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ABSTRACT
The afferent connections of the insula in the rhesus monkey were studied with axonal transport methods. Injections of horseradish peroxidase
(HRP) in the insula revealed labeled neurons in the prefrontal cortex, the
lateral orbital region, the frontoparietal operculum, the cingulate gyms and
adjacent medial cortex, the prepiriform olfactory cortex, the temporal pole,
the cortex of the superior temporal sulcus, the rhinal cortex, the supratemporal plane, and the posterior parietal lobe.
Tritiated amino acid (TAA) injections in some of the cortical regions
which contained retrogradely labeled neurons confirmed projections to the
insula from prefrontal granular cortex, orbital frontal cortex, prepiriform
cortex, temporal pole, rhinal cortex, cingulate gyrus, frontal operculum, and
parietal cortex.
In these studies, cortical areas that projected to the insula also projected
to the claustrum. However, the topographic and quantitative relationships
between the projections into the insula and those into the claustrum were
inconsistent. Moreover, the claustrum has additional connections which it
does not share with the insula. A selected review of the literature suggests
that the claustrum and insula differ widely also with respect to ontogenesis
and functional specialization.

The insula of the old world monkey lies in the depth of
the Sylvian fissure, hidden from direct visualization by
the overlying frontoparietal operculum and the supratemporal plane. Although some information exists concerning
the projections into this region, these natural barriers have
limited the systematic investigation of insular connectivity.
Studies with strychnine neuronography showed that the
insula has reciprocal connections with adjacent orbital,
temporopolar, opercular, and supratemporal regions (Pribram et al., '50; Pribram and MacLean, '53). However, the
use of neuronography for the evaluation of brain pathways
is limited by inherent methodological problems including
the likelihood of transsynaptic spread of activation and
the possibility that some neurons do not respond to strychnine (Wall and Horwitz, '51).
Subsequent studies mapped anterograde degeneration
in the macaque brain following insular ablations and described efferent projections to the frontal cortex, the cingulate, the striatum, the nucleus accumbens, the hypo0021-9967/82/2121-0023$04.t50 0 1982 ALAN R. LISS, INC.

