulate and retrosplenial cortex are consistent 328 

with known anatomical connectivity. 329 

The PPHC is anatomically connected to the lateral temporo-parietal cortex.  330 

Suzuki and Amaral (1994, Figure 15) demonstrated that retrograde tracer injections into 331 

area TF result in uptake in area 7a. In addition, Blatt and coworkers (2003) showed that 332 

retrograde tracer injections in parahippocampal region TF resulted in uptake in PG-Opt, 333 

which is very similar to area 7a and is near the region that we found to be functionally 334 

correlated with the PPHG.  In addition, Lavenex and colleagues (2002) reported moderate 335 

to heavy anterograde labeling in area 7 after injection in parahippocampal area TF. 336 

Perhaps the most convincing data that area 7a is connected to the posterior 337 

parahippocampal cortex comes from the work of Cavada and Goldman-Rakic (1989; see 338 

Figures 6 and 7).  They injected anterograde and retrograde tracers into parietal area 7a 339 

and showed dense, reciprocal connections with the parahippocampal cortex (particularly 340 

in TF, but including TH).  When taken in conjunction with these anatomical data, our 341 

functional correlation data demonstrate a functional pathway between the 342 

parahippocampal cortex and the parietal cortex in the macaque. 343 

In addition to consistencies between functional and anatomical connectivity, we 344 

also observed inconsistencies.  First, the PPHC is known to the have connections with the 345 

medial prefrontal cortex. For example, the PPHC has both afferent and efferent 346 

connections with areas 9, 14, 24, 25, and 32  (Suzuki and Amaral, 1994; Blatt et al., 347 

2003; Lavenex et al., 2002; Kondo et al., 2005; Saleem et al., 2008).  We did not observe 348 
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significant correlations between our group PPHC seed region and the medial prefrontal 349 

cortex in the monkey.  Second, the PPHC is known to have connections with anterior 350 

temporal cortex.  Specifically, the PPHC has both afferent and efferent connections with 351 

dorsal superior temporal sulcus, in particular in the most anterior (Suzuki and Amaral, 352 

1994; Lavenex et al., 2002; Blatt et al., 2003), but also in and around MSTdp (Lewis and 353 

Van Essen, 2000b).  While we observed correlations between the PPHC and the superior 354 

temporal sulcus (Figure 1c), we expected the correlations to extend more anteriorly based 355 

on previous observations.  These negative observations in our data, which we suspect to 356 

be false negatives, may be attributable to signal dropout, distortions and/or the 357 

anesthetized state of the animals (see “Limitations and Caveats” above). 358 

 Beyond PPHC, we also examined correlations associated with the pC/Rsp cortex 359 

(see also Vincent et al., 2007; Margulies et al., in press).  Correlations with the pC/Rsp 360 

were largely in medial prefrontal cortex, dorsolateral prefrontal cortex, superior temporal 361 

sulcus, superior temporal gyrus, parietal cortex, and posterior parahippocampal cortex. 362 

Posterior cingulate/retrosplenial cortex (including areas 23, 29, and 30) has reciprocal 363 

connections with the hippocampal formation and PPHC (including TF and TH), the 364 

dorsolateral prefrontal cortex (including areas 9, 10, 11, and 46), medial prefrontal cortex 365 

(including area 24), superior temporal sulcus, superior temporal gyrus, and parietal cortex 366 

(including 7a, DP, and LIP) (Morris et al., 1999; Kobayashi and Amaral, 2003; 367 

Kobayashi and Amaral, 2007). The functional connectivity results were consistent with 368 

the known connectivity of the posterior cingulate/retrosplenial cortex. 369 

 The present work makes two primary contributions to our understanding of 370 

macaque functional anatomy.  First, although previous papers have demonstrated that the 371 
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PPHC has reciprocal connections with retrosplenial cortex and the inferior parietal lobule 372 

(including area 7a), we extend those observations by demonstrating that the spontaneous 373 

BOLD fluctuations in PPHC, retrosplenial cortex, and 7a are robustly correlated.  374 

