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The claustrum has been implicated in the kindling of general-
ized seizures from limbic sites. We examined the susceptibility
of the anterior claustrum itself to kindling and correlated this
with an anatomical investigation of its afferent and efferent
connections.

Electrical stimulation of the anterior claustrum resulted in a
pattern of rapid kindling with two distinct phases. Early kindling
involved extremely rapid progression to bilaterally generalized
seizures of short duration. With repeated daily kindling stimu-
lations, early-phase generalized seizures abruptly became
more elaborate and prolonged, resembling limbic-type seizures
as triggered from the amygdala. We suggest that the rapid rate
of kindling from the anterior claustrum is an indication that the
claustrum is functionally close to the mechanisms of seizure
generalization.

In support of our hypothesis, we found significant afferent,
efferent, and often reciprocal connections between the anterior
claustrum and areas that have been implicated in the genera-
tion of generalized seizures, including frontal and motor cortex,
limbic cortex, amygdala, and endopiriform nucleus. Additional
connections were found with various other structures, including
olfactory areas, nucleus accumbens, midline thalamus, and
brainstem nuclei including the substantia nigra and the dorsal
raphe nucleus. The anatomical connections of the anterior
claustrum are consistent with its very high susceptibility to
kindling and support the view that the claustrum is part of a
forebrain network of structures participating in the generaliza-
tion of seizures.
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The claustrum is a thin column of gray matter in the rostral half
of the forebrain between the basal ganglia and cortex (Kowianski
et al., 1999). The functions of the claustrum are unclear, although
data suggest that it may be involved in coordination of sensori-
motor or motor control (Olson and Graybiel, 1980; Crescimanno
et al., 1989; Salerno et al., 1989; Cortimiglia et al., 1991; Shima et
al., 1996), voluntary swallowing (Zald and Pardo, 1999), nocicep-
tion (Sloniewski et al., 1995; Persinger et al., 1997), and condi-
tioned fear (Beck and Fibiger, 1995), and may become patholog-
ical in Alzheimer’s disease or aging (Ogomori et al., 1989; Morys
et al., 1994, 1996a,b) and Parkinson’s disease (Yoshimura et al.,
1988).

Recent studies suggest that the claustrum may play an impor-
tant role in epileptiform activity. Thus Kudo and Wada (1990)
found that electrolytic lesions of the cat anterior claustrum ipsi-
lateral to the kindled amygdala degraded generalized kindled
seizures to partial seizures and retarded kindling. Similar results
have also been observed in monkeys (Wada and Tsuchimochi,
1997). Radio-frequency (RF) lesions of the posterior claustrum
delay amygdaloid kindling in rats (Mohapel et al., 2001). The
results are not conclusive, however, because electrolytic and RF

lesions can also damage fibers of passage. We recently observed
that the posterior claustrum shares many characteristics of kin-
dling with the perirhinal cortex (Mohapel et al., 1998, 1999), the
region showing the fastest rate of kindling in the forebrain (McIn-
tyre et al., 1993; Kelly and McIntyre 1996). Kindling from the
posterior claustrum passes through two distinct phases. Early
kindling involves extremely rapid progression to bilaterally gen-
eralized seizures with little partial seizure expression. With re-
peated daily stimulations, the short generalized seizures abruptly
become more elaborate and prolonged, resembling limbic-type
seizures triggered from the amygdala (Mohapel et al., 1998,
1999). The rapid rate of kindling from the posterior claustrum
could be taken to suggest that it is functionally close to the
mechanisms of seizure generalization.

Anatomical data indicate that the anterior claustrum has prom-
inent connections with the motor and frontal cortex (Minciacchi
et al., 1985; Sloniewski et al., 1986b; Sadowski et al., 1997a,b;
Kowianski et al., 1998a,b), which play a pivotal role in kindling
(Corcoran et al., 1976; Kelly et al., 1999). We therefore hypoth-
esized that the anterior claustrum is also markedly susceptible to
kindling. The present experiment was designed to test the hy-
pothesis in rats.

Previous neuroanatomical studies on the claustrum have fo-
cused on neuronal connections between claustrum and neocortex,
but no comprehensive investigation of the afferent and efferent
connections of the claustrum is available. Such data could clarify
the contribution of claustrum to epileptogenesis. We therefore
also examined the connections of the anterior claustrum by use of
iontophoretic delivery of the anterograde tract-tracing agent
Phaseolus vulgaris leucoagglutinin (PHA-L) (Gerfen and
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Sawchenko, 1984) and the retrograde tract-tracing agent Fluoro-
Gold (FG) (Schmued and Fallon, 1986) into the anterior claus-
trum. The results reveal extensive afferent and efferent connec-
tions of the anterior claustrum with many forebrain structures
reportedly involved in epilepsy.

MATERIALS AND METHODS
Animals. Adult male Long-Evans hooded rats, weighing 300–350 gm at
the time of surgery, were used. The rats were housed under controlled
temperature and light conditions (12 hr light /dark cycle with lights on at
8:00 A.M.), with ad libitum access to food and water. All procedures were
in strict accordance with the guidelines established by the Canadian
Council on Animal Care as approved by the University of Saskatchewan
Animal Care Committee.

Kindling. After 7 d of habituation to the colony, rats were anesthetized
with sodium pentobarbital (Somnotol; 65 mg/kg, i.p.) and placed in a
stereotaxic instrument. Bipolar stimulating/recording electrodes con-
structed of twisted strands of nichrome wire, 127 mm in diameter and
insulated with enamel, were implanted bilaterally into the anterior claus-
trum. The stereotaxic coordinates were 2.8 mm anterior to bregma, 2.1
mm lateral to the midline, and 4.5 mm ventral to the surface of the brain,
with the incisor bar set at 23.8 mm (Paxinos and Watson, 1998). A
reference wire and four additional dental screws were anchored to the
skull, and then all the wires and screws were affixed to the skull with
dental acrylic.

One week after surgery, afterdischarge (AD) thresholds were deter-
mined at one of the two electrodes. Electrical stimulation consisted of a
1 sec train of balanced biphasic square-wave pulses of 1 msec duration
and delivered at 60 pps. Stimulation was delivered initially at 100 mA
(base to peak) and increased in increments of 100 mA (,1000 mA) or
1000 mA (.1000 mA) until AD was triggered (Pelletier and Corcoran,
1992, 1993). AD threshold (ADT) was arbitrarily defined as the lowest
intensity to evoke an AD lasting $5 sec. One day later, claustrum
kindling commenced, involving stimulation of the anterior claustrum
once daily at ADT. The duration and intensity of AD and the behavioral
seizures stages (Racine, 1972) were recorded after each stimulation.
After kindling of stage 5 seizures and a concomitant AD lasting .35 sec,
the rats were killed by overdose with sodium pentobarbital (100 mg/kg,
i.p.) and perfused through the heart with saline followed by 10% form-
aldehyde. Brains were removed from the skull, immersed in 30% sucrose
for 2–10 d at 4°C, and sectioned on a sliding microtome into 50-mm-thick
sections. The sections were mounted on glass slides and stained with
cresyl violet for routine examination of electrode locations.