thalamus, the dorsal thalamus, and the amygdala (Krieg,
'63; Turner et al., '80; Showers and Lauer, '61; Wirth, '73).
Other investigations based on anterograde degeneration
methods, none of which focused specifically on the connectivity of the insula, revealed that the inferior prefrontal
convexity (Johnson et al., '68; Pandya et al., '71), orbitofrontal cortex (Van Hoesen et al., '75), area 6 (Showers,
'58), precentral gyrus (Pandya and Vignolo, ,711, somatosensory cortex (SI)(Jones and Powell, ,701, inferior parietal lobule (Pandya and Seltzer, '821, and frontoparietal
operculum (Showers and Lauer, '61; Pandya and Vignolo,
'71) project to the primate insula. Furthermore, the retrograde cell degeneration method demonstrated a thalamoinsular connection from the ventropostromedial and ventroposterior inferior nuclei to the insula in the monkey
(Roberts and Akert, '63).
It is only in the last few years that insular connections
in the old world monkey have been mapped with axonal
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transport methods. For example, experiments based on the
anterograde transport of labeled amino acids in the rhesus
monkey showed a projection from area 24 in the cingulate
gyrus to the anterior insula (Pandya et al., '81). With the
aid of a similar methodology, Burton and Jones ('76) concluded that the granular insula in this species received
projections from the suprageniculate thalamic nucleus,
whereas the dysgranular insula was the recipient of ventroposterior inferior thalamic projections. Studies based
on the retrograde transport of horseradish peroxidase (HRP)
in the monkey showed that the insula projects to the frontal lobe (Jacobson and Trojanowski, '77; Potter and Nauta,
'79) and has reciprocal connections with the amygdaloid
complex (Aggleton et al., '80; Mufson et al., '81).
The purpose of this paper and a subsequent one (Mesulam and Mufson, '82b) is to report our observations on
the cortical afferents and efferents of the old world monkey
insula. In these experiments, neural connections have been
mapped using horseradish peroxidase histochemistry and
labeled amino acid autoradiography. Furthermore, the organization of these cortical connections will be analyzed
with respect to the architectionic subdivisions of the insula
which have been described elsewhere (Mesulam and Mufson, '82a).
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m g k g intraperitoneally). Craniotomy was preceded by a n
intravenous infusion of 50 ml of 25% mannitol (Invenex,
OH). This provided a reduction in the volume of intracranial contents and facilitated the subsequent surgical
exposure of the insula. The dura was reflected and under
microscopic guidance the desired segment of the lateral
(Sylvian) fissure was opened by arachnoid dissedion. When
necessary, tributaries of the superficial middle cerebral
vein were either coagulated with bipolar cautery or sutured with 9-0 silk.2 After visualization of the insula, the
tracer was delivered with a 5-pl Hamilton microsyringe
mounted on a micromanipulator which was, in turn, attached to a Kopf stereotaxic carrier. The needle was lowered to the desired target site under microscopic guidance
and the injectate was delivered 1.0-1.5 mm below the pial
surface at each of two or three adjacent sites separated by
1-2 mm. The injection of the appropriate substance started
3-5 minutes after needle penetration into the insula and
lasted approximately 5-10 minutes. The needle was withdrawn 5 minutes after the termination of the injection.
The principal information on insular afferents was obtained from cases which had received intrainsular HRP
injections. In each of these cases, the sections were examined microscopically with brightfield illumination for
the detection of perikarya labeled with the HRP reaction
METHODS
product and for the determination of architectonic boundA total of 16 male adolescent and adult rhesus monkeys aries. The injection site and the distribution of perikaryal
(Macaca mulatta) weighing 3-10 kg were used in this in- labeling were traced onto graph paper with an X-Y plotter
vestigation. In seven of these monkeys either free HRP (Hewlett Packard, 7044A) which was electronically cou(20% aqueous HRP, Miles Laboratories, Kankakee, IL) or pled to the stage of a Nikon microscope. The center of the
HRP conjugated to wheat germ agglutinin (WGA; 10% HRP injection site was defined as a n area containing such
aqueous HRP-WGA, Mesulam, '82) were injected in sev- intense precipitation of reaction product that neither cells
eral aliquots into the insula. The total volume injected in nor axons were individually distinguishable. The less
each case ranged between 0.05 and 0.09 pl. Three monkeys densely labeled region surrounding this center was drawn
received HRP injections in the anterior insula, while four as the halo of the injection site. The difficulties inherent
had HRP injected into the more posterior portions of in- in the histochemical demonstration of an "injection site"
sula. In the other nine animals, cortical regions other than have been discussed elsewhere (Mesulam, '82). We interthe insula were injected with tritiated amino acids (TAA; preted the results conservatively by assuming that the
approximately 0.5 pl or 25-37 pCi of a radioactive proline, center and halo had both participated in the uptake and
retrograde transport of the tracer. Labeled perikarya were
lysine, leucine, and amino acid mixture1).
In cases with HRP as the tracer the animals were re- counted and the results analyzed with respect to their
anesthetized and perfused transcardially after a 4048- topographic, architectonic, and laminar distribution.
There are several intrinsic difficulties encountered in
hour survival period according to procedure I1 of Rosene
tracing neural afferents with HRP histochemistry. First,
and Mesulam ('78). When TAA was the tracer, a 7-15-day
survival period was terminated by transcardial perfusion the virtual injection site varies with survival time, fixation
with physiological saline followed by 10%formalin. In each procedure, and histochemical sensitivity, making it difficase, the brain was removed from the skull and the hemi- cult to determine the site of effective uptake. Second, damspheres separated and photographed. For HRP histochem- aged fibers of passage take up and transport the enzyme
istry, the brain was transferred onto a freezing microtome although intact fibers do not appear to do so. These limiand cut in the coronal plane at 40 pm thickness. Every tations are of particular importance to this study because
tenth section was collected in a 0.1 M phosphate buffer of the proximity of the claustrum and extreme capsule to
(pH 7.4) and reacted with tetramethylbenzidine (TMB) the insula. Furthermore, it is difficult to expose the insula
according to procedures described elsewhere (Mesulam, directly without damaging the surrounding opercular and
'78; Mesulam et al., '80). Neutral red was used as a supratemporal regions.
counterstain in these sections. Additional sections were
stained with cresyl violet for architectonic analysis. For
autoradiography, the amino acid mixture was prepared
TAA autoradiography, the hemisphere was embedded in by 'For
desiccating equal parts (in $3)of radioactive proline (L-2,3,4,5paraffin, cut on a rotary microtome in the coronal plane 3H(N),100 Ciimmole, leucine (L-3,4,5-3H(N),110 Ciimmole),lysat 10 pm thickness, and processed according to the pro- ine (L-4,5-3H(N),60-80 Ciimmole) and a tritiated amino acid
cedure of Cowan et al, ('72). Development time for TAA mixture (New England Nuclear, Boston, MA) and then reconstitissue was 14-56 weeks and the tissue was counterstained tuting this to a concentration of 50-75 pCi/pJ with physiological
saline.
with thionin.
In order to expose the insula for tracer injections, the
The interruption of venous drainage resulted in opercular inmonkeys were anesthetized with sodium pentobarbital (35 farcts in some of the cases.
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In order to decrease the impact of these limitations,
nine additional cases were examined with cortical TAA
injections into some of the regions shown to have labeled
neurons in the initial HRP experiments. In these cases,
the presence of anterograde TAA labeling in the insula
provided confirmatory evidence by precluding the possibility that either spread of the HRP injection site beyond
the insula or uptake by damaged fibers of passage had
been responsible for the projections observed in the HRP
histochemical experiments. In each of these nine cases
with TAA injections, sections through the full extent of
the insulo-orbito-temporal regions were examined under
darkfield illumination for the detection of label and brightfield illumination for the determination of cytoarchitectonic boundaries. The distribution of projections in the
insula and surrounding regions was transferred onto graph
paper as described above. The TAA injection site was defined as the region around the needle track where label
was uniformly intense over cell bodies as well as over the
neuropil. Other regions where the labeling was substantially and consistently above the background level were
considered to receive a projection from the injection site.
The intensity of labeling was then described as light, moderate or heavy.