Second, as macaque studies are conducted primarily to better understand the human 375 

brain, the present work provides a critical bridge between the anatomical connectivity 376 

work in the macaque and the functional connectivity and functional activation literature 377 

in the human (Figure 5).  378 

 379 

Relation to the default network 380 

 A “default mode” of human brain function (Raichle et al. 2001) was proposed 381 

from the observation that a particular set of cortical regions is more active in the passive 382 

state than during performance of most attention demanding tasks (Andreasen et al. 1995; 383 

Binder et al. 1999; Mazoyer et al. 2001; McKiernan et al. 2003; Shulman et al. 1997; 384 

Buckner et al., 2008).  Additional research has suggested that this network is not only 385 

engaged during passive tasks, but is activated during the act of remembering (Wagner et 386 

al. 2005), thinking about the future (Schacter et al., 2008), scene construction (Hassabis 387 

and Maguire, 2007), and social cognition (Vogeley and Fink, 2003; Saxe and Kanwisher, 388 

2003). An alternative hypothesis is that the default network may involve monitoring the 389 

external environment and is attenuated during focused attention (Shulman et al., 1997; 390 

Raichle et al., 2001; Hahn et al., 2007; Gilbert et al., 2007; see Buckner et al., 2008 for 391 

discussion).  392 

 The hallmark of the default network is task-induced deactivation.  In support of 393 

the hypothesis that macaques may have a default network, covert attention suppresses 394 
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neuronal responses in macaque lateral parietal area 7a (Steinmetz et al., 1994).  395 

Specifically, neurons responded more to stimuli that appear at unattended locations than 396 

to those that appear at attended locations. More recently, Hayden and colleagues (2009) 397 

recorded single neurons in the macaque posterior cingulate during a working memory 398 

task and demonstrated that neurons in the posterior cingulate cortex are reliably 399 

suppressed during task performance and returned to baseline levels between trials. The 400 

network of regions functionally correlated with the macaque parahippocampal cortex 401 

includes the posterior cingulate and area 7a (Figures 1 and 3). Because of the functional 402 

and anatomical similarities, these macaque regions may be homologous to regions within 403 

the human default network.  Future study of the macaque will be required to establish 404 

functional homology. An important next step will be to examine whether the regions here 405 

identified as functionally correlated with the macaque PPHC are functionally deactivated 406 

during attention demanding cognitive tasks.  407 

 408 

Future directions 409 

The present functional connectivity results suggest that the macaque has a 410 

potential homologue of the human hippocampal-cortical memory network (Greicius et 411 

al., 2004; Vincent et al., 2006; Kahn et al., 2008).  Figure 5 shows the macaque PPHC 412 

correlation map (left panel) along with the human PPHC correlation map (middle panel, 413 

data from Kahn et al., 2008). Both the macaque and human PPHC correlation maps 414 

include regions in posterior cingulate/retrosplenial cortex and the inferior parietal lobule. 415 

The parietal regions fall within an area of rapid cortical expansion in the human 416 
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compared to macaque lineage (Van Essen and Dierker, 2007) and where it is particularly 417 

difficult to identify exact homologies.  418 

In humans, the network correlated with the PPHC is consistently activated by 419 

correct recognition (and more specifically recollection) of previously studied items 420 

(Wagner et al., 2005; Vilberg and Rugg, 2008; Cabeza et al., 2008).  The right panel of 421 

Figure 5 shows a convergence analysis of event-related fMRI studies that target 422 

recollection success in the human (right panel, image from Wagner et al., 2005).  The 423 

correspondences between the human PPHC correlation map and the human recollection 424 

success effect are clear. Based on the present macaque PPHC results, we suggest that the 425 

human region in the inferior parietal lobule that is functionally correlated with the PPHC 426 

and is activated during recollection has a potential homologue in or around macaque 427 

areas 7a, TPOc, and PA.  Future studies will be needed to determine if this macaque 428 

parietal region is responsive to long-term memory-based recognition judgments. 429 