FG and PHA-L ejections. Naive rats were anesthetized with sodium
pentobarbital (60 mg/kg, i.p.) and placed in a stereotaxic instrument for
iontophoretic ejection of FG into the anterior claustrum. Other rats
received ejection of PHA-L into the anterior claustrum. FG (Fluoro-
chem Inc., Denver, CO) was dissolved in filtered (0.22 mm) 0.1 M sodium
acetate buffer, pH 3.3, just before use. Following the procedure from
previous studies (Pieribone and Aston-Jones, 1988; Chen and Su, 1990),
an iontophoretic ejection of a 1% solution of FG was made through a
glass micropipette (tip diameter 10–20 mm) by applying a 11.0 mA
current pulsed at 7 sec intervals provided by a constant-current source
(Stoelting, Wood Dale, IL), for 5 min. A single iontophoretic ejection of
a 2.5% solution of PHA-L (Vector Laboratories, Burlingame, CA) in 0.1
M sodium phosphate buffer, pH 7.4, was made through a glass micropi-
pette (tip diameter 15–25 mm) by applying a 15.0 mA current pulsed at
7 sec intervals for 15–30 min. The micropipette was withdrawn 5–10 min
after ejection of PHA-L or FG. The coordinates for PHA-L and FG
ejection were the same as those used for implantation of electrodes.

Ten days after FG and PHA-L ejection, each animal was deeply
anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused
transcardially with 150 ml of 0.1 M PBS, pH 7.4, followed by 250 ml of
freshly prepared 4% paraformaldehyde in PBS. The brains were imme-
diately removed, post-fixed for 2 hr in the same fixative, and immersed in
30% sucrose dissolved in PBS at 4°C for 2–3 d.

FG and PHA-L immunohistochemistry. Frozen sections 40 mm thick
were prepared on a sliding microtome in the frontal plane and collected
through the olfactory bulbs and forebrain to the midbrain and hindbrain.
All sections were collected and divided into five series: two series of
sections were stored at 4°C for later use; one series of sections was
stained for cresyl violet to facilitate the identification of specific brain
nuclei; and the adjacent two series of sections were processed for FG and
PHA-L immunohistochemical staining using a conventional avidin–bi-

otin–immunoperoxidase technique as described previously in detail
(Zhang et al., 1996, 1997a,b). Briefly, this procedure included pretreating
sections at room temperature for 30 min in 0.2% hydrogen peroxide and
for 1 hr in the blocking buffer containing PBS, 0.3% Triton X-100, and
5% normal goat serum (for FG stain) or 5% normal rabbit serum (for
PHA-L stain). Sections were then incubated in the primary rabbit
anti-FG antibody (1:5000; Chemicon, Temecula, CA) or the goat anti-
PHA-L antibody (1:2000; Vector Laboratories, Burlingame, CA) diluted
in the blocking buffer at 4°C for 3 d on a shaker. The primary antibodies
were localized using Vectastain Elite reagents (Vector Laboratories);
namely, sections were incubated sequentially in biotinylated anti-rabbit
or anti-goat IgG (1:250) and avidin-biotinylated horseradish peroxidase
complex (1:100) for 2 hr at each incubation. The reaction product was
developed by incubating the sections in a solution containing diamino-
benzidine and hydrogen peroxide at room temperature for 5–10 min. The
sections were mounted on slides, which were then air dried, dehydrated,
cleared, and coverslipped with DPX.

Data analysis. The measures of kindling included the following: ADT;
AD duration; the latency to the first bilateral forelimb clonus; the
duration of forelimb clonus; the rate of kindling, which was defined as the
number of daily stimulations necessary to trigger the first stage 5 motor
seizure according to Racine’s scale (Racine, 1972) as well as to trigger
the first stage 5 motor seizure with an AD exceeding 30 sec; and AD
duration over the first two stage 5 seizures. Statistical analysis of the data
was performed using a one-way ANOVA, and post hoc comparisons were
performed with t tests.

Sections stained with FG or PHA-L immunohistochemistry were ex-
amined with a Zeiss microscope with both bright-field and dark-field
illumination. The distribution of FG- and PHA-L-labeled neuronal com-
ponent in the ejection sites was plotted onto maps prepared from adja-
cent Nissl-stained sections. I llustrations were prepared by charting the
distribution of retrogradely labeled cells (in the case of FG ejection) or
anterogradely labeled fibers (in the case of PHA-L ejection) onto a series
of standard drawings of the rat brain. In transposing our results onto
standard drawings, we carefully compared the cytoarchitectonic features
of adjacent Nissl-stained sections to ensure an accurate match between
the actual experimental section being mapped and the corresponding
standard section illustrated in the reference atlas (Paxinos and Watson,
1998). Ejection sites and axon and neuronal distributions were photo-
graphed, the films were scanned with a high resolution (2700 dpi) film
scanner (Nikon, Super Coolscan 2000), and the images were digitally
processed with Adobe Photoshop 5.0. Each image was adjusted for
optimal contrast and morphological clarity. Layout was accomplished by
using both Adobe Photoshop 5.0 and Adobe Illustrator 8.0. Each gray
scale figure was then printed out with an HP PhotoSmart P1100 printer
with a color cartridge, which produces high-quality photomicrographs
(up to 2400 3 1200 dpi in resolution).

RESULTS
Nomenclature
Some researchers (LeVay and Sherk, 1981; Morys and Sl-
oniewski, 1986; Sherk, 1988; Dinopoulos et al., 1992; Sadowski et
al., 1997a,b) have argued that the claustrum consists of two parts,
the insular (or dorsal) claustrum, which underlies the insular
cortex, and the prepiriform (or piriform or ventral) claustrum,
which is also referred to as the endopiriform or dorsal endopiri-
form nucleus. In the present study, however, we favor the concept
first established by Krettek and Price (1977a) that the terms
claustrum and dorsal endopiriform nucleus are reserved for the
“insular claustrum” and the “prepiriform claustrum,” respec-
tively, for the following reasons. First, it has long been shown that
the claustrum is a cortically related structure originating from the
cortex (Meynert, 1868; Brodmann, 1909; de Vries, 1910; Macchi,
1951; Filiminoff, 1966; Bayer and Altman, 1991; Bayer et al.,
1993), whereas the dorsal endopiriform nucleus is generated in
the palliostriatal ventricular angle (Bayer and Altman, 1991;
Bayer et al., 1993). Second, the claustrum is heavily and recipro-
cally connected with neocortex (Druga, 1972, 1982; Carey and
Neal, 1985; Minciacchi et al., 1985; Morys and Sloniewski, 1986;
Sloniewski et al., 1986b; Druga et al., 1990; Clasca et al., 1992;
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Dinopoulos et al., 1992; Kowianski et al., 1996, 1998a; Sadowski
et al., 1997a,b), whereas the dorsal endopiriform nucleus is
mainly connected with the piriform, entorhinal, insular, and or-
bital cortices (Krettek and Price, 1977a,b, 1878a,b; Haberly and
Price, 1978; Markowitsch et al., 1984; Wilhite et al., 1986; Witter
et al., 1988; Behan and Haberly, 1999).