RESULTS
Of the seven animals with HRP injections into the insula, three representative cases will be described in detail.

Case A HRP in the anterior insula
Injection site. The injection site was in the anterior
insula (Figs. 1, sections 5-9, and 2A). It was centered predominantly in the most anterior parts of the agranular
(Ia-p) and dysgranular (Idg) sectors of the insula. The halo

of the injection site spread to the extreme capsule, the
claustrum, the lateral border of the putamen, and the insular limb of the prepiriform olfactory cortex (POC). The
needle track did not extend into the extreme capsule. It
appears that a narrow strip of dorsal temporal pole was
included in the injection site (Fig. 1, sections 6-7). A substantial segment of parietal operculum and of the supratemporal plane was damaged during the surgical approach
(Fig. 1, sections 7-11).
Frontal lobe. Neurons containing perikaryal HRP reaction product were seen in a zone of granular prefrontal
cortex corresponding to areas 46 and 12 of Walker ('40;
Fig. 1, section 1).On the orbital surface HRP-filled neurons
were seen surrounding the lateral limb of the medial orbital sulcus (MOS) in a region which corresponded to area
11 of Walker ('40).Further medially a t the junction of the
medial and lateral branches of the MOS an aggregate of
labeled neurons was seen in Walker's area 13 (Walker,
'40).These two regions correspond to the granular OFg
sector of lateral orbital cortex (Mesulam and Mufson, '82a;
Fig. 1, sections 1 and 2). In addition, a more laterally
placed group of labeled neurons was found in dysgranular
(OFdg) orbital cortex (Area 12 of Walker, '40) and more
posteriorly in the agranular orbitofrontal sector (OFa-p of
Mesulam and Mufson ('82a); Fig. 1,sections 3 and 4).The
frontal operculum (OF0 and Prco of Roberts and Akert,
'63) contained large numbers of labeled neurons (Fig. 1,
sections 3-6).
Prepiriform olfactory cortex. Extensive neuronal
labeling was present predominantly in layers 2 and 3 of
the frontal, temporal, and insular extensions of prepiriform olfactory cortex (POC) (Fig. 1, sections 6 and 7).
Insula. Numerous HRP-positive neurons were seen in
portions of Ia-p and Idg adjacent to the injection. Only
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Fig. 1. Case A with HRP injected into the anterior insula. The injection
site is shown as solid black and the halo of reaction product by hatched
lines (see lateral surface and coronal sections 5-9). The areas containing
labeled neurons are indicated with black triangles. At the top of the figure
the lateral, ventral, and medial surfaces of the macaque brain are illustrated from left t o right. The areas between dotted and solid lines represent
cortex along the banks of sulci. The lateral (Sylvian) fissure has been
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opened in the lateral view to show the inner face of the operculum, the
insula, the parainsular belt, and the supratemporal plane. The architectonic designations for intra-Sylvian regions containing labeled neurons
were included in coronal sections located below the hemispheric views.
These designations are based on Figure 1A of Mesulam and Mufson (‘82a).
Discontinuities in coronal sections 7-11 indicate surgical damage. This
damage is not shown on the drawing of the lateral surface.
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scattered labeled neurons were seen in the more caudal
portion of the dysgranular (Idg) and granular (Ig) insula
(Fig. 1, sections 10 and 11).
Parietal lobe. A few labeled neurons were present in
areas 3, 1 and 2 (Fig. 1, sections 9 and 11).Damage to
these regions precluded a systematic analysis of projections arising from the parietal operculum.
Cingulate and surrounding regions. The anterior
cingulate region contained a relatively small number of
labeled neurons. Labeled cells were observed in the lower
bank of the cingulate sulcus and more ventrally in the
cingulate gyrus (Fig. 1, sections 2, 3, 5, and 7). At least
part of this region corresponds to area 24 of Walker ('40).
Temporal lobe. In the dorsal polar region, numerous
labeled neurons were present in the agranular (TPa-p)
sector, whereas the dysgranular (TPdg)region showed very
few labeled cells (Fig. 1, sections 5 , 6 , and 7). In the dorsal
granular (STPg) sector there was perikaryal labeling although some of the label in this area may have been due
to direct spread of the injected HRP (Fig. 1, sections 5 and
6). Ventrally, extensive HRP neuron labeling was present
in the dysgranular cortex of the pole (Fig. 1, section 5, 6,
and 7). The more posterior supratemporal plane contained
only a few labeled neurons in the parainsular (PI) region
(Fig. 1, section 8).
Neurons labeled with HRP were also found in the lower
bank of the anterior superior temporal sulcus (STS; Fig.
1,sections 8 and 9). A sector of the inferior temporal gyrus
which corresponded to area TEm of Turner et al. ('80) also
contained labeled cell bodies (Fig. 1, section 9). Both of
these substantial projections to the injection site originated in dysgranular types of cortex. The banks of the

Fig. 2. Brightfield photomicrograph of coronal section through the injection site of case A where the anterior insula was injected with HRP. x 4.
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rhinal fissure (prorhinal and perirhinal regions) as well
as the lateral entorhinal cortex (area 28b of Van Hoesen
and Pandya, '75) contained large numbers of labeled perikarya (Figs. l , sections 8-11 and 8A).