430 
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FIGURE CAPTIONS 431 

 432 

Figure 1.  The posterior parahippocampal cortex (PPHC) is functionally correlated with 433 

the contralateral medial temporal lobe, retrosplenial cortex, posterior cingulate, and 434 

lateral temporo-parietal cortex.  The right (A) and left (B) PPHC seed regions are shown 435 

in solid blue on a sagittal slice as well as the inflated surfaces.  The functional 436 

correlations are shown on sagittal and transverse slices as well as the inflated lateral and 437 

medial surfaces of the macaque cortex.  C) Left and right PPHC correlations are shown 438 

on sequential coronal slices.  A conjunction map (CONJ) shows voxels significantly 439 

correlated with both seed regions. Correlation maps are thresholded at p < 0.05 440 

(corrected). 441 

 442 

Figure 2. Group and individual subject posterior parahippocampal cortex (PPHC) 443 

correlation data are displayed on group and individual T2* weighted MRI scans to aid in 444 

localizing the temporo-parietal region functionally correlated with the PPHC. On the left 445 

is a transverse and a coronal MP-RAGE slice depicting the approximate anatomy that is 446 

shown in the T2* weighted scans to the right.  Individual subject (MONKEY 1-3;  447 

r≥0.01) and group (N = 8; p<0.05 corrected) PPHC correlation maps.  The seed regions 448 

are shown above the correlations maps in blue.  Black lines trace the intraparietal sulcus 449 

(IPS) and superior temporal sulcus (STS).   450 

 451 

Figure 3.  The temporal and parietal regions functionally correlated with the PPHC are 452 

distinct from those involved in visually-guided saccadic eye movements. PPHC 453 
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functional correlations (A, D, warm colors) as well as activation related to visually 454 

guided saccades (B, E cool colors) are projected onto the inflated (A, B) and flattened (D, 455 

E) surface of the right hemisphere.  In addition, the PPHC correlations (red), saccade-456 

related activation (blue), and overlapping voxels (yellow) are shown in C.  The flat map 457 

sections (D-F) includes temporal and parietal cortex and contains areal boundaries (F) 458 

that are labeled according to the schema of Lewis and Van Essen (2000a).  A compass 459 

(M=medial; L=lateral; P=posterior; A=anterior) provides a reference for the flat maps.  460 

The oculomotor activation is largely within the superior temporal and intraparietal sulci 461 

whereas the temporo-parietal region correlated with the PPHC in and around areas 7a, 462 

PA, and TPOc. 463 

 464 

Figure 4. The posterior cingulate/retrosplenial (pC/Rsp) cortex is functionally correlated 465 

with bilateral posterior medial temporal lobe, lateral temporo-parietal cortex, superior 466 

temporal sulcus and gyrus, dorsolateral prefrontal cortex, and medial prefrontal cortex.  467 

The seed region is shown in solid blue on a sagittal slice.  The functional correlations are 468 

shown on sagittal, transverse, and coronal slices as well as the inflated lateral, inflated 469 

medial, and fiducial antero-medial surfaces of the macaque brain.  As can be seen from 470 

the correlations displayed on the sagittal slice and caret surfaces, the pC/Rsp is robustly 471 

correlated with medial prefrontal regions in and around areas 9, 24b, 10m, 32, and 14r.  472 

All correlations p < 0.05 (corrected).  Borders are adapted from Ferry et al. (2000). 473 

 474 

Figure 5. Macaque PPHC functional correlations in the macaque are topographically 475 

similar to PPHC correlations and recollection success effects in the human. Images 476 
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display (left) the macaque PPHC functional correlation map, (middle) regions correlated 477 

with the PPHC in the human, and (right) a convergence analysis of event-related fMRI 478 

studies that target recollection success. The human PPHC correlation data were computed 479 

from an anatomically defined seed region in the left hemisphere (adapted from Kahn et 480 

al., 2008).  The recollection success effect is defined as greater activation during retrieval 481 

associated with a high level of recollection as compared to hits based preferentially on 482 

familiarity (adapted from Wagner et al. 2005). 483 

 484 
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