The claustrum borders the orbital cortex anteriorly, the perirhi-
nal cortex caudally, and the entire extent of the insular cortex
laterally. The ventral border of the claustrum lies sequentially
with the orbital cortex, which is ventral to the anterior claustrum,
and the dorsal endopiriform nucleus, which is ventral to the
middle and posterior parts of the claustrum (the rhinal fissure
divides the middle and posterior parts of the claustrum from the
dorsal endopiriform nucleus). Medial to the anterior claustrum is
the forceps minor corpus callosum, whereas medial to the middle
and posterior claustrum lies the external capsule (which is itself
medial to the caudate-putamen). The forceps minor corpus cal-
losum and the somatosensory cortex overlie, respectively, the
anterior and the remaining parts of the claustrum. The term
“anterior claustrum” as used throughout this paper is similar to
the claustrum presented in Paxinos and Watson (1998, their Figs.
7–9) and in Swanson (1998, his Plates 7–9), whereas the term
“posterior claustrum” as used here is similar to the claustrum
appearing in Paxinos and Watson (1998, their Figs. 25–27) and in
Swanson (1998, his Plates 25–27). Percolation of each structure or
region and the associated nomenclature used in the present study
were derived primarily from the atlas of the rat brain provided by
Paxinos and Watson (1998).

Anterior claustrum kindling
Kindling data were obtained from seven rats with accurate elec-
trode placements in the anterior claustrum (Fig. 1A,B). For
comparison, kindling from stimulation of the basolateral nucleus
of the amygdala was examined in 11 additional rats. Kindling
from the anterior claustrum progressed through two distinct
phases of generalized seizure development, similar to the pattern
of kindling from stimulation of the posterior claustrum (Mohapel
et al., 1998, 1999). The early stage 5 seizure phase involved very
rapid progression to generalized seizure stages 4 and 5, with little
or no partial seizure expression. On repeated daily stimulations,
these short generalized stage 5 seizures abruptly became more
elaborate and prolonged (late phase). To fully describe anterior
claustrum kindling and compare it with amygdaloid kindling, we
compared kindling from the two sites in terms of characteristics
of AD, features of behavioral seizures, and speed of kindling.

Characteristics of AD
The mean (6SEM) AD threshold in the anterior claustrum was
much higher than in the amygdala (471.43 6 94.40 mA vs 50.91 6
4.56 mA, respectively; t(17) 5 5.669; p , 0.01), as shown in Table
1. The mean duration of the initial AD in the anterior claustrum
was significantly longer than in the amygdala (12.71 6 2.35 sec vs
5.64 6 0.90 sec, respectively; t(17) 5 3.677; p , 0.01) (Table 1),
and repeated-measures ANOVA indicated that there was a sig-
nificant difference in the change in AD durations between groups
(F(16,1) 5 5.94; p , 0.01) and over time (F(16,2.811) 5 9.83; p ,
0.05), with a significant interaction (F(16,2.811) 5 2.95; p , 0.05).

Speed of kindling
Repeated-measures ANOVA indicated that kindling to different
seizure stages differed between the groups (F(16,1) 5 22.83; p ,
0.01) and over time (F(16,7) 5 29.45; p , 0.01), with a significant

interaction (F(16,7) 5 6.23; p , 0.01). Stimulation of the anterior
claustrum required significantly fewer ADs to kindle the first
bilateral clonus (t(17) 5 25.310; p , 0.01) and the first stage 5
seizure (t(17) 5 22.649; p , 0.05) than did the amygdala, as
shown in Table 2 and Figure 2A. The first stimulation of the
anterior claustrum at ADT provoked stage 2 or 3 seizures. Bilat-
eral clonus developed after a mean of 3.0 claustrum ADs, signif-
icantly faster than the 8.1 ADs with amygdaloid stimulation, and
the first stage 5 seizure developed after 5.6 claustrum ADs,
significantly faster than the 9.4 ADs with amygdaloid stimulation
(Table 2). This corresponds to the early phase of kindling we have
observed previously with stimulation of the posterior claustrum
(Mohapel et al., 1998, 1999).

To characterize the transition into the late phase of limbic-type
stage 5 seizures, we noted the first AD on which rats exhibited a
stage 5 seizure that exceeded 30 sec in AD duration. As reported
previously (Mohapel et al., 1998, 1999), this measurement corre-
sponds closely to a twofold increase in AD duration from the
immediately preceding stage 5 seizure, an additional criterion for
limbic-type generalization. As shown in Table 2, the late phase of
limbic-type generalized stage 5 seizures developed after a mean
of 11.3 claustrum ADs, not significantly different from the 9.4
ADs required with amygdaloid stimulation ( p . 0.05). We also
measured the AD durations of the first early and late stage 5
seizures. Again, the mean AD duration in the first stage 5 sei-
zures was significantly shorter in the anterior claustrum group
than in the amygdaloid group ( p , 0.05) (Table 1, Fig. 2B),
whereas the first late-phase stage 5 seizure in the claustrum group
did not differ significantly in duration from the first stage amyg-
daloid seizure (means of 40.5 6 10.1 and 61.4 6 3.2 sec, respec-
tively; t(9.5) 5 1.972; p 5 0.078).

Features of behavioral seizures
The mean latency to bilateral forelimb clonus with stimulation of
the anterior claustrum was much shorter than that with stimula-
tion of the amygdala (Table 1) (t(17) 5 21.999; p , 0.01).
Furthermore, the mean duration of bilateral forelimb clonus in
early stage 4 or stage 5 claustrum seizures was significantly
shorter than in generalized amygdaloid seizures (t(17) 5 7.104,
p , 0.0001 for stage 4; t(17) 5 25.309, p , 0.0001 for stage 5),
whereas the difference in duration of the first late stage 5 claus-
trum seizure from stage 5 amygdaloid seizures was not statisti-
cally significant (Table 2).

Figure 1C shows a typical EEG profile recorded from the
anterior claustrum in a rat exhibiting late-phase stage 5 seizures.
Stimulation triggered short cortical-like AD, during which brief
stage 3 or 4 seizures occurred. The AD and behavioral seizure
were immediately followed by the appearance of a limbic-like
stage 5 behavioral seizure and AD. After amygdaloid stimulation,
however, rats showed the typical gradual onset of AD, culminat-
ing in the development of sequential behavioral seizures of stages
2, 3, 4, and 5 (Fig. 1D).

Efferent connections of the anterior claustrum
PHA-L ejection sites with varying numbers of clearly labeled
neurons in the anterior claustrum and surrounding region were
obtained in nine animals. Of these, three deposits were restricted
within the morphological limits of the anterior claustrum (Fig.
3A), three were in the core area of the anterior caudate putamen
posterior to the anterior claustrum, two were in the ventral orbital
cortex ventral to the anterior claustrum, and one was in the lateral
orbital cortex ventrolateral to the anterior claustrum. The distri-
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bution of anterior claustrum projections is schematically illus-
trated in Figure 4, which is based primarily on the results in rat
99217 (Fig. 3). The pattern of distribution was quite similar to
those in two other rats with PHA-L deposits centered in the

anterior claustrum, but differed greatly from the pattern in rats
with PHA-L ejection outside the claustrum.