Case B: HRP in midanterior insula
The injection was focused primarily in the mid portion
of Idg (Fig. 3, sections 7-10). Injectate spread to immediately adjacent portions of Ia-p and Idg. A halo of HRP
reaction product was seen extending to the extreme capsule, the claustrum, and the lateral border of the putamen.
There was no damage to the extreme capsule. In contrast
to case A, there was no involvement of prepiriform olfactory cortex (POC) or STPg. There was less damage to the
opercular and supratemporal regions during the surgical
approach (Fig. 3, sections 8-11). With respect to the insular topography, the center of the injection was situated
slightly more posterior than in case A and did not involve
the more extreme anterior portions of Ia-p or Idg. However,
there appeared to be considerable overlap of the two injection sites within Idg. The projection pattern in this case
was similar to that of case A and provided additional information about the afferent input into the anterior portions of the insula.
Frontal lobe. The projection pattern was virtually
identical to Case A. There were labeled neurons in OFg
(areas 11, 12 and 13), in lateral OFdg (area 12), in OFap, as well as in the prefontal granular cortex (area 46; Fig.
3, sections 1-7). In contrast to case A, labeled neurons
extended further into the ventral bank of the principal
sulcus. Labeled neurons were seen in O F 0 and Prco (Fig.
3, section 6). A few HRP-filled neurons were seen in the

B. Brightfield photomicrograph of coronal section through injection Site Of
case C where the posterior insula wae injected with HRP. X 4.

28

E.J. MUFSON AND M.-M. MESULAM

7

3

Case B-HRP

Fig. 3. Case B with HRP injected into the midanterior insula. The
injection site is shown as solid black and the halo of reaction product by
hatched lines (see lateral surface and coronal sections 7-10). The areas
containing labeled neurons are indicated with black triangles. At the top
of the figure the lateral, ventral, and medial surfaces of the macaque brain
are illustrated from left to right. The areas between dotted and solid lines
represent cortex along the banks of sulci. The lateral (Sylvian) fissure has

I?

been opened in the lateral view to show the inner face of the operculum,
insula, parainsular belt, and supratemporal plane. The architectonic designations for intra-Sylvian regions containing labeled neurons were included in coronal sections located below the hemispheric views. These designations are based on Figure 1A of Mesulam and Mufson ('82a).
Discontinuities in coronal sections 7-11 indicate surgical damage. This
damage is not shown on the drawing of the lateral surface.
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posterior bank of the arcuate sulcus, in a cortical area
which had architectonic features indicative of ventral area
6 (Fig. 3, sections 4 and 5).
Prepiriform olfactory cortex. Labeled neurons were
observed in the insular and temporal limbs of primary
olfactory cortex in all layers. In contrast to Case A, only
a few labeled cells were noted in the frontal extension of
POC (Fig. 3, section 8).
Insula. All insular subdivisions showed some labeled
neurons. However, the labeling was more intense anterior
to the injection site (Fig. 3, sections 6 and 7).
Parietal lobe. Although there was damage to the parietal operculum, we observed some labeled neurons in SI
and area PF ofBonin and Bailey ('47;Fig. 3, sections 8-11).
Cingulate and surrounding regions. The cingulate
projection was similar to that described in Case A. The
perikaryal labeling was concentrated in the more anterior
portion of the cingulate gyrus and the ventral bank of the
cingulate sulcus. The area containing most of the labeled
cells corresponded to area 24. However, labeled neurons
were also found in deeper sulcal cortex which appeared
transitional between area 24 and the more dorsal area 6
(Fig. 3, sections 5 and 6).
Temporal lobe. In the dorsal polar region, there was
neuronal labeling in the agranular (TPa-p) sector and ventrally in dysgranular polar cortex (Fig. 3, section 8). The
supratemporal plane contained labeled perikarya in the
parainsular (PI) region and in STPg (Fig. 3, sections 8-11).
In contrast to Case A, a few labeled neurons were present
in retroinsular cortex (RI; Fig. 3, section 12).
As observed in Case A, HRP-filled perikarya were found
in dysgranular sulcal cortex of the anterior superior temporal sulcus (STS) and in the TEm portion of the inferior
temporal gyrus (Fig. 3, sections 9-11). Additional STS labeling was also present in the more posterior granular
cortex (Fig. 3, section 12). This projection was not seen in
Case A and the related transport may originate from the
center of injection B in the more posterior sector of Idg.
The intense labeling in the banks of the rhinal sulcus was
similar to case A (Fig. 3, sections 9-11). It is interesting
to note, however, that there were virtually no HRP-positive neurons in the entorhinal cortex in case B. This finding suggested that the entorhinal projection may have
originated from the anterior portion of injection A. The
alternative possibility that the entorhinal labeling in case
A reflected the involvement of POC in the injection site
cannot be excluded.

neurons were also seen ventral and caudal to the lower
limb of the arcuate sulcus in a region which had the characteristics of area 6 (Fig. 4, sections 1-3). A restricted
portion of Prco contained scattered HRP-positive neurons
but virtually no labeling was detected in area OF0 (Fig.
4, sections 3 and 4).
Prepiriform olfactory cortex. In contrast to Case A
and B no perikaryal labeling was seen in POC, suggesting
that this projection is directed to the more anterior parts
of the insula.
Insula. The anterior portions of the insula (Ia-p and
Idg) contained numerous labeled neurons. The areas of Ig
and Idg surrounding the injection also contained labeled
neurons (Fig. 4, sections 5-9).
Parietal lobe. The parietal lobe labeling in this case
was more extensive than in either Case A or B. Some of
the most heavily labeled areas in case C were found in the
opercular portions of areas 1-2, in SII, and in area 5 of
the superior parietal lobule (Fig. 4, sections 7-12). The
granular isocortical area PF of the inferior parietal lobule
was almost totally destroyed during surgery, making an
evaluation of this region impossible.
Cingulate and surrounding regions. Labeled perikarya were found throughout the cingulate gyrus (areas
24 and 23 of Brodmann, '05). Cingulate labeling in this
case was more extensive than in the other two. Some of
the labeled cells reached the depths and upper banks of
the cingulate sulcus (Fig. 4, sections 4-12). Part of this
region probably corresponds to MI1 of Woolsey ('65).
Temporal lobe. The temporal polar region contained
labeled neurons in TPa-p (Fig. 4, section 5). In the supratemporal plane, HRP-positive perikarya were found in PI
(Fig. 4, sections 7 and 8). An occasional labeled neuron
was observed in the anterior portion of STPg and in ventral
polar cortex (Fig. 4, section 4). In the more caudal aspect
of the supratemporal plane, the granular retroinsular (RI)
and postauditory (PA) regions contained labeled cell bodies (Fig. 4, sections 9-11). Labeling in A1 and A11 could
not be determined because of damage to these areas. Cortex of the superior temporal sulcus (STS) also contained
numerous labeled neurons in its rostra1 dysgranular and
more caudal granular segments (Fig. 4, sections 5-10 and
12). As in the other two cases labeled neurons were found
in TEm (Fig. 4, section 9). In contrast t o Cases A and B,
few labeled cells were found in the banks of the rhinal
sulcus (Fig. 4, sections 5-7). Furthermore, virtually no
labeled cells were seen in the entorhinal cortex.

Case C: HRP in posterior insula
I4ection site. The injection was almost entirely within
Ig with an extension into the most caudal part of Idg (Figs.
2B and 4, sections 7-9). A halo of reaction product extended to the extreme capsule, the claustrum, and the
lateral border of the putamen. We also observed evidence
for a possible spread of the injection site to both banks of
the lateral fissure (Fig. 4,sections 8 and 9). In contrast to
Cases A and B, the needle tract penetrated the extreme
capsule. Portions of the opercular and the supratemporal
plane were severely damaged during the surgical approach
(Fig. 4, sections 7-10). The data derived from this posterior
HRP insular injection demonstrated several distinct differences when compared to the other two cases with the
more anterior HRP injections.
Frontal lobe. In distinct contrast to Case A, markedly
fewer labeled neurons were found in the frontal lobe. They
were found in area 46, OFg, OFdg, and OFa-p. Labeled

Number of labeled perikarya
In Cases A and C, labeled perikarya were counted in
serial coronal sections separated from each other by approximately 800 km. We excluded from our calculations
regions in the vicinity of the injection site (frontoparietal
operculum, dorsal temporal pole, supratemporal plane)
where labeling was too dense for counting, as well as other
areas immediately adjacent to the surgically damaged parts
of the brain. Furthermore, in Case A, the high density of
labeling did not allow a reliable count in POC. The total
number of labeled neurons in the remaining areas was
3,598 in Case A and 3,037 in Case C. Selected examples
illustrate differences in the relative topographic distribution of labeled perikarya. In the lateral prefrontal cortex
Case A had 243 labeled neurons and Case C had 117. In
the orbital regions (areas 11, 12, 131, there were 1,422
labeled neurons in Case A but only 338 in Case C. In the
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Fig. 4. Case C with HRP injected into the posterior insula. The injection
site is shown as solid black and the halo of reaction product by hatched
lines (see lateral surface and coronal sections 7-91,The areas containing
labeled neurons are indicated with black triangles. A t the top of the figure
the lateral, ventral, and medial surfaces of the macaque brain are illustrated from left to right. The areas between dotted and solid lines represent
cortex along the banks of sulci. The lateral (Sylvian)fissue has been opened
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in the lateral view to show the inner face of the operculum, insula, parainsular belt, and supratemporal plane. The architectonic designations for
intra-sylvian regions containing labeled neurons were included in coronal
sections located below the hemispheric views. These designations are based
on Figure 1 A of Mesulam and Mufson (‘82a). Discontinuities in coronal
sections 7-10 indicate surgical damage. This damage is not shown on the
drawing of the lateral surface.
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cingulate regions, Case A had 67 labeled neurons while
Case C had 1,310. In area 5 of the parietal lobe, Case A
had no labeling while Case C had 225 labeled perikarya.
In the anterior temporal lobe (ventral polar cortex, rhinal
cortex, anterior STS, TEm), Case A had 1,846 and Case C
had 388 labeled neurons. These differences are consistent
with the more qualitative descriptions provided in Figures
1 and 4.