Axonal labeling at the rostral cerebral cortex appeared in all
regions of the prefrontal cortex, the nomenclature for which is

Figure 1. Kindling site and EEG pattern. A, Bright-field microphotograph showing the location of an implanted electrode. Arrowheads indicate the track
of the electrode, with the electrode tip located within the anterior claustrum. B, Schematic representation of the location of electrode tips (black dots)
in the anterior claustrum in the seven rats that received kindling stimulation. C, A typical EEG profile associated with a seizure kindled from the anterior
claustrum. After electrical stimulation the rat almost immediately exhibited stages 3/4 seizures, several episodes of stage 5 seizures, and one episode of
stage 4 seizures in sequence, which were accompanied by a relatively short period of cortical-type EEG seizure and a relatively long-lasting limbic-type
seizure. D, A typical EEG profile of a seizure kindled from the basolateral amygdaloid nucleus. After stimulation the rat showed a limbic-type EEG
seizure lasting for 2 min, whereas no obvious behavioral seizure appeared until 10 sec after stimulation, at which time the rat began to sequentially show
stages 2, 3, 4, and 5 seizures. Acb, Accumbens nucleus; AI, agranular insular cortex; AOP, anterior olfactory nucleus, posterior part; Cg1, cingulate cortex,
area 1; Cla, claustrum; DEn, dorsal endopiriform nucleus; GI, granular insular cortex; IL, infralimbic cortex; LO, lateral orbital cortex; M1, primary motor
cortex; M2, secondary motor cortex; Pir, piriform cortex; PrL, prelimbic cortex; S1, primary somatosensory cortex; VO, ventral orbital cortex. Also see
Results for a more complete account of the contralateral afferent connections. Scale bar, 520 mm.
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based on a combination of classical (Kolb, 1990) and recent
(Paxinos and Watson, 1998) descriptions of this region. The
prefrontal cortex consists of the secondary motor cortex (equiv-
alent to area 2 of the frontal cortex), area 1 of the anterior
cingulate cortex, prelimbic cortex (equivalent to area 3 of the
cingulate cortex), and infralimbic, orbital, and anterior insular
cortices. Numerous labeled axons with dense varicosities ran in
the secondary motor cortex and area 1 of the anterior cingulate
cortex from layer VI up into layer III, and many labeled axons
continued to head into the superficial layers. Ventral or anterior
to the anterior cingulate cortex, axonal labeling decreased signif-
icantly in both the prelimbic and infralimbic cortices, where a low
density of labeled fibers with a moderate density of varicosities
was seen upward and inward in all the layers. A similar density of
PHA-L labeling was also observed in the medial and dorsolateral
orbital cortices. Although layers II and III of the lateral and
ventral orbital cortices displayed a high density of fine axons with
numerous varicosities, deep layers contained low to moderate
densities of labeled fibers (Fig. 3B). The ipsilateral secondary
motor cortex, area 1 of the anterior cingulate cortex, and lateral
and ventral orbital cortices were innervated significantly more
than the contralateral side. The anterior insular cortex, which
consists of granular and agranular parts, was occupied by a few

labeled axons scattered over deep layers. These results confirm
the findings of previous retrograde tracing studies showing that
the claustrum innervates the prefrontal parts of the secondary
motor cortex and area 1 of the cingulate cortex, and ventral and
lateral orbital cortices heavily on the ipsilateral side and much less
heavily on the contralateral side (Divac et al., 1978; Donoghue
and Parham, 1983; Conde et al., 1995; Reep et al., 1996), and that
the prelimbic, infralimbic, and medial orbital cortices receive a
direct innervation from a few neurons in the ipsilateral anterior
claustrum (Conde et al., 1995; Reep et al., 1996).

In addition to the prefrontal cortex, other cortical areas also
exhibited varying degrees of PHA-L labeling. Thus the dorsome-
dial area of the frontal association cortex, a region just anterior to
the secondary motor cortex, showed numerous labeled axons,
whereas other parts of the frontal association cortex showed very
low to low densities of labeled fibers. The number of labeled fibers
decreased obviously from the anterior cingulate cortex to the
middle and posterior cingulate cortices, which showed a low
concentration of fine axons. Farther caudal to the cingulate cor-
tex, the agranular retrosplenial cortex also contained a low con-
centration of fine axons located in layers II–VI, whereas only a
few labeled axons were detected in the granular retrosplenial
cortex. These projections from claustrum to retrosplenial cortex

Table 1. Characteristics of afterdischarge (AD) with kindling of anterior claustrum (CLA) and amygdala

Kindling site
Initial ADT
(mA)

Initial AD
duration (sec)

AD duration at first
early stage 5 seizure

AD duration at first
late stage 5 seizure

Anterior CLA 471.4 6 94.4** 12.7 6 2.4** 20.5 6 2.1** 50.4 6 10.3
Amygdala 50.9 6 4.6 5.6 6 0.9 60.5 6 8.2 68.3 6 8.3

Data are depicted as means 6 SEMs.
**p , 0.001.

Table 2. Speed of kindling and features of behavioral seizures with kindling of anterior claustrum (CLA) and amygdala

Kindling site

Number of ADs
to first bilateral
clonus

Number of ADs
to first early
stage 5 seizure

Latency to clonus
(sec) in first early
stage 5 seizure

Duration (sec)
of first early
stage 5 seizure

Number of ADs
to first late
stage 5 seizure

Latency to clonus
of first late stage
5 seizure

Duration of
first late stage
5 seizure

Anterior CLA 3.0 6 0.6** 5.6 6 1.4* 1.7 6 0.4* 18.1 6 1.9** 9.3 6 1.3 1.0 6 0.7* 40.5 6 10.1
Amygdala 8.1 6 0.7 9.4 6 0.7 11.7 6 4.2 54.0 6 4.0 9.2 6 0.8 9.6 6 3.5 61.4 6 3.2

Data are depicted as means 6 SEMs.
*p , 0.05; **p , 0.001.

Figure 2. Kindling profiles in the anterior claustrum and basolateral amygdaloid nucleus. A, Behavioral seizure stages plotted against the corresponding
afterdischarges. B, Duration of afterdischarges plotted against motor seizures.
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Figure 3. Localization of PHA-L immunoreactivity in the rat brain. Bright-field (A) and dark-field (B–H ) microphotographs of coronal sections
showing an ejection site and the distribution of PHA-L-immunoreactive axons in representative brain regions in rat 99217. A, PHA-L occupied the major
part of the anterior claustrum with minimal spread outside the morphological limits of the anterior claustrum. B, Layer II of the lateral orbital cortex
was occupied with a high density of labeled fibers, whereas layer I exhibited low to moderate density of labeled axons. C, In contrast with the primary
motor cortex (on the lef t side of the image), with a low concentration of labeled fibers oriented perpendicularly to the cortical surface, many axons with
a moderate density of varicosities were distributed with no specific direction in the secondary motor cortex (on the right side of the image). D, The middle
part of the claustrum exhibited many fine, labeled axons, some of which ran laterally into the adjacent insular cortex toward the cortical surface. E,
Although many fibers oriented parallel to the cortical surface in deep layers of the perirhinal cortex (on the right side of the image), some axons were
oriented perpendicularly to the cortical surface in the superficial layers of the perirhinal cortex (on the lef t side of the image). F, Numerous axons with
many varicosities ran dorsoventrally in deep layers of the posterior part of the lateral entorhinal cortex. G, Many labeled fibers were concentrated within
the morphological limits of the posterior part of the anterior olfactory nucleus. H, The submedius thalamic nucleus ipsilateral to the ejection site (on the
lef t side of the image) was fully occupied by an especially high density of numerous terminal-like axons, whereas the contralateral submedius thalamic
nucleus (on the right side of the image) contained a much lower concentration of terminal-like axons. LEnt, Lateral entorhinal cortex; PRh, perirhinal
cortex; Sub, submedius thalamic nucleus. All other abbreviations are as indicated in Figure 1. Scale bars: A, 290 mm; B–H, 110 mm.
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are in agreement with the recent findings obtained with retro-
grade tract-tracing techniques (van Groen and Wyss, 1990a,
1992a).