Laminar distribution of labeled neurons
Labeled perikarya were located predominantly in layers
3, 5, and 6. However, the ratio of supragranular to infragranular labeling varied from case to case. In selected
cortical regions, the ratio of supragranular to infragranular labeling was determined for Cases A and C (Table 1).
The ratios revealed similar ratios for both cases in architectonically comparable parts of the orbital surface, lateral
convexity, and temporal pole.

Cortical TAA injections
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rhinal cortex in the injection site. Therefore, we are unable
at this point to determine if the insula receives projections
only from prorhinal cortex or whether additional projections also originate directly from the entorhinal cortex.
Case 6a. TAA was injected in the temporal portion of
prepiriform olfactory cortex (Fig. 6). Minimal extension of
the injection site occurred into TPa-p and into the endopyriform nucleus. A heavy projection was observed predominantly in Ia-p as well as in the anterior parts of Idg.
This is consistent with the observation that in Cases A
and B HRP-positive neurons were seen in POC. In addition, there was light to moderate TAA label in the more
caudal part of the insula. However, in Case C with the
caudal HRP injection there were no labeled neurons in
POC. This suggests that the label seen in the caudal insula
of Case 6a may have originated from TPa-p which contained HRP-filled perikarya in Case C. Other intra-Sylvian regions which contained anterograde labeling included TPdg and PI.
Case 7a. TAA was injected in the frontal operculum
(OF0 and Prco) with minor spread to SI (Fig. 7). Heavy
anterograde labeling was observed in Idg and Ig with virtually no projection in Ia-p. The bulk of the projection was
in the more rostra1 portions of the insula. These findings
are consistent with the HRP cases. In Cases A and B large
numbers of labeled neurons were observed in OF0 and
Prco, whereas in Case C only Prco contained some labeled
perikarya. These observations suggested that OF0 and
Prco have extensive projections mostly to the anterior and
middle portions of the insula. The rest of the frontoparietal
operculum was also heavily labeled as well as TPdg and
anterior STPg.
Case 8a. TAA was injected in area PF (Fig. 7). Moderate anterograde labeling was restricted to the midportion of Idg. This observation supported the finding of labeled neurons in area PF in case B. The mid and posterior
parietal operculum also contained label.
Case 9a. TAA was injected in the prefrontal granular
cortex (including area 46) (Fig. 7). Heavy labeling was
seen mostly in the more anterior portions of Idg (Figs. 7,
8B). Additional label was also seen in areas of the frontal
(OF0 and Prco) and parietal (areas 3, 1, 2) operculum.