Similar to the cingulate cortex, the relative numbers of labeled
fibers with numerous varicosities also decreased from a high
density in the anterior part of the secondary motor cortex to the
moderate density in the middle and posterior parts (Fig. 3C).

Although a few axons were observed in the primary motor cortex,
which is equivalent to area 1 of the frontal cortex and located
lateral to the secondary motor cortex, labeled fibers in both the
primary and secondary motor cortices were similarly distributed
in layers II–VI. A few labeled axons were detected in the rostro-
caudal extent of the primary and secondary somatosensory cor-
tices (equivalent to areas 1 and 2 of the parietal cortex), the

Figure 4. Projections of the anterior claustrum in rat 99217. Schematic representation of the density and localization of PHA-L-labeled fibers
determined by immunohistochemistry was plotted from seven representative coronal sections corresponding to bregma 4.70, 2.70, 1.20, 20.26, 22.56,
24.80, and 26.80 mm (A–G, respectively). The irregular dark area in B indicates the ejection site, which is illustrated in Figure 3A. The full extent of
labeled axons contralateral to the injection is not shown (see Results for more complete account of the contralateral projection). This schematic was
generated on an IBM-compatible computer using Paxinos and Watson (1998). AcbC, Accumbens nucleus, core; AcbSh, accumbens nucleus, shell; AOM,
anterior olfactory nucleus, medial part; AOV, anterior olfactory nucleus, ventral part; APT, anterior pretectal nucleus; Au, secondary auditory cortex;
BLA, basolateral amygdaloid nucleus, anterior part; BLP, basolateral amygdaloid nucleus, posterior part; BLV, basolateral amygdaloid nucleus, ventral
part; BM, basomedial amygdaloid nucleus; BST, bed nucleus of the stria terminalis; Ce, central amygdaloid nucleus; Cg, cingulate cortex; CL, centrolateral
thalamic nucleus; Cli, caudal linear nucleus of the raphe; CM, central medial thalamic nucleus; CPu, caudate putamen; DI, dysgranular insular cortex;
DMD, dorsomedial hypothalamic nucleus, dorsal part; Ect, ectorhinal cortex; FrA, frontal association cortex; GP, globus pallidus; IMD, intermediodorsal
thalamic nucleus; La, lateral amygdaloid nucleus; LD, laterodorsal thalamic nucleus; LH, lateral hypothalamic area; LM, lateral mammillary nucleus; MD,
mediodorsal thalamic nucleus; Me, medial amygdaloid nucleus; Ment, medial entorhinal cortex; MO, medial orbital cortex; PAG, periaqueductal gray; PC,
paracentral thalamic nucleus; Po, posterior thalamic nuclear group; PtA, parietal association cortex; PV, paraventricular thalamic nucleus; Re, reuniens
thalamic nucleus; Rh, rhomboid thalamic nucleus; RS, retrosplenial cortex; RSA, retrosplenial agranular cortex; RSG, retrosplenial granular cortex; S,
subiculum; S2, secondary somatosensory cortex; SNC, substantia nigra, pars compacta; SNR, substantia nigra, pars reticulata; SuM, supramammillary
nucleus; TeA, temporal association cortex; Tu, olfactory tubercle; V1, primary visual cortex; V2L, secondary visual cortex, lateral part; V2M, secondary
visual cortex, medial part; VL, ventrolateral thalamic nucleus; VM, ventromedial thalamic nucleus; VP, ventral pallidum; ZI, zona incerta. All other
abbreviations are as indicated in previous figures.

3680 J. Neurosci., May 15, 2001, 21(10):3674–3687 Zhang et al. • Kindling and Connections of the Anterior Claustrum



lateral area of the secondary visual cortex, the primary visual
cortex, and the auditory cortex. The parietal association cortex,
the medial area of the secondary visual cortex, and deep layers of
the temporal association cortex contained low to moderate den-
sities of labeled axons distributed throughout layers II–VI. These
findings confirm the recent observations with retrograde tract-
tracing techniques that both the medial area of the secondary
visual cortex and the temporal association cortex receive direct
projection from many neurons in the anterior claustrum
(Sloniewski and Pilgrim, 1984; Carey and Neal, 1985; Burwell and
Amaral, 1998).

Moderate to high densities of labeled axons run mediolaterally
from the middle and posterior parts of the claustrum into deep
layers of the granular and agranular insular cortex (Fig. 3D), and
the superficial layers of the insular cortex were occupied with few,
if any, labeled axons. Ventral to the claustrum, the dorsal en-
dopiriform nucleus was moderately labeled, whereas a few fine
axons were seen in the deep layers of the dorsal area of the
piriform cortex. A strip of densely packed axons with numerous
varicosities ran from the deep layers of the ectorhinal cortex,
through the deep layers of the perirhinal cortex (Fig. 3E), and
down into the deep layers of the lateral entorhinal cortex (Fig.
3F). Some fibers with varicosities running through deep layers
emitted collaterals and then headed to superficial layers, a phe-
nomenon especially evident in the perirhinal cortex. These results
are consistent with a recent retrograde tract-tracing study show-
ing that many neurons in the rat anterior claustrum innervate the
ectorhinal, perirhinal, and lateral area of the lateral entorhinal
cortex (Deacon et al., 1983; Burwell and Amaral, 1998). The
medial entorhinal cortex as defined by Paxinos and Watson
(1998) contained no PHA-L-labeled fibers (Fig. 4G).

Labeled fibers were distributed exclusively on the ipsilateral
side in the major cortical areas mentioned above, with the excep-
tion of a light labeling that was detected in those cortical areas
that showed high density of labeled axons, including the anterior
part of the secondary motor cortex, superficial layers of the lateral
and ventral orbital cortex, claustrum, perirhinal cortex, and lateral
entorhinal cortex. These findings are generally consistent with
recent studies (Minciacchi et al., 1985; Sloniewski et al., 1986b).

PHA-L labeling was also observed in various subcortical struc-
tures. Although a low density of labeled fibers was observed in the
medial and ventral parts of the anterior olfactory nucleus, a high
density of labeled axons was present in the posterior part (Fig.
3G). Ventral and caudal to the anterior olfactory nucleus, the
olfactory tubercle exhibited low to moderate densities of labeled
fibers. Numerous labeled axons coursed ventrally in the shell of
the nucleus accumbens, in contrast to the relative absence of
fibers in the core of the accumbens. Caudal to the accumbens, the
major parts of the bed nuclei of the stria terminalis and ventral
pallidum were modestly labeled. Farther caudally, a modest den-
sity of labeled axons was also distributed in the nucleus of the
lateral olfactory tract as well as in several amygdaloid nuclei,
including the central nucleus, the anterior, posterior, and ventral
parts of the basolateral nucleus, and the lateral nucleus.

In addition to the cerebral cortex as described above, another
principal target of labeled fibers in the rat brain after PHA-L
ejection into the anterior claustrum was the midline thalamus.
The ipsilateral submedius nucleus was especially heavily labeled
with significant terminal-like axons, whereas the contralateral
submedius nucleus was moderately labeled (Fig. 3H). Dorsally,
the central part of the mediodorsal nucleus was also moderately
labeled unilaterally. Labeling was light to moderate in other

midline thalamic nuclei, including the paraventricular, paracen-
tral, central medial, intermediodorsal, interanteromedial, rhom-
boid, reuniens, and subparafascicular nuclei. Laterally, labeling
was further modest in the centrolateral, laterodorsal, ventrolat-
eral, ventromedial, and parafascicular nuclei, as well as in the
posterior thalamic nuclear group and zona incerta. These results
are generally consistent with previous findings of direct projec-
tions from the anterior claustrum to both the submedius thalamic
nucleus (Yoshida et al., 1992) and many other thalamic nuclei
(Groenewegen, 1988; Chen and Su, 1990).

The hypothalamus was also modestly labeled in the lateral and
posterior hypothalamic areas, dorsal part of the dorsomedial
nucleus, supramammillary nucleus, and lateral mammillary nu-
cleus. Relatively light labeling was found in several structures in
the ipsilateral brain stem, including the medial part of the sub-
stantia nigra, medial areas of both the reticular and compact parts
of the substantia nigra, dorsolateral and lateral areas of the
periaqueductal gray, and dorsal raphe nucleus.

Afferent connections of the anterior claustrum
Discrete FG ejection sites in the anterior claustrum and sur-
rounding regions were obtained in 10 rats. Of these, four small
ejections were contained completely within the territory of the
anterior claustrum (Fig. 5A). As shown in Figure 6, which sche-
matically illustrates the distribution of afferents to the anterior
claustrum based primarily on the results obtained in rat 99143
(Fig. 5), four major structures exhibited marked concentrations of
retrogradely labeled neurons after a unilateral FG ejection into
the anterior claustrum: the cerebral cortex, amygdaloid complex,
thalamus, and several brainstem nuclei.

Two strips of low to moderate densities of FG-labeled neurons
concentrated in layers II and V were seen in the medial prefrontal
cortex, including the secondary motor cortex, area 1 of the ante-
rior cingulate cortex, and prelimbic cortex. The orbital cortex
contained varying degrees of labeled cells, with moderate to high
densities in layers II–IV in the medial and ventral orbital cortices
(Fig. 5B), and a low density in deep layers of the medial and
ventral orbital cortices as well as in the lateral orbital cortex.
Labeled cells in the prefrontal regions were distributed bilater-
ally, with a higher density ipsilaterally. In addition, a few labeled
cells were also detected in the deep layers of the dorsal and
ventral parts of the agranular insular cortex ipsilateral to the FG
ejection. These results confirm previous findings that the anterior
cingulate, prelimbic, and orbital cortices moderately innervate
the anterior claustrum (Beckstead, 1979; Reep et al., 1996;
Levesque and Parent, 1998) and that PHA-L ejection into the
infralimbic cortex resulted in a modest labeling in the anterior
claustrum (Takagishi and Chiba, 1991).

Caudal to the prefrontal cortex, a continuum of a moderate
concentration of retrogradely labeled neurons in layer V
stretched throughout the rostrocaudal extent of the ipsilateral
secondary motor cortex and cingulate cortex, and retrograde
labeling in the primary motor cortex remained modest (Fig. 5C).
The contralateral secondary motor cortex and cingulate cortex
were also modestly labeled. Farther caudally, a few labeled cells
were detected in the anterior part of the retrosplenial agranular
cortex ipsilaterally. This finding is not inconsistent with the pre-
vious finding that no labeled axons were detected in the claustrum
after PHA-L ejection into the middle part of the retrosplenial
agranular cortex (van Groen and Wyss, 1992a).

Caudal to the motor cortex, many labeled neurons were iden-
tified bilaterally in layers V and VI in the medial parts of both the
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parietal association cortex and the secondary visual cortex, thus
confirming the previous findings that deep neurons in area 18b of
the visual cortex directly innervate the anterior claustrum (Carey
and Neal, 1985). Other areas of the parietal association cortex and
visual cortex (including the lateral part of the secondary visual
cortex and primary visual cortex) showed a modest labeling in
layer VI. A similar pattern of retrograde labeling was also seen in
the ipsilateral primary and secondary sensorimotor cortices
and the auditory and temporal association cortices. Although
the major part of the insular cortex contained a modest density
of labeled cells, a high concentration of labeled neurons appeared
in the contralateral anterior claustrum as well as in the entire
extent of the ipsilateral claustrum at middle and posterior parts
(Fig. 5D).

Caudal to the insular cortex, many labeled cells were distrib-
uted throughout the entire extent of the ectorhinal and perirhinal
cortices (predominantly in layer V), with moderate to high con-
centrations ipsilaterally (Fig. 5E) and a modest concentration
contralaterally. Although a few labeled cells could be seen in the

medial entorhinal cortex, moderate to high densities of labeled
cells were present in the lateral entorhinal cortex ipsilaterally.
This observation is generally consistent with the results of previ-
ous PHA-L studies (Swanson and Kohler, 1986; Insausti et al.,
1997).

Clusters of retrogradely labeled neurons were seen in many
midline and intralaminar thalamic nuclei ipsilateral to the FG
ejection. Thus moderate to high concentrations of cell labeling
appeared in the paracentral nucleus, middle and posterior parts
of the paraventricular nucleus, central part of the mediodorsal
nucleus (Fig. 5F), intermediodorsal nucleus, central medial nu-
cleus, dorsal part of the centrolateral nucleus, reuniens nucleus,
parafascicular nucleus, and zona incerta. A modest density of
labeled cells was also present in the paratenial nucleus, anterior
part of the paraventricular nucleus, rhomboid nucleus, ventrome-
dial nucleus, dorsal and ventral parts of the submedius nucleus,
and posterior nucleus. We could not identify any retrogradely
labeled neurons in the ventrolateral, ventroposterior, laterodor-
sal, and lateroposterior thalamic nuclei, medial geniculate nu-