Case la. Tritiated amino acids (TAA)were injected in
anterior TPdg with minor involvement of STPg (Fig. 5).
Light to moderate label was observed in Ia-p and Idg. This
is consistent with the observation in Cases A and C ci
retrograde labeling in the anterior portions of TPdg and
perhaps also STPg. Other peri-Sylvian regions that also
were labeled included PI and TPa-p.
Case 2a. TAA was injected in the anterior cingulate
gyrus (Fig. 5). Light to moderate labeling was concentrated in the caudalmost portions of Ia-p and extended into
the ventroposterior portion of Idg. A second concentration
of label was seen in mid-Idg. The more anterior portions
of Ia-p and Idg were virtually free of labeling as was Ig.
These observations support the findings in Cases A, B, and
C of retrogradely labeled neurons in the cingulate region.
Label was also seen in the parainsular cortex (PI).
Case 3a. Tritiated amino acid (TAA) was injected in
the midportion of the cingulate gyrus and surrounding
sulcal cortex (Fig. 5). A moderate projection was found
primarily in Ig and posterior Idg. Additional labeling was
found in PI.
Case 4a. TAA was injected in the orbitofrontal cortex
(OFa-p and OFdg; Fig. 6). A moderate concentration of
Anterograde label in the claustrum
label was found primarily in Ia-p and ventral Idg. The
more dorsal and caudal parts of the insula were free of
The relationship between anterograde labeling in the
labeling. In Cases A and B perikaryal labeling was found insula and claustrum was evaluated in Cases la-9a. In
in OFa-p and OFdg, while in Case C the number of labeled
neurons in these regions was greatly reduced. These findTABLE 1. Laminar Distribution of Labeled Cortical Neurons in the
ings suggested that the projections from OFa-p and OFdg
Macaque Following HRP Injection in the Insula'
were mostly directed t o the anterior parts of the insula.
Injection site
Case 4a is consistent with this conclusion. The supratemporal plane, TPdg and PI also contained label.
Anterior
Posterior
cam c
Cortical area
case A
Case 5a. TAA was injected in entorhinal cortex with
extension of the injection site into the prorhinal region Orbital region2
0.95
0.90
(Fig. 6). Moderate label was seen in the anterior portions Lateral convexity3
1.10
1.40
0.21
0.15
of Ia-p and Idg. The posterior sectors of the insula were Rhinal cortex4
0.35
0.15
virtually free of label. This is consistent with the obser- TEm
cortex
0.97
0.91
vation that only Cases A and B had substantial numbers STS
SI (area 1,2)
1.90
of labeled neurons in the entorhinal-prorhinal region. In SII
1.20
3.70
this case anterograde labeling was also seen in POC. In Area6
Case A, the only one with retrograde entorhinal labeling,
'Ratios less than unity indicate that labeled neurons were found predominantly in the
the HRP injection site appeared to spread into POC. Thus, infragranular
layers. Ratios greater than unity indicate that more labeled neurons
were
found in supragranular layers.
in Case 5a the anterograde projection to the insula may
%rbital Region includes OFdg and OFg.
originate exclusively from prorhinal cortex while the POC 3Lateral Convexity includes areas 46 and lateral 12.
labeling may reflect the additional involvement of ento- *Rhinal Cortex includes pm- and perirhinal regions.
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Fig. 5. In cases l a , 2a, and 3a, the sites of TAA injections are indicated
in solid black. The arrows indicate extension of injection site into surrounding sulcal cortex. Labeling in the intra-Sylvian regions is indicated
by black dots. In the planar map on the left of each case, the central
elliptical area represents the insula. Above the insula, the area bounded

dorsally by the dotted line corresponds to the inner face of the overlying
operculum. The parainsular belt (PI) and the adjacent supratemporal plane
are shown below the insula. The architectonic parcellation of these regions
follows the map in Figure 1A of Mesulam and Mufson ('82a).
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Fig. 6. In cases 4a, 5a, and 6a, the sites of TAA injections are indicated
in solid black. The arrows indicate extension of injection site into surrounding sulcal cortex. Labeling in the intra-Sylvian regions is indicated
by black dots. In the planar map on the left of each case, the central
elliptical area represents the insula. Above the insula, the area bounded

dorsally by the dotted line corresponds to the inner face of the overlying
operculum. The parainsular belt (PI)and the adjacent supratemporal plane
are shown below the insula. The architectonic parcellation of these regions
follows the map in Figure 1 A of Mesulam and Mufson ('82a).
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Fig. 7. In cases 7a, 8a, and 9a, the sites of TAA injections are indicated
in solid black. The arrows indicate extension of injection site into surrounding sulcal cortex. In the planar map on the left of each case, the
central elliptical area represents the insula. Above the insula, the area

bounded dorsally by the dotted line corresponds to the inner face of the
overlying operculum. The parainsular belt (PI)and the adjacent supratemporal plane are shown below the insula. The architectonic parcellation of
these regions follows the map in Figure 1A of Mesulam and Mufson ('82a).

INSULAR AFFERENTS

Fig. 8. A. Brightfield photomicrograph of perikaryal label in the depth
of the rhinal sulcus a h r an HRP injection in the anterior insula of the
rhesus monkey (case A). x 200. B. Darkfield photomicrograph of a column
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of label in the dysgranular insula after a TAA injection in the granular
prefrontal cortex of the rhesus monkey (case 9a). x 200.
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each of these nine TAA cases, label was observed not only
in the insula but also in the claustrum. However, it was
not possible to determine if the claustral labeling occurred
in terminals within the claustrum or merely in passing
axons within the extreme and external capsules. In some
cases (la-2a, 4a-6a) ventral insular labeling was associated with ventral labeling in the claustrum. However, in
other cases this topographic relationship was far less evident. Furthermore, the intensity of claustral labeling did
not necessarily parallel the intensity of insular labeling.

Concordance between the insula and orbital
cortex

E.J. MUFSON AND M.-M. MESULAM
et al., '71; Pandya and Seltzer, '82; Pandya and Vignolo,
'71; Van Hoesen et al., '751, and TAA autoradiography
(Pandya et al., '81). Of particular interest is the remarkable agreement between our results and those derived by
strychnine neuronography. These investigators correctly
described insular projections from the frontal operculum,
prepiriform olfactory cortex (POC), orbital cortex, and anterior superior temporal sulcus, even though they did not
specify the cytoarchitectonic distribution of these projections within the insula.
There were distinct differences in the topographic distribution of projections into the insula. Only the anterior
insula received both POC and O F 0 input whereas only
the posterior insula appears to receive substantial SI, SII,
PF, and area 5 input. Furthermore, the projection from
the lateral orbital and rhinal cortex is mostly directed
anteriorly in the insula while the cingulate projections are
preferentially directed to the posterior insula. The relevence of these differential connectivity patterns to the distribution of functional specialization within the insula are
discussed elsewhere (Mesulam and Mufson, '82b).