Figure 5. Localization of FG immuno-
reactivity in rat 99143. Representative
bright-field microphotographs of coro-
nal sections showing an ejection site
that occupied the major part of the an-
terior claustrum (A) and the distribu-
tion of FG-immunoreactive neurons in
the orbital cortex (B), motor and cingu-
late cortices (C), middle part of the
claustrum (D), perirhinal cortex (E),
central part of the mediodorsal tha-
lamic nucleus (F), basolateral amygda-
loid nucleus (G), and substantia nigra
(H ). The orientation of all images is
such that the lef t side of the image is to
the lateral side of the brain, right side to
medial, and top side to dorsal. All other
abbreviations are as indicated in previ-
ous figures. SN, Substantia nigra. Scale
bars: A, B, 435 mm; C–E, G, 174 mm; F,
H, 87 mm.
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cleus, and the anterior pretectal region, in contrast to the report
of Sloniewski et al. (1986a), who used the retrograde tract-tracing
agents Fast Blue and Diamidino Yellow. Moreover, the number
of labeled cells in the posterior thalamic nucleus in our present
study appears to be much less than that shown by Sloniewski et al.
(1986a). These discrepancies could be explained by differences in
the tract-tracing properties of FG as compared with Fast Blue or
Diamidino Yellow. That is, injections of both Fast Blue and
Diamidino Yellow usually produce tissue damage in the injection
site (Schmued and Fallon, 1986; Sloniewski et al., 1986a), so that
the tracers can be taken up by damaged fibers of passage
(Schmued and Fallon, 1986), whereas FG appears not to be taken
up by fibers of passage at the ejection site, as shown by the present
results (see control ejections below) as well as previous studies
(Schmued and Fallon, 1986; Pieribone and Aston-Jones, 1988;
Chen and Su, 1990; Moga and Moore, 1997). In addition, FG does
not leak out of labeled cells (Schmued and Fallon, 1986) and thus
differs from Fast Blue and Diamidino Yellow, which can diffuse
out of labeled cells (Schmued and Fallon, 1986). These arguments

and our present results are further supported by recent studies
showing that although PHA-L ejections into the laterodorsal
thalamic nucleus (van Groen and Wyss, 1992b) produced no
anterograde labeling in the anterior claustrum, localized PHA-L
ejection into other midline and intralaminar thalamic nuclei (such
as the paraventricular nucleus) resulted in varying degrees of
labeling in the anterior claustrum (Ohtake and Yamada, 1989;
Berendse and Groenewegen, 1991; Moga et al., 1995).

Ventral to the thalamus, the lateral hypothalamic area also
contained a low density of labeled neurons, whereas the other
hypothalamic regions were devoid of FG labeling. In the brain
stem, two populations of neurons ipsilateral to the FG ejection
site were heavily stained, including neurons in the ventral part of
the ventral tegmental area and the medial part of the substantia
nigra pars compacta (Fig. 5H). This is consistent with previous
findings that dopaminergic neurons in the ventral tegmental area
and substantia nigra heavily innervate the anterior claustrum
(Lindvall et al., 1978; Bjorklund and Lindvall, 1984). The para-
brachial nucleus exhibited a modest level of FG labeling, thus

Figure 6. Afferent connections of the anterior claustrum in rat 99143. The distribution of FG-immunoreactive cells was plotted onto a series of standard
drawings of the rat brain (Paxinos and Watson, 1998) at the same levels as in Figure 4. The dark gray area in B indicates the ejection site, which is
illustrated in Figure 5A. See Results for a more complete account of the contralateral afferent connections. For abbreviations, see previous figures.

Zhang et al. • Kindling and Connections of the Anterior Claustrum J. Neurosci., May 15, 2001, 21(10):3674–3687 3683



confirming the results of a recent PHA-L study (Krukoff et al.,
1993). The ipsilateral dorsal raphe nucleus contained a moderate
concentration of neuronal labeling in the dorsal and ventrolateral
parts, which is supported by previous PHA-L results indicating
that the dorsal raphe nucleus innervates the entire claustrum
(Vertes, 1991).

In addition to the FG ejections that were restricted to the
anterior claustrum, we also obtained five ejections localized in
regions adjacent to the anterior claustrum. The results of these
experiments need to be commented on, because they serve as
control ejections and support the specificity of the results of our
analysis of the connections of the anterior claustrum. When FG
was injected into the white matter mediodorsal to the anterior
claustrum (i.e., the forceps minor corpus callosum) in one rat, no
specific retrograde labeling was detected in the forebrain. This
confirms the previous observation that FG appears not to be
taken up by fibers of passage at the ejection site (Schmued and
Fallon, 1986) and strongly suggests that our FG ejection centered
within the anterior claustrum resulted in a specific retrograde
labeling of neurons. In one rat that displayed a prominent exten-
sion of the FG ejection from the anterior claustrum caudally into
the anterior caudate putamen, we observed a moderate labeling
of pyramidal cells in the subicular complex in the ipsilateral
hippocampal formation. We believe that this labeling probably
results from the spread of the FG ejection into the anterior
caudate putamen because one rat with FG ejection localized
entirely in the anterior caudate putamen exhibited a similar
pattern of retrograde labeling in the ipsilateral subicular complex,
thus confirming the previous finding that neurons in the rat
subiculum complex innervate the caudate putamen (Heimer et
al., 1995). Furthermore, we could not identify any positive label-
ing in the subicular complex in four rats with FG ejections
restricted to the anterior claustrum, consistent with the observa-
tions that ejection of PHA-L (van Groen and Wyss, 1990b) or
other tract tracers (Swanson, 1981; Jay et al., 1989) revealed a
substantial projection from the subicular and CA1 fields to the
medial prefrontal cortex but not to the anterior claustrum. In two
other rats with FG ejections located in areas ventral to the
anterior claustrum (i.e., the ventral or lateral orbital cortex), the
pattern of labeling was quite different from that produced by FG
ejections centered in the anterior claustrum. Thus although no
specific labeling could be detected in the piriform cortex and
dorsal endopiriform nucleus after FG ejection into the anterior
claustrum, FG ejection into the orbital cortex resulted in clear
retrograde labeling in the ipsilateral piriform cortex and the
dorsal endopiriform nucleus. This observation is consistent with
the results of retrograde and anterograde tracing studies (Reep et
al., 1996; Behan and Haberly, 1999).

DISCUSSION
The present study provides the first description of the character-
istics of kindling from the anterior claustrum in rats. Anterior
claustrum kindling is generally similar to kindling from the pos-
terior claustrum, as we described previously (Mohapel et al.,
1998, 1999). Both parts of the claustrum display greater sensitivity
to kindling than the amygdala, to a degree comparable to the
perirhinal cortex (McIntyre et al., 1993; Kelly and McIntyre,
1996).

We have also provided the first detailed description of the
efferent and afferent connections of the anterior claustrum in rats.
We found widespread and robust reciprocal connections between
the anterior claustrum and many cortical and subcortical struc-

tures that have been reported to play an important role in epi-
leptiform activity.

Anterior claustrum kindling
We have reported previously (Mohapel et al., 1998, 1999) that the
posterior claustrum, like the perirhinal cortex, is extremely sus-
ceptible to kindling and shows a two-phase progression through
stage 5 seizures: an early phase characterized by rapid onset and
short seizure durations, and a late phase virtually identical to
limbic stage 5 seizures, with longer onset and duration of sei-
zures. The present results confirm our prediction that the anterior
claustrum is also susceptible to kindling, displaying a pattern and
profile of kindling similar to that of the posterior claustrum.

The rapid kindling rates and brief latencies to clonus associated
with perirhinal kindling have been cited as evidence for the
critical involvement of perirhinal cortex in seizure generalization
(McIntyre et al., 1993; Kelly and McIntyre, 1996). The common
characteristics of kindling from perirhinal cortex, insula, and
posterior claustrum suggest that similar considerations apply to
the latter two structures (Mohapel et al., 1998, 1999), and the
present results suggest further that the anterior claustrum may
also play an important role in seizure generalization. Thus we
propose the hypothesis that a set of anatomically interrelated
structures in the forebrain, including anterior and posterior claus-
trum, insular cortex, and perirhinal cortex, play a key role in
enabling epileptiform activity to access the motor substrates that
support generalized seizures, substrates that at least in part are
located in frontal and motor cortex. The fact that stimulation of
claustrum or perirhinal cortex produces more rapid kindling than
focal stimulation of frontal /motor cortex itself (Seidel and Cor-
coran, 1986) presumably reflects the broad anatomical connec-
tions of claustrum (present results) and perirhinal cortex (McIn-
tyre et al., 1996) with cortex and other structures, which would
allow widespread recruitment of discharge throughout the net-
work. In support of this hypothesis, bilateral frontal lesions dam-
aging the insula, orbital cortex, and anterior portions of the
perirhinal cortex retard amygdaloid kindling (Corcoran et al.,
1976), as do small bilateral lesions of the claustrum (Mohapel et
al., 2001).

Notwithstanding the general similarities in the profiles of kin-
dling from the insular cortex, perirhinal cortex, and claustrum, we
note that there are some differences. By suspending rats in a
harness during kindling, we were able to detect subtle differences
in convulsions (Mohapel et al., 1999), including more rapid and
more vigorous forelimb clonus in seizures kindled from posterior
claustrum than in seizures from perirhinal or insular cortex. In
future studies it will be important to examine anterior claustrum
kindling in suspended rats. Furthermore, kindling from anterior
and posterior claustrum is extremely rapid (“early kindling”:
anterior claustrum, 3.0 ADs, and posterior claustrum, 2.5 ADs;
“late kindling: anterior claustrum, 9.3 ADs, and posterior claus-
trum, 13.7 ADs), and somewhat faster than from perirhinal cor-
tex, insular cortex, or other limbic sites (Mohapel et al., 1999). It
remains to be explored whether these differences reflect different
functions or merely differences in density of connections.

Efferent projections and their association with epilepsy
Our results indicate that the anterior claustrum projects exten-
sively to the frontal cortex of the rat, including motor cortex,
orbital cortex, and insular cortex. These cortical structures are
thought to play an important role in epileptogenesis (Corcoran et
al., 1976; Wada and Wake, 1977; Kelly and McIntyre, 1996). In
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addition, we observed projections to other areas thought to par-
ticipate in epileptiform activity, including perirhinal cortex
(McIntyre et al., 1993), entorhinal cortex (Savage et al., 1985),
and piriform cortex (McIntyre and Plant, 1989; Löscher and
Ebert, 1996). Widespread subcortical projections are also present,
including projections to olfactory structures, the endopiriform
nucleus, the shell of the nucleus accumbens, the amygdala, and
the midline thalamus, particularly the submedius nucleus. The
sensitivity of the amygdala to epileptiform activity is well know,
and recent data have implicated the endopiriform nucleus in
epileptogenesis (Hoffman and Haberly, 1996) as well. One unan-
ticipated finding was the strong projection to the submedius
nucleus. This structure plays a role in nociception (Roberts and
Dong, 1994); its functional involvement in claustrum kindling
remains to be examined. The anterior claustrum also projects to
brainstem structures, including the substantia nigra, the periaq-
ueductal gray, and the dorsal raphe nucleus. The substantia nigra
pars reticulata has been implicated in seizure susceptibility (Ia-
darola and Gale, 1982), as has the serotoninergic raphe system
(Wada et al., 1997).

Afferent connections
FG ejections revealed widespread afferent projections to the
anterior claustrum that largely, although not completely, recipro-
cate the efferent connections of the claustrum. We observed
significant innervation from frontal, sensory, association, and
limbic cortex, including ectorhinal, perirhinal, and lateral ento-
rhinal cortex. There was some reciprocity of afferents with sub-
cortical areas innervated by the anterior claustrum, including the
midline thalamus, amygdala, medial substantia nigra, and dorsal
raphe nucleus. Unexpectedly, however, significant afferent pro-
jections arise from the contralateral anterior claustrum and the
entire extent of the middle and posterior ipsilateral claustrum.

The location of neurons in the medial prefrontal cortex (in-
cluding secondary motor cortex, anterior part of area 1 of the
cingulate cortex, prelimbic cortex, and infralimbic cortex) that
innervate the anterior claustrum is similar to that of neurons in
the medial prefrontal cortex, the axons of which join the cortico-
spinal or pyramidal tract (Miller, 1987; Hurley et al., 1991). The
corticospinal tract is known to collect axons from layer V pyra-
midal neurons in the primary motor and somatosensory cortices
to innervate the “motor” nuclei in the brainstem and the spinal
cord both in rats (Zilles 1990; Zilles and Wree, 1995) and in
humans (Nolte, 1993; Brodal, 1998). Therefore, our observation
of a corticoclaustrum projection from the medial prefrontal cortex
may explain the involvement of the claustrum in coordination of
sensorimotor or motor control (Olson and Graybiel, 1980; Cres-
cimanno et al., 1989; Salerno et al., 1989; Cortimiglia et al., 1991;
Shima et al., 1996), although it is unknown whether the same
layer V neurons in the medial prefrontal cortex send axonal
collaterals simultaneously joining the corticoclaustrum projection
and corticospinal tract.

In a PHA-L study, McIntyre et al. (1996) demonstrated that
one of the major efferent projections from the anterior perirhinal
cortex in rats is the entire extent of the claustrum, a projection
that appears to originate primarily from deep layers of the ante-
rior perirhinal cortex. In addition to confirming these findings, the
present study further demonstrated that a similar pattern of
perirhinal–claustrum projection also exists in the middle and
posterior parts of the perirhinal cortex as well as in the ectorhinal
cortex as defined in atlases of the rat brain (Paxinos and Watson,
1998; Swanson, 1998). These results support the view that both

the ectorhinal and perirhinal cortices located on the dorsal and
ventral banks, respectively, of the rhinal fissure could be regarded
neuroanatomically as a single structure, the perirhinal cortex
(Burwell and Amaral, 1998).

Afferent projections to the anterior claustrum from the baso-
lateral amygdaloid nucleus in rats were initially examined by
Krettek and Price (1977a, 1978a) using tritiated amino acid as an
anterograde tracer. They found that although the posterior part
of the basolateral nucleus does not project to the entire antero-
caudal extent of the claustrum, the anterior part of the basolateral
nucleus heavily innervates the ipsilateral anterior claustrum but
not the posterior claustrum. Our FG experiments showed, how-
ever, that neurons in the posterior part of the basolateral nucleus
also project to the anterior claustrum, although the projection is
much more modest than that from the anterior part of the
basolateral nucleus. The discrepancy in results could result from
a lower sensitivity of tritiated amino acids, because Kita and Kitai
(1990), using the more sensitive anterograde tracing agent
PHA-L, recently demonstrated a modest projection from the
anterior part of the basolateral nucleus to the posterior claustrum.

In summary, significant afferent, efferent, or bidirectional pro-
jections exist between the anterior claustrum and various areas
that have been implicated in epileptiform activity, including fron-
tal and motor cortex, limbic cortex, amygdala, endopiriform nu-
cleus, olfactory structures, nucleus accumbens, midline thalamus,
and brainstem nuclei, including the substantia nigra and the
dorsal raphe nucleus. The anatomical connections of the anterior
claustrum are consistent with its very high susceptibility to kin-
dling, as demonstrated here, and they support the view that the
claustrum is part of a forebrain network of structures that partic-
ipate in the generalization of seizures.
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