Architectonic evaluation had revealed that the insula
and the lateral orbitofrontal regions shared a similar organizational plan (Mesulam and Mufson, '82a). In order
to determine if these two regions also shared connectivity
patterns, we examined the orbital region in cases la-9a.
In each of these cases which contained insular TAA labeling there was also lateral orbitofrontal labeling. In some
ofthese cases, the anterograde TAA labeling occurred within
analogous architectonic sectors of the two regions. For exClaustrum and the insula
ample, in Cases l a and 9a where anterograde labeling was
restricted primarily to Ia-p and Idg, labeling in the lateral
Through most of its extent, the insula has a close toporbital region was observed in OFa-p and OFdg. In Case ographic association with the underlying claustrum. In
3a where insular labeling was mainly in Idg and Ig, orbital fact, this relationship has been considered so essential that
labeling was observed in OFdg and OFg. These initial this portion of the insula has been designated "claustrofindings and similar ones with respect to insular efferents cortex" by Brockhaus ('40). With respect to ontogenesis,
(Mesulam and Mufson, '82b) suggest that the insula and however, there is evidence to indicate that the insula and
lateral orbital regions may have analogous distributions claustrum share a different origin. For example, Landau
of afferent input.
('23) described a human brain which appeared to lack a
developed insula despite the presence of a claustrum on
the same side. Dodgson ('55), on the other hand, described
DISCUSSION
a congenitally absent claustrum in a brain which had an
The distribution of neurons labeled with HRP revealed insula. These cases agree with Filimonoff ('661, who conthat afferents of the insula originated from regions of the cluded that the claustrum develops independently of the
frontal lobe, the prepiriform olfactory cortex, the cingulate cortical plate.
gyms, the parietal lobe, and the temporal lobe. Frontal
In addition to ontogenetic differences, there is also evilobe projections arose from granular prefrontal cortex (areas dence which suggests that the insula and claustrum differ
46 and lateral 12),lateral orbitofrontal cortex (OFa-p,OFdg, in functional specialization. For example, anatomical and
OFg), frontal operculum (OF0 and Prco), and ventral area physiological studies in the cat have revealed considerable
6. Cingulate afferents arose from areas 24 and 23 and from visual function in the claustrum (LeVay and Sherk, '81;
the adjacent sulcal cortex, which may correspond to parts Olson and Graybiel, '80; Sherk and LeVay, '81). In conof Woolsey's MI1 (Woolsey, '65). Parietal lobe projections trast, unit recordings in the insula show that visual reoriginated in SI, SII, PF, and area 5. Temporal lobe la- sponses are less common than other sensory modalities
beling was observed in TPa-p; TPdg; STPg; ventral polar (Sudakov et al., '71). Moreover, the present anatomical
cortex; the parainsular belt (PI); retroinsular and postau- studies revealed that the visual modality is the least well
ditory areas; cortex of the superior temporal sulcus; TEm; represented in the array of insular connections.
Our confirmatory Cases la-9a show that the claustrum
and prorhinal, perirhinal, and perhaps also entorhinal regions. Injections of tritiated amino acids in certain of the receives cortical afferent input from the same set of areas
retrogradely labeled cortical regions confirmed the pres- that project into the insula. A similar pattern appears to
ence of projections into the insula from lateral orbital cor- emerge with respect to cortical efferent output (Mesulam
tex, granular prefrontal cortex, temporal pole, cingulate and Mufson, '82b). However, the distribution of the clauscortex, rhinal cortex, primary olfactory cortex, frontal op- tral projections in these cases does not necessarily match
erculum, and area PF. The lack of confirmatory TAA cases the distribution of the same projection in the immediately
for the other cortical areas which contained retrograde adjacent insula. For example, a projection distributed
label raised the possibility that a portion of these projec- throughout the dorsoventral extent of the insula may retions may have reflected the uptake of injected HRP by main confined to the ventral blade of the claustrum. Furthe adjacent claustrum and by fibers of the extreme cap- thermore, the intensity of a cortical projection into the
claustrum need not match the intensity of the same consule.
The results of this investigation support and expand nections with the insula. There are also many cerebral
earlier descriptions of insular afferents which had been areas which have considerable connections with the clausdemonstrated by strychnine neuronography (Pribram et trum but no connections a t all with the insula (Barbas
al., '50; Pribram and MacLean, '53), anterograde degen- and Mesulam, '81; Mesulam et al., '77). Further systematic
eration (Johnson et al., '68; Jones and Powell, '70; Pandya investigations are needed to clarify the exact nature of the

INSULAR AFFERENTS
projection patterns of the claustrum and their relationship
to those of the insula.
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